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INTRODUCTION

Statement of the Problem

Iglewski et al. (8l) reported that chick embryo fibroblasts
(CEF) transformed by the Schmidt-Ruppin strain of Rous sarcoma
virus are more sensitive to intoxication by diphtheria toxin than
normal, nontransformed CEF. However, since these transformed cells
were also producing progeny virus, it was not possible to determine
if the increased sensitivity of protein synthesis and cell growth
to inhibition by diphtheria toxin was due to the property of cell
transformation, the property of viral replication, or both. They
suggested that this may be a newly described property of viral
transformation. Subsequent reports, however, on the relative
sensitivity of protein synthesis of virus transformed or malig-
nant cells to intoxication by diphtheria toxin as compared to
normal cells have not yielded consistent results (125,142,175).

The purpose of this study is to extend what is known about
the increased sensitivity of transformed cells to diphtheria
toxin, to further characterize the properties of viral trans-
formed cells which display an increased sensitivity to intoxi-
cation by diphtheria toxin, and to study the cellular level of

selective intoxication of transformed cells by diphtheria toxin.



Review of the Literature

A, DIPHTHERIA TOXIN:

The description of diphtheria toxin (DT) as the major sub-
stance responsible for the symptoms of diphtheria was first made
by Rous and Yersin (138) at the end of the 19th century. Since
that time much work has been done on DT and its relationship to
diphtheria and on the causative organism of the disease, Coryne-

bacterium diphtheria.

Corynebacteriophage B:

In 1951 Freeman (49) demonstrated that DT was produced in
strains of C. diphtheriae that had been lysogenized by the bacter-
iophage B Eg§f and that non-toxigenic strains could be converted
to toxigenic strains as a result of being lysogenized by the phage.
The phage responsible for this conversion is a double stranded
DNA phage with a genome size of approximately 2.2 x 107 daltons
(168).

Holmes and Barksdale (73) were the first to map the tox gene
within the vegetative B phage genome by using a series of phage
mutants. Since that time others, using temperature sensitive (ts)
mutants of the bacteriophage, were able to expand upon the genetic
map of the phage and demonstrated that tox is found near the ¢
marker (clear plaque) between the ¢ marker and the h marker (host

range) (102,154,155).

Expression of the tox gene:




Although the data clearly demonstrated that tox was indeed
a phage gene, they did not distinguish between the possibilities
that the product of the tox gene was in fact the toxin molecule
or merely a product that serves as a regulator of a bacterial
structural gene. The isolation of phages carrying a mutan. tox
gene which were able to transmit all the genetic information
required for the production of mutated cross reacting material
(CRM) (167), gave definitive evidence that the tox gene was indeed
the structural gene for the toxin molecule.

In addition to the presence of the tox gene, the physio-

logical state of the host Corynebacterium diphtheriae also plays

a role in the production of DT and apparently determines the final
toxin vield. Extracellular toxin 1s not produced until the iron
content of the culture medium becomes limiting and the intra-
cellular iron begins to decrease (123,132). A model system was
recently suggested by Murphy et al. (1l11) to explain the molecular
mechanism by which tox gene expression is regulated. Using a

mutant lysogen of C. diphtheriae that produced toxin in what were

normally repressive amounts of iron, they suggested the following

model:
" + : "
corynebacteriophage B tox C. diphtheriae tox
tox operon regulatory gene
1D 10 tox = g JCET

X rFe &= Fe + r ¢—~_.«_w__~//

According to this model, Ctr (C. diphtheriae tox regulatory

gene) codes for the production of a repressor molecule (r), which,



in the presence of iron, a co-repressor, binds the opera
the tox operon thereby preventing the transcription of the gene
product. Under conditions of limiting iron, the equilibrium

shifts to the right, the operon becomes derepressed, and toxin

is produced.

Diphtheria toxin structure:

DT is produced as a single polypeptide chain with a molecular
weight of 62,000 daltons (31,52). Mild trypsinization in a non-
reduced state causes the cleavage of an arginine rich area of the
toxin molecule. The fragments of the toxin are held together by
two disulphide bonds and the resultant molecule is referred to as
"nicked toxin'". Breakage of the disulfide bonds by reducing agents
such as dithiothreital will then lead to the formation of fragment
A, with a molecular weight of 24,000 daltons, and fragment B, with
a molecular weight of 38,000 daltons. A diagram of the molecule,

before and after reduction and trypsinization, is shown below (124).
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Effect of DT on eukaryotic protein synthesis:

The first in vitro evidence of the effect of DT on protein
synthesis was reported by Strauss and Hender (162). They demon-
strated that, upon the addition of a saturating concentration of
DT, amino acid incorporation into cellular protein continued at a
normal rate for about 1 to 1.5 hours and then rapidly came to a
halt. Lower concentrations of DT caused a lengthening of the lag
period and a decrease in the decline of protein synthesis. Although
other alterations in intoxicated cells, such as the inhibition of
DNA and RNA synthesis, have been reported (87,161), these changes
show up only after the cessation of protein synthesis and are
apparently a secondary result of the inhibition of protein synthesis.

Utilization of cell-free protein synthesizing systems gave a
more direct way of testing the effect of DT on protein synthesis.

It was demonstrated that HeLa extracts could become insensitive

to intoxication after dialysis or passage through a Sephadex G-25
column indicating that inhibition was dependent upon a small com-
ponent of the cell-free extracts (32). By adding back various
cofactors to the dialyzed systems, Collier and Pappenheimer (32)
were able to demonstrate that oxidized nicotinamide adenine dinucle-
otide (NAD) was required for the cell-free protein systems to be
sensitive to intoxication by DT.

Subsequently, Collier (29) demonstrated that treatment of
cell-free protein synthesizing systems with NAD and DT caused a
marked reduction in the activity of cellular elongation factor 2

(EF-2) without affecting the activity of other components of the



cell-free systems. Furthermore, Goor and Pappenheimer (57)
presented evidence suggesting that EF-2 was sensitive to inacti-
vation only when it was free in solution with that portion of the
EF~2 still bound to ribosomes being protected from inactivation.

It was later suggested that toxin caused the inhibition of
cell protein synthesis by catalyzing the transfer of adenosine
diphosphate ribose from NAD to EF-2, inactivating EF-2, and
terminating the growth of polypeptide chains. The reaction
proposed by Honjo et al. (74) was as follows:

i +
EF-2 + NAD' =t2%I0N AppR-EF-2 + nicotinamide + H

Enzymatic role of fragment A:

About the same time the means by which intoxication of protein
synthesis takes place was being elucidated, it was found that the
reaction was not catalyzed by the intact toxin molecule but rather
by the fragment A of the molecule (30). It was discovered that the
intact molecule, although toxic for sensitive animals, is virtually
enzymatically inactive in cell-free systems. Furthermore, it
was shown that fragment A is highly active in catalyzing the ADP-
ribosylation of EF-2 and could account for all the activity previously
attributed to the whole toxin. Fragment B, like whole toxin and
nicked toxin, does not have any enzymatic activity in cell-free
systems. Table 1 summarizes the toxic and enzymatic properties

of these various structures (55).



Table 1

Toxicity and Enzymatic Activity of DT and DT Fragments

Structure Toxicity Enzymatic
activity
Intact toxin + B
Nicked toxin F =
Fragment A - +

Fragment B = =

The presence of thiols in the cell-free protein synthesizing
systems along with at least small amounts of naturally nicked
toxin caused the fortuitous formation of fragment A in the early

cell-free studies accounting for the observed results.

Role of fragment B:

Evidence for the role of fragment B has come from a variety
of sources. When nicked toxin is incubated with trypsin, fragment
B is more rapidly hydrolyzed than fragment A (54). Gill and
Pappenheimer (54) reported that the toxicity of trypsin digests
of DT to Hela cells is directly proportional to the amount of
fragment B remaining in the preparation even though the activity
of the fragmant A remains the same. These data suggest that
fragment B is required for the entry of fragment A into the cells.

Various immunologically cross reacting forms of the toxin
(CRMs) have been isolated (124,167,168). One of these, CRM 197,

has an alteration in the A portion of the molecule which renders



the molecule nontoxic. The B fragment, however, is intact.
This CRM is capable of inhibiting the intoxication of cells in
tissue culture, although it will not inhibit ADP-ribosylation in
cell-free systems. The CRM apparently binds competitively with
specific receptors on the surface of the cell. A second CRM,
CRM 45, has an enzymatically active fragment A but lacks a large
portion of fragment B. Like CRM 197, this molecule is incapable
of intoxicating cells. Uchida et al. (169,170) have demonstrated
the reconstitution of fully toxic molecules from the fragment A
of CRM 45 and the fragment B of CRM 197.

Similar competition experiments have been done using nitrated
toxin and purified fragment B maintained in a borate buffer (181)
giving further evidence for the role of fragment B in cellular

intoxication by DT.

Determination of toxin sensitivity:

Although EF-2 from a variety of eukaryotic organisms tested,
including vertebrate, invertebrate, and plants, are equally sensi-
tive to ADP-ribosylation by fragment A in cell-free systems, there
is a very large variation in the sensitivities of the organisms
to intoxication by DT (57,63,74). For example, although rats and
mice are much more resistant to intoxication by DT than guinea pigs,
the EF-2 from these resistant cells is as readily ADP-ribosylated
by fragment A as the EF-2 of sensitive cells (57). Because of this
observation, it has been postulated that sensitivity of cells to DT

is determined at the membrane level of the cells either by differences



in the number or availability of specific receptor sites (18,57)
or by differences in the cleavage or internalization of the toxin

(168).

Endocytosis:

Extracellular material can enter cells by way of plasma
limited vacuoles by a process of engulfment referred to as endocytosis.
Endocytosis can be divided into two main catagories. Phagocytosis
is the uptake of particulate material with a diameter >1 yum.

The second catagory is pinocytosis referring to the uptake of
soluble material (l). Pinocytosis can be further divided into
macropinocytosis, the uptake of material into vacuoles visible by
light microscopy, and micropinocytosis, the uptake of material
into microvesicles demonstrable only by electron microscopy.

The study of metabolic inhibitors has indicated that glvco-
lytic inhibitors such as sodium fluoride and iodoacetic acid,
but not inhibitors of oxidative metabolism, strongly inhibit
phagocytosis in most cells (35,60,86,145). It was generally
assumed that sodium fluoride and iodoacetic acid inhibited phago-
cytosis by lowering the concentration of cellular ATP. However,
Michl et al. (104) showed that, although sodium floride decreased
cellular levels of ATP by 407 and phagocytosis by 80%, 2-deoxy-
glucose caused a 50% decrease in cellular levels of ATP but did
not inhibit phagocytosis. A similar lack of correlation between
ATP content of cells treated with metabolic inhibitors and cellular

pinocytosis has been reported for L-cells (158). From this it
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suggested that endocytosis is dependent upon metabolic energy
although ATP may not be the final energy source (153).

The relationship of microtubules and microfilaments to endo-
cytosis has been examined. Compounds such as colchicine, which
disrupt microtubules, do not inhibit endocytosis (12,128). On the
other hand, cytochalasin B, which inhibits microfilament function
(65), inhibits both phagocytosis and pinocytosis (5,176). These
results indicate that the cellular microfilaments are responsible
for the motion of the cell membrane involved in endocytosis and
that microtubules are not.

Edelson and Cohn (4 2) reported that concanavalin A (Con A)
stimulated pinccytosis in mammalian cells and that mannose and
glucose were able to block tle effect of the lectin. Furthermore,
similar effects could be observed with B lymphocytes that had been
exposed to antisera against the cell specific immunoglobulins (171).
It is of interest that the lectin binding the cell receptor in
both the Con A and the antisera cases was a polyvalent lectin. If
cells were exposed to monovalent forms of the lectin, capping of
the lectin and subsequent stimulation of pinocytosis was not observed
(171). The capping of the lectin suggests an increased motility
of the lectin binding sites within the fluid membrane of the cell
which apparently requires microfilament contraction. These data
led to the proposal of the following model for ligand-mediated
endocytosis (61):

First, a ligand-receptor interaction generates a signal that

initiates the aggre gation of microfilaments and leads to the
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extension of pseudopods in the area of the material to be engulfed.
Next, pseudopod extension leads to further receptor-ligand inter-
actions and this in turn leads to further aggregation of the micro-
filaments. Finally the process is repeated many times until the
plasma membranes meet and fuse with each other, forming an endo-

cytoti ¢ wvacuole.

Role of endocytosis in the intoxication of cells by DT:

Certain plant lectins have been shown to have differential
abilities to intoxicate mammalian cells, and some of them, such
as ricin and abrin, have been shown to preferentially intoxicate
tumor cells as compared to normal cells (99). Ricin molecules are
composed of two nonidentical peptides linked by disulfide bridges,
and it has been shown that the toxic action is in one of the two
peptide chains (118,119) causing speculation that one chain inhibits
protein synthesis while the other is involved in the binding of
the toxin molecule to specific receptors on the cell surface (118).
Although this molecule has some similarities to DT, ricin acts by
modifying the 60S ribosomal subunit thereby impairing the inter-
action of the EF-2 with the ribosomal subunit and terminating
protein synthesis (154) and not with the EF-2 itself as shown
with DT (29,57,74).

Recently Nicalson et al. (113,116) presented evidence that
differential sensitivity of normal as compared to transformed
cells to intoxication by ricin is due to a lectin induced aggre-

gation and endocytosis of the toxin molecule and not due to the
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number of toxin receptors on the cell surface.

Moehring and Moehring (106) were among the first to examine
the possible role of endocytosis in the determination of sensitivity
of cells to DT. They demonstrated that the sensitivity of L-cells,
a cell line normally resistant to intoxication by DT, could be
increased by exposing the cells to poly-L-ornithine, a substance
that increases the endocytotic activity of the cells.

Bonventre et al. (17) examined the role of endocytosis in the
intoxication of cells sensitive to DT. Ammonium chloride has
been shown to protect normally sensitive cells (Hep-2) from
intoxication by DT (84). Although the toxin would still inter-
act with the cell surface, it was maintained at a site acces-
sible to neutralization by diphtheria antitoxin. However,
concentrations of ammonium chloride at levels great enough to
protect Hep-2 cells from intoxication by DT did not alter the
uptake of the toxin by endocytosis. Furthermore, monolayers of
L-cells were shown to take up iodinated toxin by endocytosis at
a much greater rate than Hep-2 cells. These data led Bonventre
et al. (17) to postulate two mechanisms for the uptake of DT by
cells. Entry by means of endocytosis is non-specific, occurs in
both sensitive and resistant cells, does not require fragment B,
and plays only a minor role in the intoxication of cells by DT.
Specific entry, on the other hand, involves a surface receptor-
fragment B association and is responsible for differential

sensitivities of cells to intoxication by DT,
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DT receptors:

Although it has often been suggested that fragment B of DT
interacts with a specific DT receptor on the surface of the cell
(17,18,53,181), direct evidence for the presence of these receptors
has not been presented. Other toxins, such as cholera toxin,
tetanus toxin, abrin, and ricin, have also been postulated to
have specific receptors on the cell surface. Unlike DT, however,
receptors for these molecules have been identified. Cholera
and tetanus toxins bind to ganglioside sugar residues (72,173)
while abrin and ricin bind to galactose containing sugars (120).

Recently, Draper et al. (42) presented the first evidence as
to the possible nature of the DT receptor sites. They demonstrated
that the intox ication of Chinese hamster V 79 cells by DT could
be inhibited by Con A, succinylated Con A, and wheat germ
agglutinin (WGA). They further reported that the effects of
Con A could be reversed by methyl-c-mannoside and that of WGA
by acetylglucosamine. From these data they suggested that DT
receptors may be oligosaccharides containing N-acetylglucosamine
and mannose.

Recently Boquet and Pappenheimer (18) were able to estimate
the number of specific binding sites on the surface of cells by
correcting for non-specific internalization of iodinated toxin
into endocytotic vesicles., They reported that Hela cells, a
sensitive cell line, specifically bound 4000 toxin molecules
on their cell surface while L-cells, a resistant cell line, did

not show any specific binding or uptake beyond that expected for
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endocytosis. Furthermore, they proposed a three step method by
which enzymatically active fragment A enters the cytoplasm of
the cells. The first step is a rapid, reversible association of
fragment B with toxin specific binding sites on the surface of
the cells. The second reaction is a slower irreversible,
temperature sensitive reaction during which the receptors become
inactivated for reactions with additional toxin molecules.

Finally the molecule is processed and fragment A enters the cyto-

plasm while fragment B remains associated with the cell membrane.

Model for the specific entry of DT:

Boquet et al. (19) demonst rated the hydrophobic property of
a portion of the B fragment of DT by quantitating the amount of
tritiated Triton X-100 that bound to the whole molecule, CRM 45,
and fragments A and B. They found that native CRM 45, which
lacks the 17,000 dalton COOH terminal end of the intact molecule
(166), readily bound Triton X-100 molecules while the native
whole toxin did not. However, if the toxin was first denatured
in 0.1% sodium dodecyl sulfate, then it would bind the same
amount of Triton X~100 molecules as the CRM 45 (19). They
concluded that the toxin molecule contains a hydrophobic region,
normally masked, that is located on fragment B near the junction
of fragments A and B. A conformational change of the molecule,
such as is seen during denaturation with SDS, is necessary to
expose the hydrophobic region of the molecule. From these findings

they (19) proposed the following model to describe the process by
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which the DT fragment A is transported across the plasma membrane:

After initial association of the toxin with specific membrane
receptors, the hydrophobic portion of the toxin molecule is
exposed either by the removal of a polypeptide from the COOH
terminal end of the molecule forming a CRM 45-1ike molecule
or by a major conformational change, as seen under denaturing
conditions. The hydrophobic region is then inserted into the
lipid bilayer of the cell membrane forming a channel through
which fragment A is drawn. Nicking and reduction of the molecule

then takes place at the inner membrane surface of the cell

releasing the fragment A into the cell cytoplasm.

B. ONCOGENIC VIRUSES:

The role of viruses in the study of transformed and malig-
nant cells began with the discovery that avian leukemia and sarcomas
can be transmitted by the inoculation of healthy birds with cell
free filtrates from infected birds (45,137). Since that time a
number of viruses, both with DNA or RNA genomes, have been shown

to produce cell transformation in vitro or malignancy in wvivo.

DNA viruses:

The oncogenic DNA viruses are found in three main groups.
These are the papovaviruses, including SV 40 and pelyoma, the
adenoviruses, and the herpesviruses. Stoker and MacPherson (159)
demonstrated that polyoma virus could transform cells in vitro

and produce tumors when injected into experimental animals.
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Since the cells were genetically stable, it was assumed that the
virus DNA had either remained in the cell in some unspecified
state or had caused a permanant alteration in the genetic makeup
of the cell. Subsequent reports did demonstrate the presence
of papovavirus DNA in cells that had been transformed by these
viruses (4,133,143), and, furthermore, the viral DNA detected
was integrated into the cell DNA by means of covalent bonds (143).

When an oncogenic DNA virus infects a cell, one of three events
can occur (159). The first is an abortive infection during which
the virus is lost without any apparent change in the infected
cell,

The second possible event is a lytic infection by the virus.
During the lytic cycle the viral genome has been shown to become
integrated into the cellular genome (40,131). However, since DNA
replication appears to require free DNA, either in a circularized
(21,71) or a non-cicularized (127) form, the importance of virus
integration in the lytic cycle is unknown. Early mRNA, followed
by late mRNA transcription occurs, leading to the translation of
viral proteins. Among the early proteins produced in papovavirus
infected cells are the T antigen (15,130), the U antigen (98), and
the tumor specific transplantation antigen (TSTA)(68,93). Although
these early proteins are found in both the lytically infected and
the virally transformed cells, their functions in the lytic cycle
of the virus is unknown. The late proteins generally consists of

the viral structural proteins (48,103,121).
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If a cell, for some reason non-permissive for virus replication,
is infected with an oncogenic DNA virus, a third event may occur.
Although the majority of the cells will remain normal, a small
fraction of the cells can become transformed (14,39,151).

As was seen in the lytic infection of cells by these viruses,
when cells are transformed by DNA viruses, the viral genome becomes
integrated into the cellular genome (71). However, unlike the lytic
cycle, during cell transformation much of the early mRNA is tran-
scribed while only a small portion of the late mRNA is transcribed
(2,117). Evidence has been presented indicating that transformed
cells transcribe 37-75% of the early mRNA while transcribing only
0-8% of the late mRNA (91).

In all stably transformed cells there is evidence for the
presence of at least part of the viral genome. Hybridization
experiments with SV 40 transformed cells indicate that these cells
contain 1-3 equivalents of viral DNA (50,92). Induction of virus
particles from transformed cell lines has been done by the fusion
of the transformed cells with cells permissive for virus replication
(84,178) giving further evidence for the presence of the entire

virus genome in at least some virally transformed cells.

RNA oncogenic viruses:

The earliest viruses shown to cause cancer in animals were
RNA tumor viruses, also known as retroviruses (45,137). These
viruses can be classified into twe general types according to

their appearance under electron microscopy. These are the type
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B and the type C particles (37). A third type, type A, has been
described but appears to be an intracellular precursor to mature

B particles. Both groups have several similarities.

Retrovirus genome:

The viral genome of retroviruses consists of a large molecular
weight 70S single stranded RNA which, when heated, can be disasso-
ciated into 35S RNA subunits and an assortment of small 4-7S5 RNAs
(46,47,135,144). Although the number and makeup of the 35S RNA
was a thing of speculation for several years, recent evidence
indicates that the 70S RNA is made up of two identical 35S RNA
fragments linked together by hydrogen bonds at the 5' end of both

molecules (11,13,70,94,156),

Reverse transcriptase:

A second common trait of the retroviruses is the presence
of a viral RNA-dependent DNA polymerase, the reverse transcriptase
(8,163). This polymerase makes a DNA copy of the viral RNA genome
using a 4S tRNA as the primer (97). The double-stranded DNA then
apparently circularizes and is integrated into the cellular genome
(174). The presence of the entire viral genome in transformed
cells has been shown by the isolation of infectious DNA from the
cellular genome of virus transformed cells (69,87). This DNA is
then used to code for the RNA and proteins necessary for viral

synthesis and cell transformation (7).
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Retrovirus genetics:

Work with conditional and non-conditional mutants of the
retroviruses has shown the presence of four genes in the genome
of these viruses (9). These four are called gag, pol, env, and

onc or src. Gag codes for a 76,000 dalton protein that appears

to be the precusor to most of the major internal proteins of the
avian RNA tumor viruses (44). These are the non-glycosylated
structural proteins of the virion. The env gene codes for the
envelope glycoproteins of the virus (9). Viruses that are defective
in either of these two gene functions produce non-infectious
progeny viruses and are referred to as rd or replication defective
mutants (166).

The pol gene is responsible for at least the smaller of
the two subunits of the reverse transcriptase (122). This 60,000
dalton subunit may be derived by the cleavage of the larger 90,000
dalton subunit (110). Viruses defective in this function are
unable to form a DNA copy of the viral genome, can not integrate
into the cellular genome, and, therefore, can neither replicate
within nor transform the cells. These mutants are referred to as
cd or coordinately defective mutants (166).

The src gene codes for a 60,000 dalton protein apparently
responsible for cell transformation (130). This gene product
has a protein kinase activity (28) and may act by directly or
indirectly causing a chemical modification of the components of
the cell (3). Mutants of this class are called td or transformation

defective mutants (166). Avian leukosis viruses which do not
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transform cells in vitro apparently lack the src geme (9).

Temperature sensitive transformation defective mutants:

Temperature sensitive (ts) mutants of the retroviruses have
aided in the study of cell transformation. Martin (10l), one of
the first to describe ts mutants of the td variety, demonstrated
that virus replication continues at the restrictive temperature
indicating that transformation is not needed for viral replication.
Similar results have been obtained with other ts mutants having
similar lesions in their transformation function (6,89).

Although ts mutants have proven invaluable in the study of
cell transformation because of their ease of manipulation and
the rapidity with which they will convert from one phenotype to
the other, it has been shown that, even at the restrictive
temperature, some of the properties associated with the transformed
state can still occur. For example, cells infected with the virus
LA 334, a ts mutant of Rous sarcoma virus, maintain the ability to
grow in agar suspension even at the restrictive temperature, a
trait normally associated with transformed cells but not with
normal cells (180). Becker and Friis (10) have isolated ts mutants
which show a level of sugar transport at the restrictive temper-
ature between that of normal and wild type virus transformed cells.
Although there is this apparent "leakiness" in at least some of the
transformation functions of these viruses, they have still added

much to our knowledge of cellular transformationm.
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C. CELLULAR TRANSFORMATION:

When a cell undergoes transformation by either oncogenic
viruses, chemical carcinogens, or radiation, the cell undergoes
several modification. Many inconsistancies exist in the liter-
ature hetween transformation systems as to the types or amount
of cell components or functions which are altered. There are,

however, some distinct differences reported.

LETS protein:

Hynes (77) reported the presence of a large external surface
glycoprotein on the surface of normal cells that was not found on
the surface of transformed cells. This 250,000dalton glycoprotein,
LETS (large external transformation sensitive), has been found
on normal, but not transformed, hamster (76), mouse (77), rat
(160), and chicken (100) cells. Hynes and Humphreys (78) demon-
strated that this component cannot be metabolically labelled in
transformed cells, whereas it can in normal cells, indicating that
it is probably missing from the cell surface rather than present
but somehow masked from iodination on the surface of transformed
cells. Metabolic labelling with Cla—glucosamine (33) indicated
that, although greatly reduced in transformed cells, LETS is produced
in Rous sarcoma virus transformed cells and is turned over into the
medium. It was suggested that another molecule responsible for
ite retention in the cell membrane might be missing (33). LETS

is sensitive to proteolytic digestion and mild trypsinization will
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remove it from the cell surface (77).
A second class of large molecular weight glycoprotein found
on the surface of normal cells but not on the surface of transformed
cells has been described (141), however, this SF-antigen has since
been shown to have many of the same properties of the LETS protein

and is now believed to be the same material (90).

Antigenic changes:

Another alteration in the cell occurring during cellular trans-
formation is the appearane of new antigens on the cell surface.

One of these, the tumor specific surface antigen (TSSA), has been
extensively studied. Transformation of cells by avian sarcoma
viruses consistently leads to the expression of TSSA (51,59,95).
Yet chick embryo fibroblasts infected with, but not transformed
by, leukosis viruses lack this antigen (51). Furthermore, work
with ts mutants and transformation defective deletion mutants

of avian sarcoma viruses confirms that expression of this antigen
is transformation dependent (96).

An increase in the expression of embryonic antigens on the
surface of transformed cells has also been demonstrated (22,56,165).
As early as 1906 Schone demonstrated that animals could be protected
from tumor growth through the immunization of the animals with
embryonic tissues (147). These, and similar results, led Coggin
and Anderson (27) to postulate that all tumor antigens might be of

embryonic origin somehow being derepressed during cellular transfor-



23

mation.

Glucose uptake:

Hatanaka et al. (66) described an increase in the rate of glu-
cose uptake in murine sarcoma virus transformed cells. This change
in glucose uptake was not observed with leukemia virus infected
cells even though the sarcoma virus stocks contained helper
leukemia virus particles in higher titers than the sarcoma viruses.

Similar results were observed in Rous sarcoma infected cells
(67). Furthermore, experiments with transformation defective ts
mutants of both the Schmidt-Ruppin strain and the Bryan high titer
strain of the virus showed that increased sugar uptake is related
to the expression of the transformation function of the virus

genome (6,89).

Alteration in lectin agglutinability:

Another property of transformed cells is that they generally
agglutinate at a lower concentration of lectins than their normal
non-transformed counterparts (23,82,129)., The first attempts to
show differential agglutination in transformed CEF failed (110)
until Burger and Martin (24) demonstrated that transformed cells
had to be treated with hyaluronidase prior to exposure to the
lectin. Although this increased agglutinability was first thought
to be due to an increased number of lectin binding sites, it has
been shown that normal and transformed cells possess similar

numbers of surface receptors (83,115). It is now believed that
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increased agglutinability by lectins is due to an enhanced

motility and aggregation of the lectin binding sites (115,135).

Alterations in the level of cAMP:

Virus transformed cells generally have lower levels of
cyclic adenosine 3',5'-monophosphate (cAMP) than their normal
non-transformed counterparts (126). This intracellular level of
CAMP appears to influence such phenotypic characteristics as cell
motility, transport of certain materials, synthesis of certain
glycosminoglycans, growth in agar, and agglutinability by Con A
(126,177) indicating that many of the characteristics of viral
transformed cells may be secondary consequences of a decreased

level of cellular cAMP.

D. EFFECTS OF PROTEOLYTIC ENZYMES:

Transformed cells have been shown to possess greater proteo—
lytic activity than their non-transformed counterparts (20,144,172),
and it has been shown that when normal non-transformed cells are
exposed to low concentrations of proteases, they will display
certain of the properties normally associated with transformed cells

(112,148,149).

Increased lectin agglutinability:

In 1969 Burger (23) first demonstrated that normal cells would

agglutinate after proteolytic treatment at concentrations of WGA
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equivalent to those necessary for the agglutination of virus
transformed cells. This observation has since been expanded to
include other plant lectins (82,114,150). It has been suggested
that protease treatment increases cellular agglutinability by
severing the attachment of lectin receptors to microfilaments and
microtubules thereby allowing the increased motility of the recep-

tors within the cell membrane (136).

Plasma membrane proteins and glycoproteins:

Certain of the membrane components have been shown to be
altered when normal cells are exposed to mild proteolytic treatment.
The most prominent of these alterations is the loss of the LETS
protein (77). Besides the LETS protein, there is evidence for the
removal of certain sulfated glycosaminoglycans from the cell
surface during proteolysis (26). Up to 80% of the cell associated

glycosaminoglycans are removed with mild trypsinization.

Cellular multiplication:

Sefton and Rubin (149) originally provided evidence for the
stimulation of cell multiplication by protease treatment. Since
that time others have shown similar results (25,34), and further-
more, that the stimulatory effect could be prevented by the addition

of trypsin inhibitor (34).

Cyclic nucleotide levels:

Trypsin treatment of normal non-transformed murine cells causes
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a rapid, transient decrease in the cAMP levels of the cells (16,149),
On the other hand, Hovi et al. (75) reported no significant change
in the cAMP levels of chick cells although there was an increase
in the intracellular cGMP levels. The role these changes in the
cyclic nucleotide levels may play in the phenotypic changes observed
during proteolytic treatment of normal cells is a matter of
speculation, although it has been suggested that the alterations
may be secondary consequences of the altered cAMP levels (126,

179).
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Materials and Methods

Medium: Chick embryo fibroblasts (CEF) medium (CM-5) consisted of
Dulbecco's modified Eagles medium (D-MEM) supplemented with 10%
tryptose phosphate broth (TPB), 5% fetal calf serum (FCS), and

50 pg/ml gentamicin.

Primary CEF medium (CK-1) consisted of D-MEM supplemented
with 10% TPB, 8% FCS, 17 lactalbumin hydrolysate, and 50 pg/ml
gentamicin.

Medium for BHK-21, py-BHK, and BH~CEF was D-MEM supplemented
to contain 4.5 g glucose/liter, 10% TPB, 10% FCS, and 50 pg/ml
gentamicin,

Medium for 3T3, transformed 3T3, NRK, transformed NRK, and
1929 cells was Hanks' minimal essential medium (H-MEM) supplemented
with 10% FCS and 50 ug/ml gentamicin.

The diphtheria toxin assay medium consisted of H-MEM modified
to contain 1/10 the normal concentration of amino acids, 1% glu-~
tamine, 2% FCS, and 50 pg/ml gentamicin.

The primary BHK medium (ETC) consisted of Eagles basal
medium modified to contain twice the normal concentration of
amino acids and vitamins, 10% FCS, 10% TPB, and 50 ug/ml

gentamicin.

Buffers: Tris glucose buffer (TG) consisted of 0.025 M Tris,
pH 7.4, 0.14 M NaCl, 0.005 M NaZHPO4, and 0.001 M glucose.
Versene consisted of 0.0005 M EDTA, 0.14 M NaCi, G.003 M

KC1l, 0.008 M NazHPO4, 0.0015 M KH,PO,, and 0.003 M glucose, pH7.4.
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Calcium and magnesium free phosphate buffered saline (PBS)
consisted of 0.145 M NaCl, 0.008 M Na,HPO,, and 0.002 M KH2PO4,
PH 7.4,

Histamine buffer consisted of 0.11 M histamine, 90 mM Tris-

HCL, 70 mM DTT, and 0.0l17 mM EDTA, pH 8.0.

Cells: Primary CEF were prepared from 9-11 day old cofal negative
c/o type chick embryos (Spafas, Inc., Norwich, Conn.) in the
manner of Rubin (140) as modified by Hanafusa (64). Chick embryos
were aseptically removed from the eggs, decapitated and evis-
cerated, and minced in sterile TG buffer. The cell clumps were
allowed to settle out for three minutes. Those cells remaining

in suspensi m, consisting mostly of erythrocytes, were discarded
by decanting the fluid supernatant. Ten ml of 0.25% trypsin in
TG buffer were added for each embryo. The mixture was stirred for
5 minutes at room t amperature and the cell clumps were allowed to
settle out for 3 minutes. The suspended cells were transferred to
a small volume of cold CK-1 medium. The trypsinization and
settling procedures were repeated three times on the remaining
cell clumps. The cells in suspension were then pelleted by
centrifugation at 250 x g for 10 minutes, resuspended in CK-1,

and seeded at a cell density of 1 x 107 cells/plate in 100 x 15
mm tissue culture dishes (Flow L &s., Inglewood, Calif.). All
chick cells were incubated at 41C in a CO, incubator unless
otherwise indicated.

Primary baby hamster kidney (BHK) cells were prepared as
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described by Stoker and MacPherson (159). Kidneys of 1 day old
hamsters were left overnight at 4C in 0.257% trypsin in versene.
The next day the solution was replaced by fresh trypsin-versene
and the kidneys were incubated at 37C for 15 minutes. Strenuous
pipetting produced a suspension of single cells and small clumps
which were pelleted by centrifugation at 250 x g for 5 minutes.
The cells were then suspended in ET medium and planted in two
250 ml tissue culture flasks (Flow Labs., Inglewood, Calif.)/
kidney. The cells were incubated at 37C.

A continuous line of polyoma transformed baby hamster kidney
cells (py-BHK) and their non-transformed counterparts (BHK-21)
were obtained from the laboratory of Dr. Eckhardt.

Normal 3T3 cells, a continuous line of mouse cells, were
obtained from Dr. J. Hallum, Dr. B. Brockman, and Dr. S. Aaronson.
SV 40 transformed 3T3 cells (SV-3T3) were obtained from Dr. J.
Hallum and Dr. B. Brockman. Polyma transformed 3T3 cells (py-3T3)
were obtained from Dr. S. Aaronson. Rous sarcoma virus transformed
3T3 cells (SR-3T3) were obtained from Dr. P. Vogt.

1929 cells, a continuous line of mouse cells, were obtained
from the laboratory of Dr. B. Iglewski.

Normal rat kidney cells (NRK) were obtained from Dr. J.
Dahlberg. Rous sarcoma virus transformed NRK (SR-NRK) were
obtained from Dr. S. Aaronson. Murine sarcoma virus transformed
NRK (NRK-MSV) were obtained from Dr. J. Bader.

All continuous lines were transferred to new flasks when

old monolayers approached 85% confluency.
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All primary cells were utilized for experimentation by the

fifth passage.

Viruses: Starter stocks of Schmidt-Ruppin type A Rous sarcoma
virus (SR-RSV) and ts 68, its transformation defective temperature
sensitive mutant (89), were supplied by Dr. H. Hanafusa.

Starter stocks of Bryan high titer Rous sarcoma virus (BH-RSV)
and Ta, its transformation defective temperature sensitive mutant
(6), were supplied by Dr. J. Bader.

Virus propagation and all cell transformations were done by
the method of Hanafusa (64). Primary CEF were harvested by trypsin-
ization and seeded at a density of 5 x 106 cells/100 mm tissue
culture dish in CM-5. After 4-6 hours incubation at 41C the culture
fluid containing unattached cells was removed. The cells were then
exposed to 0.1 ml of the virus suspension having at least 5 FFU/cell
in cases leading to rapid transformation or 1 FFU/cell in cases
leading to virus propagation. For all viruses except SR-RSV it
was necessary to include 0.1 ml DEAE-dextran (250 ug/ml) with the
virus to insure infection of the cells. After adsorption of the
virus for 1 hour, the cultures were washed and reincubated in CM-5
at 41C. Cells infected with the ts mutants of the viruses, Ta and
ts 68, were treated in the same manner except that half the plates
of the infected cells were incubated at the permissive temperature
of 37C and half at the non-permissive temperature of 41C. Prior
to any experimentation with the ts virus infected cells, one plate

of cells was shifted from the non-permissive temperature to the
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permissive temperature to insure that the cells were infected.
Starter cultures of avian myeloblastosis virus (AMV) were
ob tained from Dr. G. Beaudreau anl the virus propagated by inoculations
of newly hatched chicks and the subsequent bleeding of the chicks

when they became 4+ leukemics (42).

Toxins and toxin inhibitor: Diphtheria toxin (DT) was obtained

from Connaught Medical Research Laboratories (lots D279 and D290
with 1600 flocculating units/mg nitrogen).
CRM 197 was the generous gift of Dr. T. Uchida (167).

Pseudomonas aerugenosa exotoxin A (PA toxin) was the generous

gift of Dr. B. Iglewski.

Chemicals: Trypsin was purchased either as a 2.5% solution from
Flow Laboratories, Inglewood, Calif., or as a twice recrystalized
powdr from Sigma, St. Louils, Missouri.

Tritiated amino acids were purchased fromm either New England
Nuclear, Gardena, California, or from Amersham Corp., Arlington
Heights, Illinois.

Labelled NAD and 1251 were purchased from New England Nuclear,
Gardena , California.

All other chemicals were purchased from Stgma, St. Louis,

Missouri,

Toxin assay: Tl toxin assay for cell sensitivity to DT and PA toxin

were done in two ways. The first was a cell suspension assay done



32
in the manner described by Iglewski et al., (81). Briefly, cells
were harvested by trypsinization, washed three times with assay
medium, and seeded at a concentration of 4 x 102 cells in 0.9 ml of
assay medium in screw cap tubes in the presence of various concen-
trations of toxin. Control cells were treated in the same manner
without the addition of toxin. The mixture was incubated at 37C
for three hours in a roller drum. At that time, 10.0 uCi of 3H—
labelled amino acid mixture was added to each tube bringing the
final volume to 1.0 ml/ tube., Labelling was allowed to continue for
an additional two hours at 37C. The cells were then harvested by
centrifugation and lysed by resuspension in 0,002 M EDTA in distilled
water and freezing and thawing. Trichloroacetic acid (TCA) was
added to a final concentration of 10% and the mixture heated at
90C for 15 minutes. The hot TCA precipitable protein was collected
on Millipore filters and the radiation counted in a Beckman LS
200 spectrophotometer.

The second method of assaying the cells for sensitivity to DT
and PA toxins was a ce ll monolayer assay similar to the one described
by Venter and Kaplan (175). Cells were harvested and planted on
35 x 10 mm tissue culture plates at a cell density of 5 x 105 cells/
plate. After 16-24 hours, the semi-confluent monolayers were washed
three times with assay medium and 0.9 ml medium containing various
concentrations of toxin were added to each plate. Control cells
were treated in the same manner without the addition of toxin. The
plates were incubated in a COzincubator at 37C for three hours. Two

uCi of 3H-labelled amino acid mixture was added to each plate
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bringing the final volume to 1.0 ml. Labelling was allowed to
continue for two hours at 37C. The cells were harvested with 0.25%
trypsin in distilled water and lysed by freezing and thawing. TCA
was added to a final concentration of 10% and the mixture heated at
90C for 15 minutes. The hot TCA precipitable protein was collected
on Millipore filters and the radiation counted in a Beckman LS 200

spectrophotometer.

EF-2 quantitation: Quantitation of EF-2 of normal and SR-RSV

transformed CEF was done using the procedure described by Gill and
Dinius (53). Cells were washed in PBS and packed by centrifugation
at 2000 x g for 10 minutes. Half a gram of cells was lysed in 2.0
ml 0.25 M sucrose by sonication in a Biosonik IV sonicator. Into a
tube were placed 1.5 ml of the resulting lysate, 0.25 ml 4 M NaCl
with 20 mM dithiothreitol, and 0.4 g washed, activated charcoal.
The mixture was shaken at 4C for 15 minutes and centrifuged at 27,000
RPM in a Beckman type 30 rotor for 65 minutes at 4C to remove the
cell debris and charcoal from the EF-2 in the supernatant fluid.
The supernatant fluid was then stored at -70C until assayed for
EF-2 content.

To quantitate the EF-2, 50 ul of the supernatant fluid was
added to 300 pl histamine buffer with or without the addition of
fragment A (7.5 ug/ml final concentration). After the mixture had
been warmed to 37C, 0.125 Ci (0.05 uM) 1Z’C—NAD in a volume of 5 ul
was added to each tube. The mixture was vortexed and incubated for

10 minutes at 37C. The reaction was halted by the addition of
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several volumes of 5% TCA. The proteins were collected on Millipore
filters and the radiocactivity counted on a Nuclear-Chicago low

background gas flow counter.

Iodination of DT: DT was iodinated utilizing the lactoperoxidase

procedure described by David (36). Five grams of activated Sepharose
4B (Pharmacia, Piscataway, New Jersey) were swollen in 30 ml 10"3

2 M HC1l. The beads were then

M HCl and washed with 1.0 1 of 10~
washed rapidly with gentle suction with 0.01 M NaZHPO4—O.1M NaCl,
pH7.5 (PC buffer) until the pH of the wash fluid was pH 7.5. The
beads were mixed with 25 mg lactoperoxidase in 20 ml PC buffer and
agitated overnight at 4C. The next day the beads were washed with
cold PC buffer. The lactoperoxidase beads (LP-beads) were resuspended
in 50 ml cold 0.2 M glycine in PC buffer for a minimum of 5 hours
at 4C. They were then thoroughly washed with cold PBS and stored
at 4C in PBS with 10™° M merthiolate wntil used.

Immed :ately before use the LP-beads were washed with cold PBS
to remove the merthiolate. The following were then added to a reaction

1251 (17 ci/mg), 20 ul

tube: 100 ul protein (100 pg) in PBS, 10 ul
LP-beads (1.5 ug lactoperoxidase), 10 ul 3.3 x 10_3 M KI, and 10 ul

of a1l to 2000 dilution of 30% Hy0 The mixture was incubated for

2
30 minutes at 23C and the reaction stopped by the addition of 100 yl
0.25 M NaN 3 in. 0.5 M KI and incubation for 15 minutes at 0C.

The LP-beads were pelleted by centrifugation at 500 x g for 10

minutes at 35C. Labelled protein was separated from free iodine by

passage through a Sephadex G-100 column equilibrated and eluted with
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a 0.01 M potassium phosphate buffer, pH 6.9, containing 0.05% BSA.

Assays with glycolytic enzymes: Assays done to determine the effect

glycolytic enzymes had on the trypsin effect on DT sensitivity were
done as follows: normal and transformed cells were lifted with versene
instead of trypsin. The cells were pelleted by centrifugation and
washed with PBS. Half the cells were incubated in PBS while the

other half were incubat ed in PBS containing various concentrations

of the glycolytic enzyme to be assayed at a cell density of 107
cells/ml. After 30 minutes at 37C the cells were washed in PBS and
resuspended in either PBS or 0.25%7 trypsin in PBS and incubated

for an additional 30 minutes at 37C. The cells were then washed

and assayed by the cell suspension assay as described previously.



36

RESULTS

Effect of medium: Iglewski et al. (8l) reported that SR-CEF are

more sensitive to intoxication by DT than normal, non-transformed
CEF derived from the same embryo. However, Pappenheimer and
Randall (125), working with Ehrlich-Lettre ascites tumor cells,
implied that the assay medium, which contained a modified amino
acid concentration and 2% FCS that had been extensively dialyzed,
might adversely modify the results of these assays. They reported
that dialyzing the serum might remove a serum factor required for
the synthesis of proteins in normal cells but not required for
the synthesis of proteins in the transformed cells. It was, there-
fore, necessary to determine what, if any, effect the medium had
on the phenomenon of increased sensitivity of transformed cells
as compared to normal cells to intoxication by DT. The medium
was examined by running parallel assays using the modified H-MEM
with 1/100 the normal concentration of amino acids and the
dialyzed serum and the normal H-MEM with the normal amino acid
concentration and normal undialyzed serum as the assay medium.
Figure 1 shows typical results obtain from this series
of experiments. The amount of toxin required to inhibit protein
synthesis 507 of the control values is defined as the PIDSO' There
is no significant difference in the PID50 of the cells when
assayed in either medium. The PID50 was approximately 0.003 ug
toxin/ml of reaction medium for the SR-CEF while that of the

normal CEF was approximately 0.03 pg toxin/ml of reaction medium.
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Figure 1

Effect of media on diphtheria toxin inhibition of normal and

SR-RSV~A transformed chick embryo fibrobast protein synthesis.

Triplicate samples were assayed for sensitivity of protein synthesis
by diphtheria toxin in the manner described in Materials and Methods
using both modified Hanks' MEM (M-MEM) with 1/100 the normal amino
acid concentration and dialyzed serum and normal Hanks' MEM (H-MEM)
as the assay media. Percentage of control incorporation was
determined from the mean of intoxicated samples compared to the

mean of control cells not exposed to toxin. Bars indicate the
standard error of the mean. &—=, chick embryo fibroblasts, M-MEM;
& -4, chick embryo fibroblasts, H-MEM;0—©, SR-RSV-A transformed

cells, M-MEM;m- - -3 SR-RSV-A transformed cells, H-MEM.
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The only effect of lowering the amino acid concentration and
dialyzing the serum was to increase the specific activity of
the labelled TCA precipitable protein. In a typical experiment
the control CEF incorporated 16,000 CPM with normal H-MEM and
47,160 CPM with the modified H-MEM while the SR-CEF incorporated
14,750 CPM and 42,350 CPM respectively. Therefore, the effect
of increased sensitivity to DT of transformed cells as compared
to normal cells is not due to the assay medium during the five
hour incubation period of the assay. Statistical analysis using
analysis of variance and the Student t test indicates that there
is no difference in the results obtained using either medium.
However, in both media the difference between the cell types
was significant with the SR-CEF being more sensitive to intoxication
by DT than the normal CEF (P<0.005). Subsequent assays were
done using the modified H-MEM containing 1/10 the normal
amino acid concentration and supplemented with 27 normal,

undialyzed FCS.

Toxin sensitivity of ts 68 infected cells: The first step in

determining what property of SR-RSV transformed CEF was respon-
sible for the differential sensitivity to intoxication by DT as
reported by Iglewski et al. (81) was a study of the effect of

DT on cells infected with the temperature sensitive mutant ts 68
of SR-RSV. This mutant transforms cells with virus replication
at the permissive temperature of 37C but does not transform cells

at the non-permissive temperature of 41C even though similar
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amounts of virus are produced at both temperatures (89).

Figure 2a and Table 2 show the results of assays done on
ts 68 transformed cells at the permissive temperature. The PID50
of the transformed cells is once again less than that of the
normal cells. These results are similar to those seen for the
wild type SR-CEF (fig. 1). Furthermore, this difference in
sensitivities is once again statistically significant at the
0.995 confidence level (Table 2).

Figure 2b and Table 2 demonstrate the results of assays done
on ts 68 infected cells cultured from the same embryo but grown
and assayed at the non-permissive temperature. There is a decrease
in the differential sensitivity of the cells to the toxin. The
infected cells appear slightly more sensitive to intoxication by
DT than the normal, non-infected CEF, however, this difference
was not statistically significant at the 0.99 confidence level.
If the confidence level is decreased to 0.90, then the difference
becomes significant (Table 2). We conclude that the difference
between the toxin sensitivities of the normal CEF and the ts 68
infected CEF is reduced but not eliminated at the non-permissive
temperature and is probably due to leakiness in the temperature
sensitive expression of the transformation function of the viral
genome. Similar results were obtained with assays done on cells

infected with the ts mutant Ta of BH-RSV (6)(Table 2).

Effect of temperature: This decrease in the differential sensitiv-

ities of these cells to intoxication by DT at the restrictive
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Figure 2

Effect of temperature on diphtheria toxin inhibition of protein

synthesis in normal and ts 68 infected cells.

Cell suspension assays were done as described in Materials and
Methods on cells cultured at the permissive temperature of 37C (a),
and at the non-permissive temperature of 41C (b). Percentage

of control was determined as described in Fig. l.e——e¢ , chick

embryo fibvoblasts; O0——0, ts 68 infected cells.
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Table 2

PID50 QF VARIOQUS NORMAL AND TRANSFORMED CELLS TO DT INTOXICATION

Cell Temperature PID50a Probabilityb
type of difference
CEF 37C 0.06

SR-CEF 0.006 P<0.001
CEF 41C 0.01

SR-CEF 0.001 P<0,001
CEF 37C 0.03

ts 68-CEF 0.003 P<0.001
CEF 41C 0.003

ts 68-CEF 0.001 P=0.1
CEF 37C 0.02

BH-RSV 0.003 P<(.001
CEF 41¢C 0.01

BH-CEF 0.002 P<0.001
CEF 37C 0.03

Ta-CEF 0.002 P<0,001
CEF 41C 0.009

Ta-CEF 0.005 P<0.1
CEF 37C 0.01 —_———
AMV-CEF 0.01 —————
CEF 37C 0.04

SR-CEF © 0.003 P<0.001
a) in ug/ml

b) determined by analysis of variance and the Student t test

c¢) using iodinated toxin instead of normal DT
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temperature could be due to the reduced expression of the trans-
formation defective function of the viral genome of the ts mutant
viruses or to a non-specific effect on the intoxication of the
cells caused by the elevated temperature. Therefore, the effect
of DT on normal CEF, wild type SR~CEF, and wild type BH-CEF

was determined at both 37C and 41C. Figure 3 and Table 2 show
that there is still a difference in the sensitivity to intox-
ication by DT of the normal CEF as compared to the transformed
cells at both of the temperatures and that this difference is
significant at the 0.995 confidence level. Since the amount

of virus produced by the ts 68 and the Ta infected cells is
similar at both temperatures (6,89), it appears that the sensi-
tivity to DT intoxication of SR-CEF and BH-CEF as compared to
CEF is mainly influenced by the expression of the transformation
function of the virus genome and is not associated with the

amount of virus produced by the infected cell.

Toxin sensitivity of AMV infected cells: The problem of leakiness

in the temperature sensitive transformation function of the ts 68
and Ta genomes was approached by assaying cells that had been
infected by the non-transforming retrovirus, AMV. Since AMV lacks
the src gene but is still capable of infecting CEF and replicating
within them (42), the question of leakiness of the transformation
function of the genome was eliminated in assays done on cells

infected with this virus.
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Figure 3

Effect of temperature on diphtheria toxin inhibition of protein

synthesis in normal and SR-RSV-A transformed chick embryo fibroblasts.

Cell suspension assays were done as described in Material and Methods
on cells cultured at 37C (a) and at 41C (b). Percentage of control
was determined as described in Fig. 1.9~——®  chick embryo cells;

0—0, SR-RSV-A transformed cells.
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Figure 4 and Table 2 show the results of assays done on
normal CEF and CEF infected with AMV. Protein synthesis, as
measured by the incorporation of tritiated amino acids into hot
TCA precipitable material, is equally sensitive to intoxication
by DT in both the normal CEF and the AMV infected CEF. Although
these cells are producing virus, because the virus lacks the
src gene funtion (9,42), the cells are not transformed. These
data give further evidence supporting the contention that
transformation, and not virus replication, is the factor associated
with the differential sensitivity of CEF as compared to SR-CEF

to intoxication by DT.

Toxin sensitivity of normal and transformed BHK cells: It then

became of interest to determine if this phenomenon of increased
sensitivity to intoxication by DT was a unique characteristic

of CEF and/or RSV or could also be found as a characteristic of
other cells transformed by other oncogenic viruses. Polyoma

virus, like other DNA oncogenic viruses, is capable of transforming
appropriate host cells without virus production (159). Figure 5
shows the results of assays done on primary BHK, BKK-21, and
py-BHK cells, The py-BHK are significantly (P<0.005) more
sensitive to intoxication by DT than either the primary BHK or

the BHK-21 cells. This indicates that the phenomenon of increased
sensitivity to intoxication by DT is not unique to CEF transformed
by RSV but is also associated with at least some other cells trans-

formed by some other viruses, and furthermore, that cell trans-
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Figure 4

Effect of diphtheria toxin on protein synthesis in cultures of

chick embryo fibroblasts and AMV infected chick embryo fibroblasts.

Cell suspension assays were done as described in the Materials and
Methods. Percentage of the control was determined as described
in Fig. 1.®——® , Chick embryo fibroblasts;0———0 AMV infected

chick embryo fibroblasts.
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Figure 5

Effect of diphtheria toxin on protein synthesis in cultures of

BHK-21 and polyoma transformed BHK-21 cells.

Cell suspension assays were done as described in Materials and
Methods. Percentage of the control was determined as described

in Fig. 1.0—0OBHK-21; @ — @ ,polyoma transformed BHK-21.
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formation, and not virus replication, is necessary for this

phenomenon to occur.

Toxin sensitivity of normal and transformed resistant cells: In

assays on the sensitivities of normal and transformed rodent cells,
Saelinger and Bonventre (142) were unable to show any significant
differences in the response of the cells to DT. Since the cells
we have previously used were normal and transformed cells from
animals that are sensitive to intoxication by DT, it became of
interest to determine if the differential sensitivity seen in the
CEF/SR-CEF system could by induced from a resistant cell system.
The results of assays done on 3T3, a resistant mouse cell line,
and SR-3T3, its Rous sarcoma virus transformed counterpart, are
shown in figure 6 and Table 3. As can be seen, there is no
difference in the PID50 of either cell type. Similar results
were obtained in assays on 3T3 cells as compared to py-3T3 and
SV-3T3cells and in assays on NRK cells as compared to SR-NRK and
NRK-MSV cells (Table 3). These data suggest that, although the
phenomenon of increased sensitivity to intoxication by DT is not

limited to one virus or cell system, it does require a cell system

that is relatively sensitive to intoxication by DT.

Cell suspension assay compared to cell monolayer assay: Venter

and Kaplan (175), using a variety of human cells, were unable to
demonstrate any consistent differences in the sensitivities of

normal as compared to transformed cells to intoxication by DT.
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Figure 6

Effect of diphtheria toxin on protein synthesis in cultures of

3T3 and SR-RSV transformed 3T3 cells.

Cell suspension assays were done as described in Materials and
Methods. Percentage of the control was determined as described

in Fig. 1. #——@® , normal 3T3; 06— & , SR-RSV transformed 3T3.
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Table 3

PID50 OF NORMAL AND TRANSFORMED RESISTANT CELLS TO INTOXICATION BY DT

a,b
Cell type PID50
3T3 60
SR-3T3 60
py—-3T3 60
SV-3T3 60
NRK 80
SR-NRK 80
NRK-MSV 80

a) in ug/ml

b) determined as described in the Materials and Methods
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The protein synthesis assay used by them was a cell monolayer

assay in which the cells were in a subconfluent monolayer instead
of in suspension as originally described by Iglewski and Rittenberg
(80). 1In order to further evaluate our standard assay for the
sensitivity of protein synthesis to DT intoxication, we ran
parallel assays using the cell suspension assay and the cell
monolayer assay systems as described in the Materials and Methods.
The suspension assay results were similar to those seen in figure
1. However, figure 7 demonstrates that there was no difference

in the PID50 of SR-CEF as compared to normal CEF when protein

synthesis was assayed for sensitivity to DT when the cells were

in monolayers.

Requirement for trypsinization: It then became of interest to

determine if the mere physical suspension of the cells would be
sufficient to cause the observed differential semsitivity to
occur. Cells were harvested for cell suspension assays by two
different methods. The first method was by trypsinization as
was done in the previous suspension assays. The second was by
treatment of the cells with versene. The results of the assays
done on the trypsin lifted cells were similar to those shown in
figure 1. Figure 8, on the other hand, demonstrates that assays
done on versene lifted cells fail to show a differential sensi-
tivity to intoxication by DT, indicating that physical suspension
of the cells is not sufficient for the expression of the differ-

ential sensitivity to intoxication between normal CEF and SR-CEF.
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Effect of diphtheria toxin on protein synthesis in monolayer

cultures of normal and SR-RSV-A transformed chick embryo fibroblasts.

Cell monolayer assays were done as described in Materials and Methods.
Percentage of the control was determined as described in Fig. 1.

o——@, chick embryo fibroblasts; 6—0 , SR-RSV-2A transformed cells.
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Figure 8

Effect of diphtheria toxin on protein synthesis in wversene lifted

cultures of chick embryo fibroblasts and SR-RSV-A transformed

chick embryo fibroblasts.

Cell suspension assays were done as described in Materials and

Meth als except that the cells were lifted with versene instead of
trypsin. Percentage of the control was determined as described in
Fig. 1. e— , chick embryo fibroblasts; 9—0 SR-RSV-A transformed

chick embryo fibroblasts.
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Versene lifted cells were then incubated for 30 minutes at
37C in either TG buffer or 0.25% trypsin in TG buffer at a cell
density of 106 cells/ml. The cells were then washed and assayed
by the cell suspension assay method as described previously.
Figures 9a and 9b show the results of these assays. As can be
seen, trypsinization of versene lifted CEF causes an approximate
10-fold decrease in the sensitivity of the cell protein synthesis
to intoxication by DT. On the other hand, identical treatment of
SR-CEF has no effect on the sensitivity of these cells to intoxi-
cation by DT. Incubation of versene lifted cells with trypsin
and trypsin inhibitor causes no shift in the sensitivities of
either the CEF or the SR-CEF to intoxication by DT (Table 4).
These data indicate that trypsinization of the cells is necessary

for the observed differential sensitivity to occur.

Trypsin compared to other proteolytic enzymes: The specificity

of the effect of trypsin to cause the differential sensitivity to
intoxication was examined. Trypsin hydrolyzes proteins at arginine
and lysine residues (38). Chymotrypsin, on the other hand, acts

at tyrosine, phenylalanine, and tryptophan residues (38). Chymo-
trypsin lifted cells were assayed for their semnsitivities to
intoxication by DT. As shown in figure 10, chymotrypsin causes

a decrease in the sensitivities of both the normal CEF énd the
SR-CEF, and the decrease is similar to that caused by the effect

of trypsin on normal cells. Similar results were obtained in

assays using protease, pepsin papain, and bromelain to lift the
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Figure 9

Effect of trypsinization on sensitivity of versene lifted chick

embryc fibroblasts and SR-RSV-A transformed chick embryo fibroblasts.

Monolayer cultures were lifted with versene and washed with TG buffer.
The cells were incubated 30 minutes in either TG buffer or 0.25%
trypsin in TG buffer at 37C. The cells were then assayed as described
in Materials and Methods. Percentage of control was determined as
described in Fig. 1. a)e@-—e, buffer treated; and 0o—0 ,trypsin
treated chick embryo fibroblasts; b) e ——e , buffer treated; and
¢~—0 ,trypsin treated SR~RSV-A transformed chick embryo fibro-

blasts.
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Effect of chymotrypsin on the differential sensitivity of normal

and SR-RSV-A transformed chick embryo fibroblasts to diphtheria

toxin,

Cell suspension assays were done as described in Materials and
Methods except that cells were lifted with 0.25% chymotrvpsin
instead of trypsin. Cells lifted with 0.25% trypsin were included
as a control. Percentage of control was determined as described
in Pig. 1. o0——0, chymotrypsin lifted normal cells; e — @ ,
chymotrypsin lifted SR-RSV-A transformed cells;A—4, trypsin
lifted normal cells; X—— X, trypsin lifted SR-RSV-A transformed

cells.
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EFFECT OF VARIOUS PROTEOLYTIC ENZYMES ON THE PID50 OF NORMAL

AND TRANSFORMED CEF

Enzyme used Cell type PIDSOa’b Probability of®
difference
none CEF 0.002 = eeee-
SR-CEF 0.002  —eme——
trypsin CEF 0.03
10 u/ml SR-CEF 0.001 P 0.001
chymotrypsin &EF 0.03 —eem——
10 u/ml SR-CEF 0.03 = em——-
Protease CEF 0.02 AT
10 u/ml SR-CEF 0.02 =
pepsin CEF 0.04 = ————- '
10 u/ml SR-CEF 0.04 ————
papain CEF 0.03 —_———
10 u/ml SR-CEF 0.03 = eme——e
bromelain CEF 0.02 = emeeo
10 u/ml SR-CEF 0.02 =
trypsin 10 u/ml CEF 0.003 ==
trypsin SR-CEF 0.003 = —eme-
inhibitor
0.5 mg/ml
a) in ug/ml

b) determined as described in the Materials and Methods

c) determined by analysis of variance and the Student t test
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cells (Table 4). Transformation of CEF apparently causes an
alteration of the cell that renders the cells insensitive to
the effect of trypsin on DT sensitivity but not insensitive to

the effect of these other enzymes on toxin sensitivity.

Effect of trypsin concentration: Since the effect of trypsin

mediates the differential sensitivity between normal and trans-
formed cells to DT intoxication, it was of interest to determine
what conditions of trypsinization were required to minimize the
sensitivity of normal CEF to DT intoxication. Versene lifted CEF
were exposed to various concentrations of trypsin as previously
described, washed, and then assaved for their sensitivity to
intoxication by DT. Figure ll shows that treatment of CEF with
at least 0.1%7 trypsin at 37C for 30 minutes is required to
provide the maximum protection of these cells against intoxi-
cation. Therefore, our comparative assays of the DT sensitivities
of CEF and SR-CEF treated with 0.25% trypsin and those previously
reported (8l) have shown the maximum differential sensitivity

to be expected between these normal and transformed cells.

Reversibility of the trypsin effect: Moehring and Crispell (107)

reported that the effect of trypsin on the sensitivity of KB cells
to intoxication by DT is a transient effect. In order to determine
how transient this effect is in our system, versene lifted CEF were
trypsinized as previously described and assayed for their sensi-

tivity to intoxication by DT at various intervals of time after
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Figure 11

Effect of trypsin concentration on the sensitivity of normal

chick embryo fibroblasts to intoxication by diphtheria toxin.

Versene lifted normal CEF were incubated for 30 minutes in either
TG buffer or in various concentrations of trypsin at 37C. The
cells were assayed using the cell suspension assay as described
in Materials and Methods. Percentage of control was determined
as described in Fig. 1.A—4, buffer treated cells;e—eo ,
0.05% trypsin;O0 — O, 0.10% trypsin;© —@0, 0,25% trypsin;

X—X, 0.50% trypsin.
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trypsinization. As can be seen in figure 12, by four to eight
hours after trypsinization the sensitivify of CEF to intoxication
by DT has returned to the pre~trypsinization level. Since the
trypsin effect would be completely eliminated during the 16-24
hour incubation period used in the cell monolayer assay, it is
not surprising that these later assays show no difference in the
sensitivity of the normal and transformed cells to intoxication

by DT.

Kinetics of intoxication: In order to determine the kinetics of

intoxication by DT of trypsinized and non-trypsinized CEF and SR-CEF,
cells were harvested in the usual manner using either trypsin or
versene, washed, and suspended in the presence of various concen-
trations of DT and 2 uCi/ml tritiated amino acids. The cells were
then processed to determine the incorporation of labelled amino
acids into synthesized proteins at various times after the addition
of the toxin. Figure 13 shows that there is no difference in

the intoxication profiles of versene lifted normal and trans-
formed cells. Trypsinization of the cells, on the other hand,
markedly alters the profile of the normal CEF without altering

that of the SR-CEF (fig. 14). Following trypsinization there

is a dramatic difference between the CEF and the SR-CEF in the
kinetics of incoporation of amino acids into cellular protein

at all toxin concentrations tested. The figures also show a

linear incorporation of the labelled amino acids in the non-

intoxicated cells indicating chat the assay medium is not adversely
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Figure 12

Effect of time after trypsinization on the sensitivity of CEF

protein synthesis to intoxication by DT.

Normal chick embryo fibroblasts were lifted with versene and
trypsinized as described in Fig. 9. Cell suspension assays were

done at various times after trypsinization in the manner described

in the Materials and Methods. Percentage of control was determined

as described in Fig. 1. @€ —~——e@, O hour; c¢~——o0, 2 hours;0—0 , 4 hours;

A—A , 8 hours.
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Figure 13

Kinetics of intoxication of versene lifted normal CEF and SR-CEF.

Normal CEF and transformed SR-CEF were lifted with versene and
processed to determine the kinetics of intoxication in the manner
described in Materials and Methods. - - -, SR-CEF; —— CEF;

@ = no DT; X = 0.003 pg/ml DT; /A = 0.03 pg/ml DT; O = 0.3 ug/ml

pT; 3= 3.0 ug/ml DT.
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Figure 14

Kinetics of intoxication of trypsinized normal CEF and SR-CEF.

Normal CEF and transformed SR-~CEF were lifted by trypsinization
and processed to determine the kinetics of intoxication in the
manner previously described. - - -, SR-CEF; ——, CEF, ® = no DT;
X = 0,003 ug/ml DT; A = 0.03 ug/ml DT; O = 0.3 ug/ml DT; [ = 3.0

ug/ml DT.
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affecting the protein synthesis of either cell type during the

period of the assays.

Pseudomonas aeruginosa exotoxin A intoxication: In order to

determine the specificity of DT for the differential sensitivity

to occur, cells were assaved for their sensitivities to PA toxin.

PA toxin inhibits protein synthesis by ADP-ribosylating EF-2 in a
manner similar to that of DT (79) but is thought to have different
binding and/or internalization mechanisms (105). Figures 15 and

16 demonstrate that even after trypsinization neither the CEF/SR-CEF
system nor the BHK-21/py-BHK system show the differential sensi-
tivity to intoxication with PA toxin as is seen with cells intox-
icated with DT. These data give evidence that selective intoxica-

tion is not because of a non-specific uptake of the toxin molecules.

EF-2 levels of the cells: Since DT intoxicates cells by ADP-

ribosylating the cellular EF-2, it became of interest to quanti-
tate the EF-2 of normal CEF and SR-CEF. The differential sen-
sitivity could be due to a difference in the EF-2 levels of the
cells. Table 5, however, shows that the EF-2 levels of the cells
are similar. These data plus those shown for PA toxin (fig. 15
and 16) support the contention that selective intoxication of

SR-CEF as compared to CEF is not at the intracellular level.

Toxin uptake: In order to determine if toxin uptake due to endo-

cytosis might be different between the CEF and the SR-CEF, cells
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Table 5

EF-2 CONTENT OF CHICK EMBRYO FIBROBLASTS AND SR-RSV-A TRANSFORMED CEF

EF-2 content 2

Cells nM/g nM/cell 2
CEF 0.51 Vo6 w 1077
SR-CEF 0.23 1.8 % 00

a) EF-2 content was determined as described in Materials and Methods

8

b) there were 2.8 x 108 CEF/g and 1.9 x 10 SR-CEF/g.
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Figure 15

Effect of PA toxin on protein synthesis in normal CEF and SR-CEF.

Cell suspension assays were done as described in Materials and
Methods except that PA toxin was used instead of diphtheria
toxin. Percentage of control was determined as described in

Fig, 1. &—e , CEF; o——o , SR-CEF.



% of Contro/

100

90 |

80

70

60

50

40

30

20

10

0

[

| ] ]

FOMH

1
0.0002 0002 0.02 02
Pseudomonas Toxin (pg/ml)

20



66 Figure 16

Effect of PA toxin on protein synthesis in BHK-21 and py-BHK cells.

Cell suspension assays were done as described in Materials and
Methods except that PA toxin was used instead of diphtheria toxin.
Percentage of control was determined as described in Fig. 1.

®—e, BHK-21 cells; o——0, py-BHK cells.
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were exposed to 1251 labelled DT for various time periods. Figure

17 shows that the SR-CEF takes up toxin at a slightly elevated rate
as compared to the normal CEF in both cell suspensions and mono-
layer cultures. This difference in endocytotic uptake is probably
not responsible for the differential sensitivity of the cells to
intoxication by DT since both the cell suspension cultures and the
monolayer cultures give the same results, yet only the cell sus-
pension assay shows the differential sensitivity to intoxication

by DT.

Effect of thrombin on toxin sensitivity: Besides acting as a

proteolytic enzyme, trypsin has been shown to have a mitogenic
effect on cells (148). 1In order to determine what effect this
property of trypsin has on the differential sensitivity of the
cells to intoxication by DT, it was necessary to treat versene
lifted cells with a substance that has a similar mitogenic
effect to that of trypsin but does not have the extensive pro-
teolytic activity exhibited by trypsin. Thrombin has been
shown to fulfill these requirements (164). It is able to serve
as a mitogenic agent on CEF but does not proteclytically strip
the cell surface the way trypsin does. For example, thrombin
will not remove the LETS protein (164) while trypsin will (77).
Treatment of the CEF and SR-CEF cultures with thrombin does not
cause the differential sensitivity to intoxication by DT observed
with cells treated with trypsin (fig. 18). These data suggest

that the differential sensitivity to DT intoxication seen in
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Figure 17

Effect of trypsinization on the uptake of 1251 labelled DT,

12
Normal CEF and transformed SR-CEF were exposed to 5I—DT in
either (a) cell suspension after trypsinizatiom, or (b) cell
monolayer cultures. Incorporated label was determined at various

times after exposure to the labelled toxin. ¢—e, CEF; %—¥, SR-CEF,
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Figure 18

Effect of thrombin treatment on the sensitivity to DT of CEF and SR-CEF

Versens lifted cells were incubated 30 minutes in TG buffer contain-
ing 250 u/ml thrombin at 37C. The cells were then assayed as
described in Materials and Methods. Percentage of control was

determined as described in Fig. 1. o——o , CEF; e— SR-CEF,.
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trypsinized cells is not due to the mitogenic activity of the

enzyme.

Effect of glycolytic enzymes on trypsinization: It has been

shown that some of the membrane alterations occurring during

cell transformation are able to mask some of the properties
normally associated with transformed cells. For example, Burger
and Martin demonstrated that SR-CEF must be treated with hyal-
uronidase before they will show increased agglutinability to
plant lectins, a property normally associated with transformation
(24). It is possible that a similar alteration has affected the
accesibility of the toxin receptor sites to the action of trypsin
and that treatment of the SR-CEF with a glycolytic enzyme prior
to trypsinization might render these cells equally as sensitive
to the effect of trypsin on cell sensitivity to intoxication

by DT as seen with the normal CEF.

Versene lifted CEF and SR-CEF were incubated with various
glycolytic enzymes prior to trypsinization as described in the
Materials and Methods. The glycolytic enzymes tested were 8-
galactosidase, hyaluronidase, lysozyme, and a-glucosidase. As
can be seen in Table 6, there are no differences in the sensitiv-
ities of the cellular toxin sensitivity to trypsinization with
any of these enzymes. These data suggest that alterations in
the makeup of membrane associated polysaccharides sensitive to

these enzymes are probably not responsible for the differential
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EFFECT OF GLYCOLYTIC ENZYMES ON TRYPSINIZATION EFFECT ON PID OF

CEF TO INTOXICATION BY DT

50

Enzyme used Cell type pip_ P Probability of ©
50 difference

none CEF 0.09

SR-CEF 0.005 P<0.001
B-galactosidase CEF 0.07
100 u/ml SR-CEF 0.003 P<0,001
Byaluronidase  CEF 0.03
250 u/ml SR-CEF 0.002 P<0.001
Lysozyme CEF 0.06
250 ufml SR-CEF 0.003 P<0.001
a-glucosidase  CEF 0.05
200 u/ml SR~CEF 0.005 P<0,001
a) in pg/ml

b) determined as described in the Material and Methods

c) determined by analysis of variance and the Student t test



sensitivity of these cells to intoxication by DT.

Inhibition of intoxication by CRM 197: CRM 197 is a non-toxic

form of DT which is capable of inhibiting cellular intoxication
presumably by competing with the toxin for specific binding sites
on the cell surface (167). 1In order to determine the effect
trypsinization of the cells had on the competiticn between DT

and CRM 197 for receptor sites, experiments were done as follows:
Cells were lifted with versene and incubated in either PBS or
trypsin in PBS as previously described. The cells were then
processed for the cell suspension assay with the following
alteration: Immediately prior to the addition of the various
dilutions of DT to the tubes, either 0.5 ug or 5.0 pg CRM 197

was added to each tube. Control tubes were treated in the same
manner without the addition of the CRM. Figure 19 demonstrates
that trypsinization of CEF causes a decrease in the amount of
CRM 197 necessary to inhibit intoxication by DT. That is, 0.5
pug/ml CRM 197 will cause an inhibition of intoxication in the
trypsinized CEF but not in the non-trypsinized CEF. Figure 20
shows that both trypsinized SR-CEF and non-trypsinized SR-CEF
respond to CRM 197 in the same manner as the non-trypsinized

CEF. These data give further evidence for the hypothesis that
transformation of the CEF causes an alteration in the sensitivity

of toxin binding sites to the effect of trypsinization.
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Figure 19

Effect of trypsinization on tle inhibition by CRM 197 of intoxication

by DT of normal CEF.

Normal CEF were lifted with versene and incubated in either (a) TG
buffer, or (b) 0.25% trypsin as described in Fig. 9. Cells were
then exposed to various concentrations of CRM 197 and assayed for
sensitivity to DT as described in Materials and Methods.
Percentage of control was determined as described in Fig. 1.

¢—s , no CRM 197; o0——0, 0.5 ug CRM 197/ml; ¥—¥ , 5.0 pug CRM 197/

ml.
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Figure 20

Effect of trypsinization on the inhibition by CRM 197 of intoxication

by DT of SR-CEF.

SR-CEF were treated the same way described for cells in Fig. 19,
e—e, no CRM 197; o—0 , 0.5 ug CRM 197/ml; ¥—X , 5.0 ug CRM

197/ml.
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DISCUSSION

Iglewski et al. (81) reported that SR-CEF are more
sensitive to intoxication by DT than normal non-transformed
CEF and suggested that this difference was due to alteration
in the cell membrane occurring during viral transformation.
Pappenheimer and Randall (123) implied that the assay medium
used in these assays would adversely affect the results obtained.
They claimed that amino acid starvation and the absence of serum
factors could preferentially inhibit protein synthesis in trans-
formed cells over normal cells rather than the action of DT. Here
we have shown, at least in the case of CEF and SR-CEF, altering
the amino acid concentration and dialyzing the serum used in
the assay medium has no discernable effect on the relative
sensitivities of these cell types (fig. 1). Furthermore,
both the CEF and the SR-CEF show linear incorporation of amino
acids throughout the assay period (fig. 13 and 14) indicating
that the assay medium did not lack a serum factor required for
the protein synthesis of one of the cell types but not required
for the protein synthesis of the other type as suggested by
Pappenheimer and Randall(125).

The evidence presented here indicates that this alteration
in cell sensitivity to intoxication by DT correlates with the
transformation function of the viral genome. The experiments
done with the ts 68 and Ta mutants (fig. 2 and Table 2) suggest

that transformation of CEF is required for the differential
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sensitivity to occur. The slight alteration in the sensitivity
to intoxication by DT observed in the experiments done at the
restrictive temperature of 41C (fig. 2b and Table 2) is probably
due to a slight degree of leakiness in the temperature sensi-
tive function of the viral genome (10,180).

Since AMV is a leukosisvirus lacking the src gene but still
being capable of infecting CEF and replicating within them (42),
the problem of leakiness was eliminated in assays with CEF infected
with this virus. These assys (fig. 4) indicated that mere infec-
tion of CEF with an avian retrovirus is not enough to cause the
differential sensitivity to intoxication by DT to occur.

The assays on the BHK, py-BHK system (fig. 6) give further
evidence that transformation of the cells is associated with the
differential sensitivity and not viral replication. Polyoma
virus, like other DNA tumor viruses, can transform certain host
cells without viral replication (159).

However, this property of differential sensitivity to intox-
ication by DT is not a general property of all normal and trans-
formed cell systems. In order for the difference to appear, it
is necessary to use a cell system involving cells that are
sensitive to intoxication by DT, such as chicken and hamster
cells, and not systems involving cells resistant to intoxication
by DT, such as mouse or rat cells (fig. 6 and Table 3).

Some alteration in the cell occurring during transformation
apparently is responsible for the differential semsitivity to

intoxication by DT observed in the toxin sensitive cell system.
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This alteration could be either at the intracellular level

or at the cell surface. Although the EF-2 from normal cells

are equally sensitive to ADP-ribosylation by fragment A in
cell-free systems (57,63,74), mutant cells have been isolated
that contain an EF-2 resistant to the effect of fragment A (62,
108). The possibility that the differential sensitivity to
intoxication by DT is caused by an alteration in the EF-2, either
in the sensitivity of the EF-2 to ADP-ribosylation or in the
amount of EF-2 within the cell was discounted by comparing the
sensitivities of the cells to PA toxin (fig. 15 and 16) and

by quantitating the EF-2 levels of normal CEF and SR-CEF (Table
5). Since PA toxin is capable of ADP-ribosylating EF-2 in the
same manney as DT(26b,79), if differential sensitivity to intox-
ication was due to an alteration in the EF-2, then the differential
sensitivity should also show up in assays done with PA toxin.
If, on the other hand, differential sensitivity was due to an
alteration in the binding or the uptake of the toxin molecule,
then there may or may not be the appearance of the differential
sensitivity in cells intoxicated with PA toxin. Since DT and

PA toxin apparently have different mechanisms of getting the
active form of the toxin past the cell membrane and into the
cell cytoplasm (105), if no differential sensitivity in intox-
ication appears in cells intoxicated with PA toxin, then the
alteration is most likely to be at the cell membrane. No
difference was seen in either the cell sensitivities to PA

toxin (fig.15 and 16) or the cellular levels of EF-2 in the



normal as compared to the transformed CEF (Table 5). These data
support the hypothesis that differential sensitivity of CEF as
compared to SR-CEF to intoxication by DT is determined at the
membrane level of the cell and not at the level of the intra-
cellular EF-2.

Venter and Kaplan (175), using a cell monolayer assay
system instead of the cell suspension assay system of Iglewski
and Rittenberg (80), were unable to show any difference in the
sensitivities of normal as compared to malignant cells to intox-
ication by DT. Figures 9-12 and Table 4 indicate that it is
necessary for the cells to be trypsinized before the differential
sensitivity to intoxication can be seen and that the effect of
this trypsinization is a transient effect lasting only a few
hours. Since Venter and Kaplan (175) assaved their cells the
day after they had been plated, any effect that may have
occurred because of the trypsinization of the cells would have
dissappeared. Therefore, they would not have observed any
differential sensitivity to intoxication by DT.

The studies on the kinetics of intoxication (fig. 13 and 14)
give further evidence supporting the hypothesis that trypsin-
ization affects the sensitivity of CEF to intoxication by DT with-
out affecting the sensitivity of SR-CEF. The net result of this
effect is that the trypsinized SR-CEF are intoxicated by DT at
lower concentrations of the toxin and in less time than the
trypsinized CEF, vet the intoxication curves for the non-tryp-

sinized cells are the same.
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These data, along with that shown for the assays on the toxin
resistant cell lines (fig. 6 and Table 3), argue against the
appearance of additional binding sites during transformation
being responsible for the observed differential sensitivity of
the cells to intoxication by DT. If transformation of normal
cells caused an increase in the number of toxin specific receptors
and if this increase was responsible for the differential sensi-
tivity, then both the resistant cell system and the cell mono-
layer assay system should show the differential sensitivity.
Neither of these systems show the differential sensitivity to
intoxication, thereby discounting the hypothesis that the differ-
ential sensitivity to intoxication by DT is the result of an
increase in the number of toxin receptor sites on the surface

of the transformed cells.

In order to determine which of the properties of cell
trypsinization might be responsible for the observed differen-
tial sensitivity to intoxication by DT between normal CEF and
transformed SR-CEF, it was necessary to examine some of the
properties of trypsin. When cells are trypsinized many alter-
ations occur. Some of these will cause the cells to display
certain of the properties normally associated with transformed
cells (112,148,149). Trypsinized cells demonstrate an increased
agglutinability by certain plant lectins. This increased agglu-
tinability appears to be associated with an increased mobility
of the lectin binding sites and an enhanced endocytosis of the
lectin molecule by the cell (82,112,115). Since DT appears to

have some properties similar to certain plant lectins (41), it
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can be assumed that trypsinization of normal cells causes an
enhancement of membrane mobility and an increase in the endo-
cytosis of DT by the cell. The role of endocytosis was first
examined by Moehring and Moehring in 1968 (106) when they showed
that the sensitivity of resistant cells to intoxication by DT
could be increased by exposing the cells tc poly-L-ornithine,

a substance that increases the endocytosis of the toxin molecule
by the cells. Yet Ivins et al. (84) demonstrated that poly-L-
ornithine actually provided a partial protection of Hep-2 cells,
a toxin sensitive cell line. Tt was this work that led Bonventre
et al. (17) to postulate two mechanisms for the uptake of DT by
the cells. A non-specific uptake by means of endocytosis and a
specific uptake involving an asscociation of the toxin molecule
with a toxin receptor of the cell surface. To examine the role
that endocytosis might play in the differential sensitivity of
éhe cells to intoxication by DT, cells were exposed to 1251
labelled DT for a five hour period of time. Figure 17 indicates
that endocytosis of DT is probably not responsible for the
observed differential sensitivity of the cells to intoxication by
DT. The possibility that the iodinated DT might not be biolog-
ically active, thereby making this series of experiments invalid,
was discounted as shown in Table 2.

Treatment of normal cells with a protease such as trypsin
will cause the cells to undergo an increased rate of cell
division (148). It is unlikely that this property of trypsin

is responsible for the differential sensitivity of CEF as compared
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to SR-CEF to intoxication by DT. Both chymotrypsin and thrombin
have mitogenic activities similar to that of trypsin (148,164)
yet neither of these enzymes are able to cause the differential
sensitivity to intoxication by DT as is seen with trypsin treated
cells (fig. 10, and 18, and Table 4). They differ from the effect
of trypsin in two different ways. Chymotrypsin causes a decrease
in the sensitivity to intoxication of both the normal CEF and the
transformed CEF. Thrombin, on the other hand, does not affect
the sensitivity of either of the cells to intoxication by DT.

Besides these properties, trypsin has also been shown to
remove certain cell surface markers due to its proteolytic activity.
For example, mild trypsinization of normal cells will cause the
removal of the LETS protein from the cell surface (77) as does
chymotrypsin. Thrombin, on the other hand, does not (164),
indicating that thrombin has a much milder proteolytic activity
than trypsin. In 1974 Moehring and Crispell (107) reported that
the sensitivity of KB cells to intoxication by DT could be decreased
by the action of certain proteolytic enzymes, including trypsin,
chymotrypsin and protease, on the cell surface. The effect of
these proteolytic enzymes was reversible after about eight hours,
They postulated that the activity of these enzymes on cell surface
toxin receptors was the cause of this decrease in the sensitivity
of these cells to intoxication by DT. The data presented here
agree with this hypothesis. Trypsinization of normal CEF causes
a decrease in the sensitivity of these cells to intoxication by

DT. Yet trypsinization of SR-CEF causes no alteration in the
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sensitivity of these cells to intoxication. Apparently transformation
of the CEF causes an alteration in the cell membrane that renders the
DT receptors insensitive to the effect of trypsin. However, this
alteration does mnot protect the toxin binding sites from the effect
of chymotrypsin or the other proteolytic enzymes tested.

Cells that are resistant to intoxication by DT, such as mouse
and rat cells, have been postulated to be resistant because of a
lack of toxin specific receptor sites (17,57,181), If trypsinization
of sensitive cells causes a decrease in the sensitivity of the cells
to intoxication by DT because of an effect of the enzyme on toxin
receptor sites, then trypsinization of resistant cells should
have no effect on the sensitivity of these cells to intoxication
by DT. Trypsinization of resistant cells does not cause a shift
relative to transformed cells in the sensitivity of the cells
to DT intoxication (fig. 6 and Table 3) These data give further
evidence that the differential sensitivity to intoxication by DT
of CEF as compared to SR-CEF is due to the effect of trypsin on
toxin specific binding sites on the cell surface. They, further-
more, explain the results reported by Saelinger and Bonventre (142)
when they were unable to find any difference in the relative
sensitivity of normal as compared to malignant rodent cells,

Probably the most definitive_evidence for the role of toxin
receptors in the differential sensitivity of cells to intoxication
by DT is that shown in the experiments utilizing CRM 197 (fig. 19
and 20). CRM 197 is a non—toﬁic mutant form of DT which has an

intact fragment B but an inactive fragment A and is capable of
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competing with DT for toxin receptor sites (168). Boquet and
Pappenheimer (18) have presented evidence indicating that when a
receptor interacts with a toxin molecule an irreversible reaction
occurs inactivating that receptor for reactions with other toxin
molecules. CRM 197, with its intact fragment B, will respond
with the receptors in the same manner thereby blocking the receptors
from interactions with toxin molecules. The data showing that less
CRM 197 was necessary for the inhibition of intoxication of
trypsinized CEF than was necessary for the inhibition of intoxication
of either the non-trypsinized CEF or the trypsinized and non-
trypsinized SR-CEF suggests that the trypsinization of the CEF
causes a reduction in the number of toxin receptors relative to
the number found on the other cells.

The following model 1is proposed to explain the observed
data: In order for differential sensitivity to occur, the cell
system mwt have DT receptors on the cell surfaces. These receptors
have sites that are sensitive to hydrolysis by trypsin and separate
sites that are sensitive to hydrolysis by chymotrypsin and the
other proteolytic enzymes tested. Hydrolysis of these sites
causes a decrease in the sensitivity of the cells to intoxication
by DT. The failure of proteolytic enzymes to cause a complete
reduction in the sensitivity of the cells to intoxication by DT
to a level similar to that seen for toxin resistant cells can be
explained in two ways. It is possible that the proteolytic enzymes
do not completely destroy the entire toxin receptor but do have

enough of an effect to reduce the affinity of the receptor to the
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toxin molecule. Therefore, the specifi ¢ uptake of the toxin
molecule by means of these receptors is less efficient causing a
decrease in the relative sensitivity of the cells to intoxication
by DT. The possibility that not all of the receptors are equally
sensitive to hydrolysis by the enzymes also exists. This could
be caused by either different subpopulations of receptors on
the cell surface or by the presence of membrane components that
prevent the action of the proteolytic enzymes on the toxin receptors.
Transformation causes an increase in the amount of certain cell
surface components (24,177). It is proposed that one, or more,
of these components blocks the action of trypsin on the toxin
receptor sites without blocking the action of the other proteo-
lytic enzymes on the receptor sites. Cells resistant to intoxi-
cation, such as mouse cells, which lack receptor sites, would not
show this differential sensitivity to intoxication because they

lack the necessary receptors for the enzymes to act upon.



85

SUMMARY AND CONCLUSIONS

In order for the appearance of differential sensitivity
of normal as compared to transformed cells to intoxication by
DT to occur, two conditions must be met. First, the cell
system being examined must consist of cells that are relatively
sensitive to intoxication by DT, such as chicken or hamster
cells. Cells that are resistant to intoxication by DT will
not demonstrate differential sensitivity to intoxication of
normal as compared to transformed cells. The second condition
that must be met is that the cells must be pretreated with
trypsin prior to assaying them for their relative sensitivities
to intoxication by DT.

Trypsinization of the normal sensitive cell causes a decrease
in the sensitivity of the cell to intoxication by DT. Similar
treatment of transformed sensitive cells causes no such alter-
ation. This alteration in sensitivity is specific for DT as
PA toxin does not demonstrate a similar alteration in sensitivity
or the appearance of differential sensitivities to intoxication.

Similarly, the differential alteration in the sensitivity
of intoxication by DT is specific for trypsin treatment since
treatment of the normal and transformed cells with other pro-
teolytic enzymes, such as chymotrypsin and protease, causes a
decrease in the sensitivities of both cell types.

The alteration occurring during trypsinization responsible

for the differential sensitivity to intoxication of normal as



86
compared to transformed cells is probably not at the intra-
cellular level. Both cell types are equally sensitive to
intoxication by PA toxin and both have similar amounts of
EF-2. Furthermore, since cells that lack membrane receptor
sites for DT, such as mouse and rat cells, do not demonstrate
an alteration in sensitivity to intoxication by DT when they
are trypsinized, then the effect of trypsinization is probably
on the toxin binding sites found on the cell surface.

In summary, the toxin sensitivity of virally transformed
cells that are sensitive to DT intoxication was found to be
unaffected by the action of trypsin while that of their normal
counterparts decreased following trypsinization. Transformation
of the cells apparently causes an alteration of the cell
membrane that renders the toxin binding sites of that cell

insensitive to the effect of trypsin treatment.
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