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Abstract \ - *

Although pertussis toxin (PT) catalyzed ADP-
ribosylatiog has been characterized in a va:}oty of
systems, the recgptor binding activity of this toxin is
poorly understood. In this thesis I\havé identified PT
receptor proteins in goose erythrocyte membranes and CHO
cell membranes. This was done by passing solubilizod
membrane proteins through PT-Sepharose. The same
feceptor proteins were alsc found to bind.to wheat germ

[ .
agglutinin indicating the presence of GIcNAc or NeuNAc

carbohydrate determinants. The PT receptor proteins from

goose'erythrocyte membranes were also competively eluted )

from the PT affinity column using fetuin, a glycoprotein

which inhibits PT-mediated hemagglutination of goose -

erythrocytes. This 1is accomplished at. a minimum

AT
inﬁibitory concentration of 0.3 * 0.2 uM. In contrast,

. ¢
fetuin is only -able to ‘inhibit PT mediated CHO <Tell

activity at much higher concentrations- (50,000 x higher)
indicating that the CHO cell receptor(s) for PT has a
higher agfinity for this toxin chan does fetuin.

In the second part of this thesis I have
characterized the ADP-ribosyltransferase activity of
iodinated PT. Tﬁis-was done using two substrates, rat C6
glial cell membranes and transducin obtained from bovine

retinas. It was demonstrated that, regardless of hgw PT

4.
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is radioviodinated, the ADP-riboslytransferase activity

remains functional. This is in direct contrast to the

1

observation that iodination destroys the binding
) : :
activity of PT. Also, it was found that 2n*' ions are

able .to inhibit PT-mediated ADP-ribosylation in the uM

ran
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1.0 INTRODUCTION

M.1 Definitions: . - ‘ /)

Many pathogenic bacteria caﬁée disease by producing
extracellular substances (exotbxiﬁé)‘which cause a
variety of effects in host tissues. KEradication of ﬁﬁ}\\
organisms responsible for exotoxin production via
antibiotics, 1in some cases, does not alleviate the
illness since the exotoxin may persist Qithin the
individual far periods extending from days to months. As
a result, the patient wﬁE\Suffers from  a bacterial
infection potentiated by such long lasting exotoxin(s)
may still feel the effects of the disease long after the ™
bacteria have disappeared from the infected site
(91,111,148,154).

The first event involved in iXtoxication of a host
cell is binding of the exotoxin to specific or non-
specifi¢ receptors on the eukaryoﬁié cglllqembrane. The
term receptors here is agtuafﬁy‘q‘m£§n0§egbén that the
host céll does not "knowingly“;proéucé{é?receptor for
exotoxins to atéach to. Rather, through evolutionary
selection, the exotoxin itself has "learned" to usurp
specific structures on the host cell surface as its
attachment sites. These are structures made to serve 4

necessary function in the host cell and not intended for



exotoxiﬁ attachment. Therefore, these structures could
- hd 1

be classed as binding targets in reldtion to exotoxin
attachemené (91,154) .

Once the exotoxin haé bound to the cell membrane
it " gains entry into the f£ell cytosol by a variety of
mechanisms characteristic of _the exo£oxin involved.

1mos; all exotoxins possess some type of enzymatic
activity which is directed at specific cytoplasmic cell
targets. Of the numerous enzymatiq reactions ®laborated
by’:xotoxins.the most common is that of ADP-ribosylation
or the transfer of ADP-ribose from nicotinamide adenine
dinucleotide (NAD) to acceptor groups on proteins. In
1978 only 6 prokaryotic ADP-ribosyltransferases had been
identified and, of these, only diphthefia toxin and
exoenzyme S from Pseudomonas aeruginosa were bacterial
exotoxins. It was suspected that cholera toxin was an
ADP-ribosyltransferase but until 1978, this activity had
not been detected. Now there are 12 known bacterial

) .

-exotoxins which catalyze the ADP-ribosylation reaction

and more are being discovered annually (116,132) .

All bacterial exotoxins that have ADP-.

ribosyltransferase activity can be classified as A-B
exotoxins, A referring to the enzymatic component of the
exotoxin and B, the binding component {45). A-B toxins

can be defined as exotoxins whose individually

3.
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adminstered components.are atoxic but whose collectively
adminstered components ;ré fully toxic. The ADP-
rigosylation reastion is not restricted to bacterial
exotoxins but rather it is a reaction that /is found to
occur in a variety of cell systems. Since its {irst
description in 1966 the reaction has been found to take
place in almost all forms of life and in almost all
: P

cellular organelles (23). Although, the ADP-ribosylation
reaction isd¥ohe of the most common methods by which
organisms achieve post translational modification of
their proteins, its role in regulation of cellular
function has not been clearly established (144) .

The remainder of my %ntroductipn will be divided
into two parts. The first will consist of-a‘brief review

« .

of the known ADP-ribosylating bacterial toxins; their
mechanisms of binding to host cells and their enzyme
activity. The second part will focus on pertussis toxin
with an overview of the pathogensis of pertussis and an
examinafion of the toxin itself.
1.2 Toxins . with ADP-ribosyltransferase Activity

One of the first toxins to be discovered and
. probably the most extensively ‘'studied is diphtheria
toxin. This exotoxin consists of two components, which

together are secreted as a single inactive polypeptide

chain of 58,008 daltons (25,101). The exotoxin 1is



. \
activated Sy proteolytic cleavage and thiol agents which
{Ssult in the two fragments becoming separated into an
ADP-riboslytransférase polypeptide (fragment A) and a
binding polypeptide (fragment B) (60,123). It can also
be. hydrolyzed by trypsin alone leaving the disulfide
bond intact resulting‘in‘what is termed nicked toxin.
e
Teither nicked toxin or unnicked toxin display ADP-
ribosyltransferase activity (30). The intracellular
target of diphthéria toxin is elongation factor-2 (EF-
2), a polypeptidyl-tRNA translocase (50,60). In protein
'synthesis, EF-2 is required for the translocation step
in whiéh peptidyl-tRNA is moved from the acceptor site
to the donor site on the ribosome. This translocation
feagtion is accompanied by the hydrolysis of GTP to GDP.
In 1968, Hoﬁjo and coworkers provided evidence that
diphtheria toxin was able to transfer ADP-ribose from
NAD to EF-2 (60). The modified EF-2 does not hydrolyze
GTP, to GDP and a stable complex is formed with GTP and
the ribosomes involved. Thus translocation of peptidyl
tRNA from acceptor site to donor site is blocked (123).
The precise location of ADP-ribosylation of EF-2 has
been shown to be a modified histidine)residue, 2-[3-

carboxyamido-3-trimethylammonio) propyl] histidine more

commonly called diphthamide because of its role as a

-~
"~

subgirate for diphtheria toxin (153).
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The organism Fseudomonas aeruginosd, unlike
Corynﬁbacterium diphtheria, produces a number of toxins

that :re considered to be‘virulence factors, two of

re exotoxin A and exoenzyme S. -Exotoxin A is a

exotoxin A, lihﬁ dipHtheria toxin requires
éf internal disulfide bonds. Exotoxin A's
structure has been determined by X-ray crystallography.
It is made up of three domains designated I, II and III.
Domain I is further subdivided into'Ia and Ib. Doﬁain la
is required for cell surface binding, domain II is
involved in translocation of the exotoxin across the
cell membrane and domain III together with Ib are
required for the exotoxin's enzymatic activity (2).
Exotoxin A acts on the same substrate as diphtheria
toxin (62). The kinetics of the ADP-ribosylation
reaction are also identical but when the two exotoxins
are compared structurally there are considerable
differences. The enzymatic domain of diphtheria toxin is
contained in the amino terminal portion of the exotoxin
whereas the exotoxin A active site is in the éarbOxy

terminal region. Further, the amino acid sequences of

exotoxin A and diphtheria toxin show little homology and

>
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any immunolo }al crosé-;eactivity can only be
demonstrated with éxtremely sensitive methods of
detection (51,125¢. Since the enzymatic activities of
diphtheria toxin and exotoxin A.have been described in
detail one’&buldwexpect that the binding properties of
the two exotoxins would also be well established.

L)
\ .
Unfortunately, this i1s not the case.

* Diphtheria toxin's B fragment consists of two
parts; a C-terminal end wit® a mw of 17,000 which is
responsible for cell surface recognition and a 23,000 mw
N-terminal end which interacts wigh the membrane
bilayer. Diphtheria toxin entry is believed to involve
the process of receptor-mediated endocytosis (RME)
(101). Although a glycoprotein of 153,000 mw has been
idgntified as a receptor candidate 1in hamster
thymocytes, the specific receptor for diphtheria toxinh
in host tissues still remains unknown (122). Recent
evidence has shown th?‘ proteins with a molecular weight
‘range of 10,000—20,Q60‘are involved in the binding of
diphtheria toxin to primate cell lines. Anion gtransgort
is inhibited upon binding of diphtheria toxin to its
receptor in these cells and it 1is believed that the
anion-antiporter protein in these cells is in non-

covalent association with the diphtheria toxin receptor.

v///,——/’

6

)



In addition, the structure(s) that bind diphtheria toxin
is sensitive to trypsin and phospholipase C and D (126).

Vero cells are perhaps the most sensitive cell line
to diphtheria toxin. Receptors in Vero cells and another
primate cell line, BS-C-1 cells, have been idenptified
using cross-linking experiments. These proteins have a
. mw. of 20,000 and the b&nding of 125I-diphtheria toxin to
these cell@ co&ld be inhibited by the addition of 100
fold excess unlabelled diphtheria toxin proQ\u{nq
evidence that the receptors are specific for this
exotoxin (25).

Pseudomonas exotoxin A has also been shown to enter
s;sceptible cells such as LM cell; via receptor-mediated
endocytosis. Electron microscopy studies using biotinyl-
exotoxin A and colloidial gold particles show that after
15 minutes at 37°C exotoxin A can be found in the region
of the Golgi apparatus and occasionally within the Golgi
ciste‘nae (38,102). It 1s thought that in order for
toxicity to be expressed, the exotoxin must be processed
through this cell organelle. It has been postulated that
the active form of exotoxin A enters the cytosol where
it expresses 1its toxicity during fusion of the Golgi-
derived toxin laden vesicles with lysosmes after 30
minutes at 37°C. Diphtheria toxin has also been found to

require trafficking through the Golgi apparatus to allﬁ@



otticient expression of toxicity 1in Vero cells
(101,103) .

Although diphtheria toxin and Pseudomonas exotoxin
A are internalized via RME it is still uncertain how the
exotoxins, once inside an endocytic vesicle, gain entry
to the cell cytosol. Evidence to date indicates that in
diphtheria toxin, fragment A inserts itself into the

lipid bi and then somehow exits the bilayer on the

cytoplagmic side. The insertion of fragment A into the
lipid bilayer has been shown to be both pH and
temperatJ}e dependent . Optimal insertion océurs at pH
3.6 in artifical membranes. It is possible that acidic
pH within the endosome may induce a conformational
change resulting in the exposure of %yarophobic domains
on the exotoxin (61). A similar event may happen 1in
vivo. Acidification of the prelysosomal vesicle takes
place via the activity of an ATP dependent proton pump
which transports H* ions from the cytoplasm of the cell
to the vesiclé. This could result in the insertion of
fragment A into the vesicle membrane and translocation
to the cytosol. In artifical lipid membra:-s containing
diphtheria toxin, 1.8 nm pores were seen to form upon

-~

acidification. Fragment A could conceivably enter the

IS

cytoplasm through pores of this dimension (70). )\\\\h
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A decrease in pH in endosomes has been tound to
lead to an increase in binding ot exotoxin A to lipid
membranes (similar to diphtheria toxin). At a pH ot 4,

.

\pore formation was found to take plate at a maximal
*ate, again similar to diphtheria toxin. Fxoenzyme &,
heat-stable toxin also produced by FPseudomonas, has a
molecular weight of 150,000. 1t does not ADP-ribosylate
EF-2 like exotoxin A but it may ADP-ribosylate EF-1. It
is partially inactivated under conditions which
potentiate the enzymatic activity of exotoxin A (159H).
Characterization of its binding properties has yet to he
accomplished.

Another bacterial exotoxin that cataly;es ADp -
ribosilation 1s cholera toxin. Unlike diphtheria toxin
or exotoxin A, 1ts slte of enzymatic activity 1is the

Kadenylate cyclase system. To better understand how tﬂin
occurs a brief description of G» proteins and the
adenylate cyclase system is given. .

G proteins or guanyl nucleotiae—bindlnq pro®teinsg
are involved in trans-membrane signalling to various
target enzymes 1involved 1n regulation of cellular
metabolism (145) . G prots:ns are actually made up of

three unique subunits desigpnated a,P and Y. The trimer

structure 1is contained within the membrane in contact

with the cytoplasm. The «® subunit binds GTP and

-



hydrolzyes it to GDP. This occurs when a hormore

cceptor which has been stimulated by the appropiate
]

- agonist is complexed with the o, B and Y subunits (23).
It is Lhese proteins, more specifically Ehe o subunit,
which are- the tara%t for the ADP- rlbosyltransferase
activity of cholera toxin (76).

The adenylate cyclase system regulates the
intracollular concentration of cAMP. It is a bimodal
system consisting of a stipula;ory and -an inhibitofy arm
(%ig. l)(3},104,115,144). Iglthe case of the stimulatory
arm, extracellular signals which .interact with receptors
on the extracytoplasmic face of the cell stihulate the

-y subunit complex to interact with the Gs o subunit

causing it to release its bound, GDP which is in turn
replaced w1th GTP° The binding of GTP promotes the
release of ‘the @ subunit from the -y subunit complex
and dissociation from the activated receptor complex.
The B;Yusﬂ%hnits recycle to bino another o subunit

containing GDP fﬁd the cycle is repeated. The a subunit

plus GTP, once dissociated from the P—ysubunit complex,

is now free to stimulate the cyclase catalytic component

to effect the conversion of ATP to cAMP. The GTP bound

¢ subunit 1is slowly hydrolyzed to

10
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Figure 1: The Mammalian Adenylate Cyclase System

Rs - stimulatory receptor component

Ri - inhibitory receptor component

Gs a - alpha subunit of the stimulatory guanyl binding

complex.
Gi a -~ alphé subunit of the inhibitory guanyl binding complex
G By - beta and gamma subunits of the guan§i binding complex.
These subunits can interchange with either the.

stimulatory arm or the inhibitory arm.
GTP - binds to the Gs a,B,yor Gi o,y complex causing the
release of GDP. The Gs o or Gi a dissociate from the

IS

B,y subunits :allowing the G « subunizs with bouna TP
to stimulate catalyst

C - catalyst which upon stimulation hydrolyzes ATP to cAMP

CT - cholera toxin ADP-ribosylates an arginine residuc in
the Gs & subunit thereby preventing the hydrolysis of
GTP to GDP.

PT - pertussis toxin ADP-ribosylates a cysteine residue in
the Gi o subunit thereby preventing GDP from being
released and exchanged for GTP.

NAD - nicotinamide adenine dinucleotide. PT or CT cleave
ADP-ribose from NAD and attach it to a cysteine or

arginine residue.
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GDP resuiting in an altered & subunit which is available
to be complexed by‘ ogher B-y subunits (107). The
inhibitory arm works along the same principles as the
stimuiatory arm except that the Gi a subunit plus GTh
inhibit the cyclase rather than stimulate it.

Cholera toxin ADP-ribosylates an arginine residue

in the 43,000 molecular weight Gs a of the adenylate

cyclase system (21,46). .holera toxin is also able to
ADP-ribosylate various proteins in addition to the «
subunit involved in adeny.ate cyclase regulation. Thesc
include histone H1l, a var.«'y of cytoskelatal proteins;
glycopeptide hormones and polyarginine (144).

The subunit structure of cholera toxin is different
from that of'@iphtheria ~oxin or exotoxin A. It is
actually composed of two functional subunits. The A
subunit, with a mw of 28,000, can be dissociated into
two sulfhydryl-linked polypeptide chains Al and A2. A
zinc-calcium metalloenzyme protease responsible for
cleaving the nascent A subunit has been purified from
Vibrio <cholera (17). Only Al 1is responsible for
adenylate cyclase activation. The exotoxin becomes
activated by treating it with thiol reaqgents to cleave
the disulfide bond between Al and A2Z2. The second
component, the é subunit mediates binding of the toxin

to its host cell receptor. It is composed of five

1 R



identical polypeptide chains arranged in a pentameric
structure.

Unlike diphtheria toxin or exotoxin.A, the minimal
receptor structure for cholera @oxin has been determined
Lo be ganglioside Gy;. It has hgw been demonstrated that
this ganglioside is the structure that cholera tpxin has
the highest affinity for (Ka ~ 1 x 109 mol-l) (32).
However, it is puzzling that although cholerg toxin acts
on intestinal cells, there is very little Gy; found in
these cells. Galactoproteins of rat intestinal brush
borders.have also been found to bind cholera toxin at a
much lower affinity than Gymr. It may be these
glycoproteins that are binding cholera toxin in the
intestine. The toxin has also been shown to bind rather
weakly gastric mucins. Mucins may offer a possible
explanatiovn for the resistance of some animals to
cholera toxin (101,137).

Once cholera toxin -is bound to Gy; it must pass
through the cell membrane to the cytoplasm. The most
probable hypothesis about the mech$§i;n1 of membrane
pentration centers on the toroidal strucgure of the
toxin's B subuniti It is a stable pentameric structure
in the formation of a closed ring with a hole through
the centre. X-ray crystallographic studies and electron

microscopic work have shown that the Al polypeptide

14
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chain is located on the upper surface of the torus with
polypeptidk A2 extending some distance }nto the central
hole., It is possible that, once the B subunit is bound,

-

lipid-protein interactions result in unfolding of the B

subunits which would then form a pore in the membrane

through which the A subunit can pass (51). Another
-~

hypothesis is that one of the B components first biﬂﬁs).

to Gmq1 and anchors the exotoxin until the remaining B

's?bunits are bound. This‘w?uld result in a localized

increase in ganglioside concentration at the membrane’

surface. It is thought that this would increase the
chances of subsequent pentration of the lipid biiayer by
fragment A. RME has not been ruled out as a mechanism
for CT entry either. Upon binding, a lag period of 10
minuteg occurs before toxic effects are seen and RME may
account for this lag period. The exotoxin may then use
the endosomal pH grédient discussed earlier to enter the
cytoplasm (68).

An exotoxin from the bacterium Escherichia coli
which has similar structure and enzymatic activity to
cholera toxin is heat-labile (LT) enterotoxin. It
possesses a 30,000 dalton enzymatic A subunit and a
11,000 dalton B subunit. The LT A subunit, unlike that
of cholera toxin, can be isolated as a4 single

polypeptide chain. However, the exotoxin must be clcaved



with trypsin and treated with a thiol reducing reagent
to enhance its activity. This iIn vivo nicking process
presumably ocgﬁ%s after the exotoxin has left the

bacterial cell. The LT can be purified using a

galactose-agarose affinity column. This suggests that

galactose may be a receptor for LT (28).

It was determined in 1979 that LT had ADP-
ribosyltransferase activity by demonstrating that a
43,000 dalton protein in pigeon erythrocytes was a
substrate for the reaction (106). The erythrocyte
protein has now been shown to be the stimulatory
regulatory component of the avian adenylate cyclase
system. It is uncertain as to what amino acid LT ADP-
ribosylates. LT has other characteristics which are
similar to cholera toxin's. The amino acid homology
between cholera toxin and LT is 80%, both exotoxins
cross react immunologically and in addition, their
receptors may also be identical (17,34). Binding of LT
to Gmq1 .and LT inactivation by this ganglioside was first
described in 1973 (58). However, it was found that theiB
subunit of cholera toxin was unable to inhibit the
biologicai activity of LT in rabbit intestine. 1In
contrast, binding of LT to Gmi1 deficient cells can be

enhanced by the addition of Gy; to these cells in the

same fashion as cholera toxin binding can be enhanced

16



1 (105,121). Also, in the dog, the B subunit of both
exotoxins is able to inhibit the biological activity of
LT. It would therefore seem that the B subunit ot
cholera toxin binds only to GM; and therefore can block
binding of whole cholera toxin to céTT/:;rface whereas
LT may bind to Gmyi; and to other receptor sites not used
by cholera (59). Also, LT may bind to glycoprotein
receétors with a higher affinity than cholera toxin.

A new enterotoxin, termed heat-labile toxin 2 (LT2)
is antigen%Fally unrelated to either cholera toxin or LT
but does possess trypsin-activated ADP -
riboslytransferase activity. Unlike LT, LT2 production
is not encoded by genes located }nu plasmids (52).
Determination of the LT2 structure has only proceeded as
far as demonstrating that it is composed of two
subunits, an A subunit and a B subunit. LT2 has been
shown to induce morphological changes in chinese hamster
ovary (CHO) cells similar to that seen with cholera
toxin and LT. It ADP-ribosylates the same proteing’in

human fibroblast:s as cholera toxin, but the LT2 gene

does not hy - w.th cholera toxin or LT genes (even
at low str evels) nor is its binding to
susceptible .ted by Gpm1 (24). .

| The sp? ”cteria éhgﬁ produces perhaps the

greatest af‘f ADP-ribosylating toxins ico

¢
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Clostridium. All of the exotoxins produced by
Clostridium can be classified as A-B toxins (112).
Clo§tridium botulinum produces seven antigenically
distinct neurotoxins. These are designated A,B,C1,C2,D,E
and F. 'All have been shown to possess a similar
structure consisting of two polypeptide chains, a heavy
and a light chain, with molecular weights of 100,000 and
50,000 respectively. The heavy chain, as in other
) ~
bacterial exotoxins, is responsible for toxin binding
whereas the light chain mediates the neurotoxic activity
(131). The two chains are held together by noncovalent
forces and at least one disulfide bond. The exotoxin is
activated when the chains are proteolytically separated
from one another but the 1light chain must still
associate with the heavy chain’ in order to effect entry
into the cell. Of the 7 known exotoxins of C. botulinum,
only 3 have been found to possess ADP-ribosyltransferase
activity; C1,C2 and D. Cl and D toxin have been shown to
ADP-ribosylate proteins in membrane preparations of
neural origin‘ whereas C2 toxin ADP-ribosylates
unpolymerized actin in intact cells and cell free
preparations (93). In the case of C2 toxin the acceptor
site for the ADP-ribose group is an arginine (ARG-177)
(129). Cl1 and D toxins can be cross—-neutralized with

specific antisera and their production is governed by

’
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%ysogenic bacteriophages. The acceptor amino acids for
the Cl and D toxin ADP-ribosyltransferase activites have
yet to be determined. Both Cf and D toxins have been
shown to ADP-ribosylate tﬁegsame 21,000 dalton proteins
in similar neural tissues. The ADP-ribosylation reaction
of both exotoxins tan be stimulated by the addition of
GTP to the reaction. {his suggests that the target
protein may be a GTP-binding protein. It has also bgen
demonstrated thét toxin D is able to inhibit the release
of catecholamine from cells. The possibility has also
been considered that the 21,000 dalton protein may be
involved in exocytosis and that ADP-ribosylation of this
protein effectively stops catecholamine release by
interfering with exocytosis (117). It has also been
observed that guanidine hydrochloride, a compound used
as a chemotheraputic agent in the treatégnt of clinical
botulism, is an effective inhibitor of ADP—;ibosylation
catalyzed by exbtoxins Cl or D (116):

Receptors for Cl and D toxin have not becen clearly
defined. Much work with respect to binding of
Clostridium toxins has focused on tetanus toxin or
botulinum toxin A and the results of these studies tend
to be extrapolated to include all of the Clostridial

toxins possessing a similar subunit structure. Electron

microscopy studies have revealed that toxin A binds to
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the presynaptic meébranes of motor nerve endings in the
cerebral and cerebellar cortices but not to postsynaptig
membranes nor membranes of glial origin (57). Both
toxins A and B bind to the ganglioside Ggjp but with
different affinities. None of the other botulinum toxins
were found to bind to th'is ganglioside. Toxins A and B,
in addition to toxin Cl, form channels in planar lipid
membranes. Like diphtheria toxin, this process 1is pH
dependent. The channels formed by botulinum toxins A and
Bﬁzgkduct ions and their rate of formation is,dﬁiéﬁggpt
on the square of exotoxin concent{ation (8) . Receptor-
:nediated endocytosis has also been suggested as a
possibile mechanism for entry by A and B toxins.
Lysosomotropic agents such as chloroquine have
been found to ﬁrotect the nerve from attack by toxin C
(118) . The binding of this exotoxin to the host cell has
been shown to occur in a rapid and temperature dependent
manner (132). Binding studies have found that C2 toxin's
heavy chain binds to epithelial cells and brush border
membranes in the mouse. The light chain of C2 will only
bind to brush border membranes if the membranes are
first treated with trypsinized heavy chain indicating
that some form of proteolytic processing must occur

before the exotoxin becomes active. ,i
L 4
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Another interesting ADP-ribosylating exotoxin trom
the clostridium species is iota toxin. This exotoxin wan
discovered over 4 decades ago but only now is its
structure and enzymatic activity being determined. It is
also composed of two separate polypeptide chains (154).
The light chain i? an ADP—ribosyltransferasé that can
ADP-ribosylate polyarginine and the ;heavy chain is
thought to play a role in binding. The intracellular
substrate for the exotoxin is unknown (133).

1.3 Pertussis Toxin

Pertussis toxin (PT), one of the virulence tactor:
produced by the organism éordetella pertussis, is the
major immunogen in the killed whole cell vaccine and in
the current acellular vaccine preparation (50). The
history of whooping-cough immunization was a successful
one until the last 10 years. Industrialized nations such
as Canada employ a whole cell vaccine consisting of
organisms which have been inactivated by heat and
formalin or merthiolate. The whole cell vaccine in the
past was combined with the diphtheria vaccine and firot
introduced into Canada in 1943 (149). Since this ftime
there has been a steady decline in the incidence of
whooping cough in this country. The vaccine 15 now
adminstered with poliovirus and tetanus toxoids along

with diphtheria toxoid adsorbed to an aluminum phosphat«



adjuvant. Although this vaccine has been shown to be
very effective in preventing whooping . cough epidemics,
it is not without its side effects. One child in
approximatley every 100,000 to 150,000 are
ultrasensitive to the vaccine and may develoﬂ\acute
uncephalopathyowith seizures and then coma. This may or
may not be followed by pvxmaneq& brain damage. In
canada, public compliance with the vaccine has not
declined to the extent where the disease can manifest
ittself in a nationwide epidemic. However, this was not
the case in Japan during the late seventies and early
eighties.

Following introduction of pertussis vaccine in 1947
the incidence of whooping cough declined to” aNpost
negligible levels in Japan (148). In 1970 concerns gver
adverse reactions to the smallpox vaqcin being
adminstered at that time prompted the apanese
government to set up a system for reviewing claims
associated with vaccine-related injuries. This
subsequently drew increased attention to the adverse
effects associated with the pertussis whole cell vaccine
and in spite of its effectiveness, resulted in decreased
compliance with the immunization program. Because of
this, the incidence of whooping cough rose and with it

the number of pertussis-associated deaths. As a result,
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an acellular vaccine containing pertussis toxim  atd

filamentous hemagglutinin (another virulence ftactor ot
Bordetella pertussis) was introduced (109). Clinical
trials have demonstrated that the acellylar product

/
. , | )
resulted in less lgcal complicatigns than the whdle ool
L ‘ \‘
vaccline. This has restored public contidence® and
resulted in a decriease in the disease. Nonetheless, the
-
procedure tor 1nactaivating PT in the acellular vacoine
may partially destroy some epitopes which dre noecesaary
tor protec®™ve immunity. There has now becen an increa o

»

in activity; aimed at better understanding  the
pathophysiolégical role 9f pertussis toxin 1n order to
create & even safer vaccine containing PT which hae
been 1nactivated by site-specific mutagensis procedures.

PT is classified as an A-B exotoxin (140). It
shares structural similarties with cholera toxin and B
coli LT. The exqtoxin 1is a heterohexameric protenn
consisting of 5 subunits designated Syt U owWwith iy
being repeated twige (87,140) (figure ). The largeot
subunit, S; or the A protomer, has a moleoular wed gl
hbased on the DNA sequence, of 26,024 antd o ’?J“H%“Jaﬂ
responsible for the enzymatic activity gt 4t exotoxir
(71,72,74,80) .

The enzymatic activity of the exo oxin has bieoen

examined 1in great detail., As discussed earliier, 7T i
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Figure 2: Schematic Representation of Pertussxsfi%%}h (top
‘view) ! ap

W

51 - The S subunit of PT: Molecular weight 26,024. This is
the subumit responsible for the toxin's enzymatic )
activity.

S, - The é} subunit of PT, Molecular weight 21,924. Forms a
dimer with @4. This subunit forms part of the base or

binding component of the toxin.

S3 - The S3 subunit of PT. Moleculér weight 21,873. Forms a
dimer with S;. This subunit also forms part of the base
and ﬁediates binding of the toxin.

Sq - The S subunit of .PT. Molecular weight 12,058. This
subunit is repeated twice. One subunit eéch forms‘dimers
with S» and S3. This subunit also plays a role in binding
of.the toxin.

Sg - The S5_subunit of PT. Molecular weight 11,013. Also
referred to as the "C" subunit or connecting subunit.

This subunit connects the two Sg4 subunits that form the

dimers, together.






able to.ADP-ribosylate the Gi O subunit of the adenylate
cyclase skstem. In addition, PT ADP-ribosylates
transducin, a\ protein found in the visual excitation
system. A brief examination of th%‘visual excitation
system (see fig.3) shows that it Zé similar to the
fﬁammalian adenyl cyclase cB®Bmplex. The exotoxin ADP-
ribosylates a cysteine residue on the Gi a subunit
modifying the protein to the extent that it is unable to
rclease bound GDP resulting in loss of the inhibitory
action.

The transducin system 1is composed of three
components; rhodopsin, transducin and phosphodiesterase
(36,54,138). The receptor in this case is unphotolysed
rhodopsin and the external stimulus 1is a photon of
light. Once rhodopsin has been activated, it in turn

activates ftransducin. Transducin, which is cgmposed of

three subunits; o, and 7y, is analogous to G proteins of
the adenylate cyclase system. The P andy subunits cof
transducin and the  and Yy subunits of the adenylate
cyclase can functionally‘ substitute for each other.
However, the Gs transducin, and Gi a subunits of the
adenylate cyclase system are not interchangable. This

indicates a high degree of functional homology between

the B~y subunits which is not evident in the a subunits.

26



Figure 3: The Visual Excitation Cycle
R* -~ Light stimulated rhodopsin. A sipgle photon of light
‘stimulates rhodopsin to interact with transducin.

T-GTP - Upon stimulation by rhodopsin, the transducin complex

(o, B, Ysubunits) releases GDP and binds GTP resulting

in dissociation of the & subunit from the [3,v

subunits.

p
PDE* - Stimulated phosphodiesterase. The « subunig}bf

transducin with GTP bound in turn stimulates the third
component in the cycle, phosphodiesterase. This causes

the phosphodiesterase to hydrolyze cGMP to 5'GMP.

\
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However, the G O subunits are similar in function in

that they bind aqd hydrolyze GTP to GDP in all systems
examined. Tpey also are similar in size (41,000 to
37,000 molecular weight) and all interact with .
catalyst contained wighin their respective systems.
Inactive transducin consists of a complex of all three
subunits with GDP bound to the «a subunit. Upon
stimulation by 1light-activated rhodopsin, GDP i
exchanged for GTP and the B-y subunits dissociate from
the o subunit. The active a subunit with bound GTP now

stimulates the phosphodiesterase which catalyzes the

‘formation of .5'GMP from cGMP. The o subunit now slowly

hydrolyzes GTP to- GDP and reassociates with the Q-7

subunit complex to repeat the cycle. The [-y subunits

are necessary for GTP-GDP exchange (105). PT is able to
ADP-ribosylate an asparagine residue on the carboxy
terminus of thea subunit of transducin (146). Another
system in which PT has been found to act upon is the
inositol phosphate system. This system also contains a
GTP binding protein which is ADP—rigosylated by PT. The
inositol phosphate pathway is similar to the adenylate
cyclase system and the transducin system in that a
receptor on the cell surface must first be stimulated by
an extracellular messenger. This receptor is coupled to

a G protein which® functions to activate a

s‘ (\
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phosphodiesterase enzyme, phospholipase‘ cC. The
phospholipase < then enzymatically acts on
phosphatidylinositol-4,5-bisphosphate (PIP2), one of the
RN
phospholipids that makes up the cel(\meﬁEEéHQTNER}\ is
enzymatic activity results in the hydrolysis of PIP; to
diacylglycerol and iﬁﬁeﬁtol triphosphatéﬂ Diacylglycerol
stimulates C-kinase and~inositol triphosphate indirectly
mobilizing intracellular calcium wﬁich then stimulates a
calcium—-calmodulin-dependent protein kinase. ADP-
ribosylation of the transducing G protein 1in this
pathway by PT results in a loss of stimulation for these
two kinases (12).

The S; subunit of PT also ADP-ribosylates a protein
of ﬁolecular weight 41,000 daltons in bo;h CHO cell and
C6 glioma cell membrane preparations. ADP-ribosylation
by PT is by no means restricted to th&se cell systems.
It has also been found to enzymatically act on
substrates in rat heart cells, human neutrophils and
erythrocytes, 3T3 cells and spermatozoa (11,44,78,144).

The remaining subunits of PT form the B oligomer.
The B oligom€riy as in all A-B exotoxins, is responsible
for binding the toxin to its receptor or receptors in
eukaryotic \systems and probably for entry of the
exotoxin int \\the cell cytoplasm (6,141). However,

unlike cholera toxin the B oligomer of PT can be divided

|
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into two dimers (see figure 2).“Qimer 1 consis{s of
subunits S72-S4 with moleculas wef@hts of 21,924 and
12,058 respectively. Dimer 2 consists of subunits S$3-84
with a molecular weight of 21,873 for S3 (87). Subunit
S, sometimes called the connecting or "C" subunit, is
also part of the base structure of the toxin and its
molecular weight is 11,013 (87). In addition to binding
to receptoré on erythrocytes from various species, dimer
1 also interacts with the serum glycoprotein fetuin. 1t
has recently been shown that acetamido-containing sugar
groups on the non-reducing terminal position of fetuin's
N-linked oligosaccharides are responsible for the
toxin's binding (7). The B oligomer has been found to
have properties other than its binding abilities. PT hag
been shown to have a number of immunopotentiating
activities. It 1is a effective adjuvant for the
production of antibodies. The active adjuvant in the
pertussis vaccine is pertussis toxin. Pertussis toxin
has also been found to be extremely active in enhancing
the intensity and duration'of the delayed type
hypersensitivity response (DTH). This effect is antigen
specific and is mediated by specific subsets of T cells,
Thy+, L3T4+ and Ly- T-lymphocytes. Also an enhanced DTH
responée resulting from PT exposure has been found to

correlate with an increase in the production of gamma
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interferon. It has been suggested 'that the gamma
interferon may contribute in vivo to prolonged pPTH
reactions induced by pertussis toxin. Pertussis toxin
cnhanced DTH also plays a role iffi the induction of
cxperimental allergic encephalomyelitis (EAE) in mice
and rats. Extracts from mice previously immunized with
pertussis toxin has been shown to be effective 1in
promoting EAE whereas those not previously immunized are
not. Other properties of pertussis toxin include
mitogenicity in T cells, stimulation of glucose
oxidation in adipocytes and histamine-sensitizing
activity (107).

The exotoxin also has a unique effect upon the
morphology of CHO cells. Within 24 hours after the
addition of exotoxin to these cells, they begin to
present a clustered clumped morphology as opposed to
their usual elongated dispersed appearance. This 1is
believed to be caused by the A protomer's enzymatic
activity upon the cell. Stimulation of insulin secretion
and 1lipolysis, potentiation of adenylate c’ase,
hypotensive activity and inhibition of epinephrine
hyperglycemia are also attributable to activity mediated
by the A protomer (43,113,114). It may be found in the

<
future that all of these activites are a result of ADP-
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ribosylation of particular signal transducing proteins
contained within the cell systems examined.
1.4 Specific Aims of Research

The purpose of my sgudies was to better understand
structure function relationships in PT to more clearly
define the pathophysiological role of whooping cough.
One aspect of my studies was to examine PT binding
properties and identify receptors in goose erythrocytes
and CHO cell membranes. Once purified, the receptors can
be biochemically characterised in order to identify the
molecular basis for the interaction with PT. This
information may be able to aid in the development ot
receptor analogues that could conceivably be used as
novel therapeutic reagents for hastening the recovery of
patients in the paroxysmal phase of the disease. The
second component of the work involved examining the ADP-
ribosyltransferase activity of 1251 labelled PT. The ADP-
ribosyltransferase activity of radiolabelled PT wag
characterized in order to determine whether or not
fetuin-agarose protected PT still rétained its enzymatic
activity. It 1s important to determine what functions
the radiolabelled exotoxin still retains if it is to be
used for studies aimed at understanding the exotoxin's
eff®ct in a variety of systems. In addition, the studies

will facilitate the identification of PT functional

-~
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domaing which are targets for site specific mutagenesis.
Biologically inactive mutant forms of PT will be useful

for vaccines.
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2.0 MATERIALS AND METHODS

2.1 Materials;

Cé rat glial tumour CCL 107 cells and Chinese
Hamster Ovary-Kl1 CCL 61 cells were obtained trom the
American Type Culture Collection, Rockville, Maryland,
All tissue culture medium and plastic ware woeroe
purchased from Gibco. Ldborékorios, Grand Island, N.Y.,
USA. and Flow Laboratories, McLean, Virgina, USA. Bovine
eyes were purchased from a local slauqtof\gnsw
Pertussis toxin was purchased from l.ist Biological
Laboratories Inc., Campbell, CA., USA or donated by
Connaught Laboratories, Toronto, Ontario. Sodium
chloride and dimethylsulfoxide were purchased from
British Drug Houses Chemicals Canada Limited, EFdmonton,
Alberta. All other common reagents were purchased from
Fisher Scientific Company, Ldmonton, Alboert .o,
Ethyleneglycol-bis~- (B-amino-ethly ether) HN,MN'-totr.a-
acetic acid (EGTA), ethylenediaminetetracetic acil
(EDT2), 4-(2-hydroxyethyl-l-piperazinee thancsulfonic
acid (HEPES), L-1-Tosylamide-2-phenyl-ethlychloromethy |
ketone (TPCK), phenylmethylsulfonyl fluoride (PMSF), I.-
cysteine (free base), ATP, GTP, thymidine,
dithiothreitol, nicotinamide, bovine serum albumirn,

Trizma base, glycine, diphosphotidylchdline, 2ZnCl,,
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dicthanolamine, o-methly-b-mannoside, imidazole, bovine
pancreatic trypsin type 111, neuraminidase (type X, 160
N-acetylneuramin-lactose units/mg protein) from
Clostridium perfringens, fetuin type III, fetuin-
agarose, a-1 acid glycoprotein, ceruloplasmin,
polyvinylpyrrolidone and dipalmityl phosphatidyl-choline
(bPPC) were purchased from the Sigma Chemical Coméany,
Ht. Louis, MO., USA. -2 macroglobulin and aprotinin
were purchased from Boehringer Mannheim, Dorval, Quebec.
Wheat-germ  agglutinin .and peanut agglutinin were
purchased from E-Y laboratories, GSan Mateo, CA., USA.
Iodo-Gen and sulfosuccinimidyl 2-(p-
azidosalicylamido)ethyl-1,3'-dithiopropionate (SASD)
were obtained from the Pierce Chemical Co., Rockford,
I11. 32P-NAD was purchased from New England Nuclear,
Boston, Mass., USA. 1251 was purchased from Edmonton
Radiopharmaceuticals, Edmonton, Alberta. Aqueous
counting scintillation fluid was purchased from
Amersham, Arlington Heights, Illnois. Goose erythrocytes
were purchased from Gibmar Laboratories, Ardrossan,
Alberta. Monosiald’.hqlioside GM1 was purchased from
Supelco, Oakville, Ontario. Nitrocellulose sheets were
obtained from Schleicher and Schunell, Keene, N.H., USA
and from Bio-Rad, Richmond Calif., USA. Sodium dodecyl

sulfate, TEMED, acrylamide, bis-acrylamide, SDS-PAGE
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J b
st andards 14,500 94,000 daltons and Coomannte bl Laxn“; o A
, i ? "\',’u
blue were purchased trom Bio-Rad Laborat oryes, Aty &y : : 5
ultrafilters were purchased trom Amicon Canada L?a_, '
¥ .
!“’ . | f - :
1226 White Oaks Boulevard, oakville, Unt&fn\.uhﬁﬂhuhy\' I {
G-25, anarose-wheat germ lectin, and JW'iVJ(MJAR“;
L’
¥
Sepharose 4B was purchased trom Pharmacia,, borval,
Quebec. Spectrapore Dialysis Membrane (Mol wt . oot ot
6,000-8,000 and 14,000-16,000) wWas o obtaread trom
Spectrum Medical Industries, Inc., Los Angeles, AL TILA.
Glutaraldehyde (70%) was purchgsed trom Laddt Feocarch @
Industries, Burlington, Vermont . Chiloramine T, el Foolak
. .

X-omat AR X-ray film was obtained trom Fastman, Fodak

Co., Rochester, N.Y. USA. ... - o
* y
2.2 Preparation of Iodo-Gen T s;
Todo~-Gen (1,3,4,b—tet;%rhluru~%ufnu~ *

diphenylglyvéouril) was dissolved at o concentrat ion ot 2
mg/mL in chloroform and 20 ML was added to the bt om ot
chromic acid-washed glass 12 x 75 mm culture tuben. The
tubes were slowly agitated with a vortex mixer and thee
chloroform was e¢vaporated Jisinga gent Teo st peam o
i itrogen. This resulted in the cven Aeposit ion o0 Fodo -
s&€n in concentric rings on the bottom ins.ce oarta e o

the tubes.



2.3 Preparation of Sephadex G-25 ‘Ge; Filtration
Column;
Two grams of Sephadex G-25 was. rehydrated in 10-20

mL of PBS for 30 minutes. A 10 mI disposable glass pipet
Qith the constricted top removed was'plugged at the
bottom with a small amount of glass wool. The swollen
Sephadex G-25 was then allowed to settle into the pipet.
This resulted in « rolumn size of 1.6 ci x 30.0 cm.
2.4 Iodination of Unprotected Pertussie Toxin,
.Cholera Toxin, Fetuin, Cerﬁloplasmin and Peanut
Agglutinin; | L

Ter. ug of proteiﬁ was added to 100 uL of,d.33 M
~sodium.phosphate buffer (pH 7.5) in on Iodo-Gen coated
12 x 75 mm gluss culthte tube. Twenty MBq ofﬁeodium

125-iodide (approximately 0.50 mCi) was then added to

initate the iodination reaction. Iod0“9en oxldx%es the

- ] '

-~

1251 to a free fadical form resultlng in "an 1od1de?"

n n

species which reacts. “with txf031ne -residuesx\ln the

toxin. The,lodlde atom becomes attached to the tyr051QEf

phenolic ring in the ortho or para positions but very
rarely both. After approximately 60 seconds, the
sglutlon was remcved from the reactloq tube qnd f&&tered

o Gy
through a gfess wool-pluggad - pasteur plpet to remove

Iodo-Gen which may have come joff the glass. Two hundred

o G
oS

ML of 1 mg/mL cysteine in.PBE*Qas passed thiouygn the
- B

: : W
2
8 .

38

~3i



: . (D
»

filter pipet to reduce the remaining oxidized 1351 and
stop any further iodination. Two hundred ML of 0.1% BSA
in PBS was then added to the mixture to stabilize the
iodinated protein and prevent non-specific binding to
surfaces during the remaining purification steps. Next,
ten UL of this mixture was diluted into 2.5 ml of PBS in
order to determine the total c¢eounts which were added to

N\
the reaction. One half mL of\ 1.0% BSA in PBS was then

applied to a,column of Sephadex G-25 (1 cm x 30 cm). The
BSA solution was used to prevent non-specific binding of
the .radiolabelled protein to Sephadex‘lG—25. The
iodinated mixture was added to the column and allowed to
drain into the &el bed. Following the addition of the
iodinatéd@protein solution, a furtheg 0.5 mL ofil.O% BSA
was added to the column. The coldln was then eluted with
PBS and 16 half mL fractions were collected. Teq UL of
each fraction was then countegQ%n a LKB Rackgamma 1270
counter to locate the void vol%Fe fractions containing
the iodinated prozein. The Sepharose G-25 column way
used to remove unreactif iodine from the reaction
>
mixture. The percent TCA precipitable counts were
determined for the reaction mixture and the pooled G-25
fractions containing iodinated protefin as discussed

o

below. The specific activity was calculated from TCA
. . v

precipitable counts, K in the reaction mixture %nd t’he

&
)
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total counts. Chloramine T radiolabelling was performed
by a similar procedure. Briefly, 10 pg of protein was
added to 100 pL of 0.33 M sodium phosphate buffer with
20 MBqg of 1251, This was incubated for 60 seconds in the
presence of 20 pL of 1 mg/mL chlor;mine T in doubie
distilled . Hy0 (ddﬂzb). Twenty ML of a 2 mg/mL sodium
metabisulfate in ddHpO was added to stop the chloramine
T reaction. After 30 seconds; 1.0% BSA was added to the
mixture and the chloramine T iodinated samples were
processed though a G-25 column as described earlier.
2.5 Iodination of Fetuin Protected Pertussis
Toxin;

The procedure used was essentially the sa

4

described by Armstrong and Peppler (6). Br,QSZ'

LS that

me

use fetuin-agarose was sedimented by ce

100 x g for 10 minutes and the resultig¥ ellet was

suspended in 10 volumes of 4.0 M MgCl,p i .The gel

solption was then sedimented by centrifugation at 100 x

g for 10 minutes. The MgCl, supernatant solution was

discarded and the gel pellet was washed five times with

PéS. Between washes, the gel was collected by
centrifugation. Next, fifty pL of the washed gel pellet
was mixed with fifty uL (5 png) of PT in 'a 1.5 mL
Eppendorf microfuge tube for thirty minutes on a table

top rotator at room temperature. The gel slurry was
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remerd and placed into an iodo-gen codved tube (40 Ha
of iodo-gen/tube). Ten MBq (0.25 mCi) of sodium 1.4-
iodine was added to the solution. This was incubated tor
2 minutes at room temperature. Two hundred pl. of
cysteine (1 mg/mL) was added to the solution and after .
60 seconds it was filtered through a glass-wool plwyu:?x
pasteur pipet. The.fetuin—agarose was washed in the
pipet with 30-50 mL of PBS containing 10 mM Rotassium
iodide. The 125I-pertussis toxin was eluted from fetuin-
agarose with 200 pL of 4.0 M MgCl; in PBS or 50 mM
diethanolamine.containing 0.15 M NaCl (pH 11.%). The
diethanolamine was immediately neutralized with P'BS (pH

vl

adjusted to 2.1 0.50 M HCl). One hundred pL of
cysteine was t\g added and depending on the
application, 300 ML of 0.1% BSA was also added. After
the iodination procedure was\completed, the percentage
of counts incorporated into the toxin was dectermined by
the TCA precipitation procedure described below. ’
2.6 Determination of Percent Incorporation of
1251 into Protein; .
Five YL aliquots of the iodinated protein was mixed

with 1 mL of 1% BSA in ddH;0. This was done in duplicate
tubes. One half mL of 10%\§§}chloroacetic acid was added

to one of the tubes and an equivalent amount of PES was

added to the other. The mixtures were then chaken
L.
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vigorously and placed in ice for at least 10 minutes.
Next, the samples were centrifuged at 700 x g for 10
minutes to sediment the precipitated protein in the tube

containing TCA. The amount of radiocactivity remaining in

the supernatant solutions was determined using a LKB.

Rackgamma model 1270 counter. The percentage of 1231
counts incorporated into protein was calculated from the
difference in ¢tounts remaining in the TCA and control

supernatant solutions.

¥ >
2.7 Iodination of Wheat Germ Agglutinin;

The procedure used 1is similar to that of Bértles
and Hubbard (10). Ten UL of wheat germ agglutinin (WGA)
(1 mg/mL) was incubated for one half hour with 40 uL of
25 mM N-acetylglucosamine and 60 ML of 0.08 M sodium
phosphate (pH 7.2) in a 12 x 75 glass culture tube pre-
coated with iodo-gen. After the incubation time the WGA
was iodinateqﬁby the conventional procedure discussed
earlier. To determine whether binding activity of the
lectin w@s retained, hemagglutination of chymotrypsin-
treated gépse erythrocytes was performed. Chymotrypsin-
treated goose erythrocytes were prepared by first
washing the <cells in PBS by three «cycles of
centrifugation, 180 x g for 5 minutes. The cells were
suspended at a concentration of 2 x 108 to 4 x 108 cells

per mL. Chymotrypsin was added to a final concentration
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of 1 mg/mL, and the cells were incubated at 37°C for 30
minutes. After treatment, 9 volumes of PBS containing
PMSF (PMSF concentration was 100 times on a mole to mole
basis that of chymotrypsin) were added and the cells
centrifuged as described above. The treated cells werc
suspended in PBS and washed five times by centrifugation
to remove ygesidual enzyme activity and inhibitor.
Chymotrypsin-treated goose erythrocytes were used
because it was found that they hemagglutinate much more
strongly than do untreated goose erythrocytes. The
chymotryptic activity may expose cryptic sites for WGA
to bind to as well as PT.
2.8 Procedure for Goose Hemagglutination Assay;
The hemaggiutination assays were performed in
plastic 96-well U shaped bottom microtitre plates
obtained from Flow Laboratories Inc., McLean,'Virgina,
UéA. Serial twofold dilutions of PT or WGA (starging
concentrétion 1 pg/mL) were prepared in PBS. Prior to
use, fetuin-agarose protectéd 1251 pertussis toxin or
1257 WGA were diluted ten fold in PBS and unprotected
1251 pertussis toxin was used without dilution. Fifty ML
of the diluted samples was added to the wells. Finy WL
of untreated or chymotrypsin-treated goose erythrocytes

(1x107-4x107 cells/mL) was added to all the wells and

“
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the plates were incubated at room temperature for one
hour. ©
2.9 Preparation of Goose Erythrocyte Membranes;
Twenty mL of packed goose erythrocytes was
suspended in an equal volume of 0.9% sodium chloride.
The cellé were sedimented by centrifugation at 500 x g
for five minutes. The supernatant solution was removed
and discarded and the erythrocytes wefe washed twice
with 0.9% sodium chlpride. The cells were then suspended
in eight volumes of SPIE buffer (5 mM sodium phosphate
pH 7.6, 1 mM EDQ&, 1 mM PMSF (phenylmethlysulfonyl
flurog.de)). The éell suspension was incubated in this
buffer at 4°C for twenty minutes to lyse the
erythroéytes. The erythrocyte membranes were washed with
the SPIE buffer by three cycles of centrifugation
(27,000 x g, 20 min/cycle). A 30 mL Wheagon élass tissue
homogenizer was used to suspend the membrane pellets
between each washing step. The erythrocyte membranes
were then washed twice with PBS or until the resulting
pellet was a light tan colour. This material was washed
with 50 mM Tris-HCl pH 7.4. The pellet was then
suspended in one volume of the 50 mM Trig buffer and a
homogenous suspension was created using a Branson model
185 Bonifier Cell Disrupter at a setting of 2 for 30

conds. The membranes were stored at -70°C pntil use.
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2.10 Procedure for Determining Protein
Concentrations;

A modification of the Lowry assay was used for
mempbrane protein determinations using BSA as a standard
for the procedure (88). The quification involQéd
preparing all of the protein solutions in 1% SDS.
Optical density measurements were performed at a
wavelength of 606 nm with a Gilford model 250
Spectrophotometer.

2.11 Procedure for Sodium Dodecyl Sulfate
Polyacrylamide Gel Electrophoresis (SDS-PAGE);

SDS-PAGE was carried out using the discontimous
buffer system described by Laemmli (84). The 1.5 mm
thick gels were prepared using a Bio Rad Protean II slab
gel casting unit. The concentration of acrylamide:
bisacrylamide stock solution was 30%: 0.8% (w/w). The
final concentration of polyacrylamide in the stacking
gels was 5% and in the separating gels 12.5% except
where otherwise stated. Gradient separating gels were
also employed using a concentration range of 7.5% to
15.0%. These were used to resolve proteins of higher
molecular weight which could not be\distinguished with
the linear gel system. The electrophoresis buffer
consisted of 120 mM Tris-HCl (pH 7.9), 960 mM glycine:

14

nd 0.5% SDS. An equal volume of sample buffer (6.25 mM

4%
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Trisz, pH 6.8, 2.5% GDS, 12.5% glycerol, 0.001%
bromophenol blue, 6.5% [B-mercaptoethanol) was added to
cach sample and the samples were heated in a boiling
water bath for ten minutes prior to loading into the
sample wells formed in the stackingﬂgg{. Five to 100 pug
of protein (depending on the sample) was loaded per
well. Gels were stained with 0.25% Coomassie Brillant
Blue R-250 in 45% methanol, 9.6% acetic acid and
destained in 10.0% methanol 10.0% acetic acid.

2.12 Autoradiography Procedure;

SDS-PAGE gels were stained with coomassie brillant
blue and destained to visualize the proteins. The gels
were then dried under a vacuum using a Bio Rad Dual
Temperature Slab Gel Dryer Model 1125B. Next, the gels
were placed in X-ray film cassettes containing Dupont
Cronex Lightning Plus intensifying screens and Kodak X-
Omat AR film. The films were exposed at -70°C and then
developed to determine the location of radiolabelled
proteins.

2.13 Western Blotting Procedure;

Proteins separated in polyacrylamide gels were
electrophoretically transferred to nitrocellulose in 25
mM sodium phosphate buffer (pH 7.5) overnight at 27
volts at 4°C in a Bio-Rad Transblot Cell. To visualize

proteins transferred to nitrocellulose, 0.1% amido black
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in 40% methanol and 10% acetic acid was mixed with the
nitrocellulose sheet for 1 minute. The sheets wore
washed with ddHz0 to destain areas which did not contain
protein bands. Prior to incubaton with iodinated PT or
plant lectins, unstained nitrocellulose sheets were
placed in sealed plastic bags and incubated with a
solution consistang of 3% BSA in 10 mM Tris-HCl (pH 7:5)
(to block sites not containing protein) and 0.85% NaCl
unless otherwise stated, overnight. The BSA-treated
nitrocellulose sheets were then incubated with 125]
pertussis toxin, 125I WGA, or 1251 PNA. After incubation
with the radiolabelled probes, the nitrocellulosc
membranes were washed for 2 hours with 0.85% NaCl at
room temperature with a minimium of 15 changes of the
wash solution. The nitr%jellulose sheets werc then dried
and exposed to Kodak X-ray film at -70°C as described

earlier.

—'2.14 Periodate Treatment of BSA;

BSA solutions were ‘treated with periodate to
oxidize any oligosaccharide impurities which may have
interfered with lectin binding experiments where BSA was
used as a Dblocking agent. Five hundred mL of BSA
solution consisting of 3% BSA in 0.1 M sodium acatate:
(pH 4.5) was incubated with 10 mM periodic acid for ¢

hours at room temperature. Excess periodate was



inacrtivated by the addition of glycerol to a final
concentration of 10 mM. The oxidized BSA solution was
then dialyzed overnight against ddHpO0 and stored with
0.01% sodium azide at 4°C.

2.15 Binding of 1251 Pertussis Toxin to Chinese
Hamster Ovary Cells;

Chinese hamster ovary (CHO) cells were grown 1in
Ham's F12 medium suppP‘mented with 5% fetal calf serum
in an atmosphere of 5% CO; at 37°C in 24 well tissue
culture plates. When confluent monolayers were obtained,
the cells were washed 3 times(with unsupplemented Ham's
F12 medium. The tissue culture plates were then placed
onto a bed of ice and 1251 pertussis toxin, prepared in
the presence of fetuin-agarose, was added in Qolumes
specified in the results. After incubation, the~gpbound

toxin was removed and the monolayers were washed\with

~

three 0.5 mL portions of Ham's F12 medium. Aft
washing, the cells and bound toxin were solubilized in
1% SDS at 37°C, placed into 12 x 75 mm culture tubes and
counted in the gamma counter.
2.16 Effect of Fetuin on Pertussis Toxin-Chinese
Hamster Ovary Cell Activity;

Fetuin id&ibition studies were performed to
determine whether fetuin could compete for pertussis

toxin binding to CHO cell receptors. CHO cells were
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added to 96 well flat bottom tissue culture plates at a
concentration of 5.0 )A’ibq cells/mL (5%.0 x 103/well) .
After 18 to 20 hours the monolayers were approximately
50 to 60% coni}MenUﬁdfit cells were washed three times
with 100 pL of Ham's F12 medium. Native pertussis toxin
was diluted in Ham's F12 to a concentration of 300
ng/mL. Eight serial two-fold dilutions of PT were
prepared in Ham's F12. Ten ML of each PT dilution wasy
then added sequentially to 100 puL of Ham's F12 medium in
wells 1 to 12 of each row in the 96 well plates. Serial
fold dilutions of fetuin were also prepared in Ham'g
and 10 pL of each dilution of fetuin was
sequentially adde . ach column of wells in the 96
N
well plates. The CH lls were then examiﬁﬁd 24 hours
later for the cytotonic effects of PT and hﬂvégndpoint
dilution for PT was determined for each concenL?gtion of
fetuin.
2.17 Procedure for Cross-linking Pertussis Toxin
to Rgceptors in Chinese Hamster Ovary #nd VERO
Cells;

The cross-link labelling procedure was used to

identify receptors for pertussis toxin in Chinese

Hamster Ovary cells. The bifunctional cross-linker

choosen was SASD (sulfosuccinimidyl 2-(p~-

azidosalicylamido) ethyl-1,3'-dithiopropionate) obtained

e
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from Picree Chemical Co.. The utility of SASD is that it
pusﬁzss two dissimilar functional groups. The

succinimidyl portion is specific for coupling to amino

/
qroups. The azido group covalently binds non-

specitfically into any carbon-carbon, carbon-hydrogen, or
carbon-oxygen bond. We know that PT has abundant amino'
groups which are able to react with the succinimidyl
group but. the nature of the chemical groups on the
receptor are unknown (see fig. 4). SASD was also
gclected because it can be lodinated in the position
between the azide and hydroxyl moieties'of the phenyl
ning. The advantage of this is that the cross-linker can
be iodinated rather than the toxin itself. It afso'has a

disulfide bond. between the two active gfoups, The
dlSUlfldeg~bOig ‘ readeyﬁvcleavable with -
i oy
mgrcaptogthamol lndthéﬂL emmfi sgmplegbﬂgfer SASD was
mdinated in an ;&o gen caags@ tube with 2Q MBg of
l

SOdlum 125 i@dlde for one mlnute ln the dark ThlS was

4 2 ﬂi .‘» ">, o

- then lncuba!ed witﬁ pertu5513 tox&n bound to fetuin-

x;

agagose . The fetu1n~agarbsélmas used to prevent “the

of the cross-linker to the aminr groups of

1

.

in the binding site of the toxin. After the

{oy
.ur@sézlfhker was attached to PT, the fetuin-agarose gel
x3




a
Figure 4: Sulfosuccinimidyl 2-(p-avidosalicylamido) et byl
1,3'-dithiopropionate (SASD) .

SASD is a photoreactive bifunctional cross-linker that .an
be iodinated betwecen the azide and the hydroxyl moict ies
ot the phenyl ring. The two functional groups are an azide
group which will insert into proteins upon exposure to
ultraviolet light (366 nm) and a succinimidy. group which

reacts with primary amino groups. D)
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SASD. The complex is eluted off fetuin-agarose with 4.0
M MgCl,; and the percent incorporation of 25 “into SASD
coupled to pkrtussis toxin was determined by TCA
vprgcipitation as described eaflier. Also3} to determine
‘whether the pertussis toxin was still capable of binding
afte} the coupling reaction, the ‘goose erythrocyhr
hemagglutination assay was performed. Ten jfg of the !251-
SASD-pertussis toxin suspension (as determined by goose
hemagglutination assay) was incubated with a CHO cell
monolayer Eor one half hour on ice and then exposed to a
long wave ultraviolet lamp (366nm) for ten minutes. The
CHO cell monolayer was washed three times with Ham's F12
to remové unbound 1251-SASD plus pertussis "toxin
complexes and then solubilized nin Laemmli sample buffer

and subjected to SDS-PAGE. The gel was stained with

coomassie blue stain, destained, dried, and subjected to
g * <

autoradiography.
.2.18 Preparation of C6 Rat Glial Celi Membranes;
Co Ra£ glial cells were grown in Ham's F12_ mcdium
supplemented with 10% fetal calf serum in large roller
bottles (1700 cm?2) which had been preceated w;th fetal
calf serum. Approximately 1.5 x 108 cells could he
obtained when the monolayers were confluent. The growth
medium was tﬁen removed‘and the cells were lifted from

the glass surface using 50 mL of a solution consisting

»

v
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of 137 mM 9aCl, 5 mM KCl, 5.6 mM glucose, 1 mM EGTA and
5 mM Hepes (pH 7.4) (72). The cells were incubated with
this solution for 10 minutes‘at 37°C, placed into a 15
ml. Corning centrifuge tube and centrifuged in a table
top centrifuge (IEC model Centra 4 centrifuge) at 200 x
g for 10 minutes. The remaining steps were performed at
4°C. The cells were then transferred to a 10 mL Wheaton
glass homogénizer with 2 mL of lysis$ buffer consisting

of 1 mM NaHCO3, 0.5 mM CaCl,-2H20 (pH 7.4) .and a protease

inhibitory solution consisting of 0.010 mM_iEFK, 1 mg/mL

" a-2 macroglobulin, 1'mg/mL aprotinin and 1.0 mg/mL PMSF.

The cells were slowly homogenized (50 strokés) and the
homogen:t e was centrifuged in a 1% mL corning centrifuge
tube for iO minutes at 200 x g. The supernétant %olution
was discarded and the sedimented membranes were
suspended im phe lysis buffer. The membranes were then

centrifuged in two, 25  mL Corex screw top tubes at

12,000 x g for 20 minutes. Bhe resulting supernatant

solutions were discarded‘and the sedimented membranes

were saved. These were pooled and placed onto a 40%
sucrose solution containing 40 mM imidazole and 4 mM
EGTA (total volume 1.5 mL in a SW 40Ti centrifuge tube
from Beckman). The Femainder of the tube was filled with
buffer consisting of 40 mM !midazole and 4 mM EGTA. This

was then centrifuged for 90 minutes at 186,000 x g. The
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6palescent membrane band at the sucrose buffer interface
was then removed by careful éuction and the pellet was
discarded. Next, the membrane suspension was transferred
to another SW 40Ti centrifuge tube and centrifuggd at
186,000 x g for a minimium of 30 minutes. The pcllo; was
suspended in imidazole buffer and protein conccptzaﬁgon
determined by the modified method of Lowry as deévribcd

earlier (88).

2.19 Extraction of Lipids From Chinese Hamster

Ovary Cells;

CHO cells were grown in large roller bottles and

harvested as described earlier for the C6 glioma cells.

‘Lipids were extracted by suspending the CHO cell pellet

in 20 volumes of chloroform-methanol (2:1,v/v). The cell

-

suspension was then centrifuged at 500 «x g”for 10
minutq§ and the supernatant solution removed and
retained. The cell pellet was suspended in 20 volumes of
chloroform-methanol (l1:2, v/v) containing 5% water. This
solution Vas cent;ifuged at 500 x g for 10 minutes and

the supernatant solution was pooled with the first

supernatant’ solution. The <cell pellet was again

/t

suspended‘with twenty volumes of chloroform-mcthanol

(1:2, v/v). The suspension was centrifuged at 500 x g

for 10 minutes and the supernatant solution was pooled

with the others. The chloroform-methanocl was then



removed from the pooled supernatant solutions using a
rotary evaporatjg. The dried lipids and glycolipids were
dissolved in chldroform : methanol (2:1) and stored at -
20°C until use.

2.20 Binding;of Pertussis Toxin and Cholera Toxin
to Chinese wﬁamster Ovary Lipids on Cellulose
Coated‘ Sheets;

A cellulose-coated plastic sheet was cut into 4
strips 2 cm wide and 10 cm long. Ten Hg of ganglioside
Gm1 in chloroform : methanoi (2:1) was applied to the
strips such that the resulting spot was no larger than 2
mm in diameter. A second application of Gyj waévmade to
the strips 3 cm away from the first spot. An aliquot of
lipid extracted from the CHO cells (approx. 10 ug) was
applied directly on top of this second Gyj spot. A third
application consistiﬁé of CHO cell glycplipids was also
made to the striggfiThe strips were then incubated with

3% BSA in a large.pétri—dish in the presence or absence

of 10,000 fold molar excess of f@tuin. The strips were

then incubated with 125I-PT or 125I-CT overnight at 4°C-

and then washed with 0.85% NaCl solution 4 times to
‘remove any unbound labelled toxin. The strips were dried

and subjected to autoradiography as described earlier.
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2.21 1251 surface Labelling, of Goose Erythrocytes

and Chinese Hamster Ovary Cells:¥

Two hundred UL of fresh packed ;;Q erythrocytes
were suspended in 100 uL of 0.33 hrgkdlum phosphate (pH
7.2). This was incubated with 20 MBq' 3f §od1?@ °T in aff
iodofgen coated tube for five minutes. 'Two hundred pL o!
1 mg/mL cysteine in PBS was then added and the iodinated
cells were washed seven times with PBS by centrifugation
at 200 x g for 5 minutes at room temperature to remove
unreacted 125I. CHO cells were grown in Ham's F12 medium
supplemented with 5% fetal calf serum in .an atmosphere
of 5% COz at 37°C in two 150 cm? tissue culture flasks
until confluent. The growth medium was removed and the
cells were lifted from the plastic surface using 10 mlL
of a solution consisting of 137.0 mM NaCl, 5.0 mM KC1,
5.60 mM glucose, 1.0 mM EGTA and 5.0 mM Hepes (pH 7.4).
The cells were incubated in this solution at 37°C until
lifted. They were then placed into a 15.0 mL Corning
centrifuge tube and centrifuged in a table top
centrifuge (IEC model centra 4 centrifugez at 200 x el
for 10 minutes. The cells were then transferred to an
iodogen tube and 20.0 MBq of sodium 12?1 was added. This
was incubated for 5 minutes. Two hundred pL of 1 mg/mL

cysteine in PBg'hps then added and the surface iodinated

.
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CHO cells were washed 7 times with PBS by centrifugation
at 200 x ¢g for 5 minutes to remove unreacted 1251.

2.22 Use of Pertussis Toxin Antibody to 1Isolate
Raeceptors from Goose Erythrocyte Membranes; )

Antibody specific to pertussis toxin was prepared
by immunizing rabbits with an emulsion of 100 pg of
pertussis toxin in 1.0 mL incompiéfe Ereud's adjuvant,
distributed equally into each hind footpad. Twenty-one
days latter, the rabbits recieved a booster dose of 10
g of pertussis toxin in 100 ML adjuvant, distrubted
equally into each popliteal 1lymph node. Ranits were
bleed eleven days later and the sera was tested for
precipitation with pertussis anﬁibody in gel diffusion
tests. Sera giving good reactions in the precipitation
test was pooled and absofbed with packed organisms from
the aviéulent strain of B. pertussis, Sakairi, and the
IgG fraction. isolated by a prétein A-Sepharose column
(119). The anti-pertussis toxin IgG was shown to be free
"of anti-FHA. |
Two hundred UL of freshly surface iodinaifd goose

erythrocytes were dissolved in buffer consisting of 50.0
‘mM Tris-HCl pH 8.1, 110.0 mM sodium cﬂioride, 5 mM
MgCla, 5 mM CaCls, 0.10% Triton X-100, 0.010 M TPCK, 1.0
mg/mL -2 -macroglobulin, 1.0.ﬁg/mL ap;otinin and 1.0

-~

mg/mL_PMSF. This
~
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37°C. The solubilized membranes were then centrituged at
300,000 x g for one hour. If the resulting supernatant
soXution did not contain at least 2/3 of the total 1+
coupts, the pelleted membrane material was solubilized
in buffer containing 0.2% Triton X-100 and the
solubilization procedure was repeated. Next, the
solubilized membrane proteins were incubated in a 1.5 ml,
Eppendorf tube with 50 Hg of pertussis toxin for six to
eight hours at 4°C. Seventy Hg of pertussis toxin
antibody was then added and left to bind to the
pertussis toxin overnight 'at 4:C. Two hundred plL ot
Protein A-Sepharose (from Pharmacia) was then added andd
this was incubated for two hours at room temperaturc on
an end over end table top rotator. The gel slurry was
transferred to a glass wool plugged pasteur pipet and
washed with 10 volumes of Tris-HCl pH 7.47 The ant ibody-
antigen complexes were eluted fron‘ the Protein A with
0.1 M acetic acid Qnd then neutralized with sodium
hydroxide. The protei&\A bound counts were analysed by
"SDS-PAGE and subijected to autoradiogfaphy as described
éé;lier. .

2.23 Preparation of Pertussis Toxin Affinity

Columns;

Pertussis toxin was covalently attached to

acﬂivated CH-Sepharose 4B in a ratio of 100 Hg of toxin

i ) A - [

¢

59



to 0.033 g of activated CH-Sepharose 4B accordingwio the
manufacturer's (Pharmacia) instructions. This gave a
final gel volume of 100 pL. Briefly, the agtivated CH-
Sepharose was swollen ig ice cold 1 mM HCl for 15
minutes and then washed with 200 mL of 1 mM HCl on a
sintered glass funnel. The pertussis toxin was dissolved
in 0.1 M sodium bicarbonate (pH 8.0) (coupling buffer)
or dialyéed into this buffer overnight. The pertussis
toxin suspension was mixed with the activated CH
Sepharose 4B overnigh;\at 4°C on a table top rotator.
After the coupling reaction, the suspension was placed
into é glass wool plugged pasteur pipet and unbound
toxin was removed with the bicarbonate couplinglbuffer.
To be certain that the pertussis toxin bound to the
Sepharose, a goose erythrocyte hemagglutination assay
was done using the solution washed from the Sepharose
column. No hemaaglutination by pertussis toxin was
dectable in this solution indicating that 100% of the
toxin was coupledé@@:tpe“Sepharose. The remaining active
ester groups were Dblocked b treatment with 1 M
ethanolamine (pH 9) for 1 hour. The columns were then
washeq%alﬂernately with 20 volumes of 0.1 M acetate

buffeﬁ{,&(p}{ 4) and 0.1 M Tris-HCl buffer (pH 8)

ey
i

SRy ) )
contaﬁning 0.5 M NaCl five times. The columns were

3
stgréﬁ with 0.1% azide at 4°C until use. Experimental

-

/
S
RN
"

60



control columns consisting of ethanolamine-inactivated
CH Sepharose 4B were also prepared.
2.24 Use of Pertussis Toxin and WGA Affinity
Columns to Isolate Receptors in Goose
Erythrocytes and Chinese Hamster Ovary Cells;

The affinity columns were washed with PBS and pre-
blocked with 0.1% BSA for one half hour to prevent non-
specific interactions of puntative receptors$ with the

Sepharose. Next, the 0.1% BSA was allowed to drain out

and 200 UL of the solubilized 1251 surface labelled goose

erythrocytes or 1251 surface labelled CHO cells or 1257
fetuin or 1251 ceruloplasmin was added to the columns.
The labelled proteins were incubated with the gel for
one half hour. After binding, the columns were washed
with 3 to 4 mL of 50 mM Tris=-HCl (#H 7.4) urgil
background counts were consistent. Bound material was
eluted with 0.1% Triton X-100 containing 100 Mg of
fetuin or 100 pg of @-1 acid glycoprotein in ddH20, or
200 pL of 50 mM diethanolamine in 0.15 M NaCl (pH 11.5).
The 1251 fetuin and the 1251 ceruloplasmin fractions were
counted in a gamma counter. The diethanolamine and NaCl
in the gbose erythrocyte and CHO cell fractions was
dialyzed away overnight and replaced with 0.1% SDS. Thisg
was necessary to prevent the salt from becoming

concentrated in the next step and interfering with the

6]



ShS~PAGE analysis. The fractions are then concentrated
to dryness in a Savant model SVC-100H Speed Vac
Concentrator and dissolved in 50 pL of Laemmli sample
buffcer. They were then analysed by SDS-PAGE. The gel was
dried and autoradiography was perform as described
earlier,

2.25 Comparison of Pertussis Toxin Subunits S3

and S3 Amino Acid Sequences to ¢the Amino Acid

Sequence of WGA; .

The analysis of sequence homologies between PTSj,
PTS3 and WGA was done on a IBM model XT PC using the
MicroGenie computer software.
2.26 Preparation of Transducin for Pertussis
Toxin Mediated ADP-Ribos&ltransferase Activity
Measurements;

Transducin was purified according to the method of
Kuhn (83). Freshly dissected bovine retinas were
vigoursly agitated in a buffer solution consisting of 70
mM potassium phosphate (pH 7.5), 1 mM EDTA, 2 mM MgCl,,
1 mM DTT, 65 mM NaCl (buffer 1) containi 1 45% sucrose.
The retinas were centrifuged for 10 minutes at 2000 x g.
The supernatant solution was removed and the pelleted
material was suspended in the same buffer using a 30 nL
Wheaton glass tissue homogenzier i?d centrifuged for an

additional 10 minutes at 2000 g. The supernatant
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solution waé removed and pooled with the ftirst. This
solution was then diluted 3 times with bufter 1 and
centrifuged at 13,000 x g for 40 minutes. The pellet was
suspended in buffer 1 containing 24% sucrose, Next, the
suspension was layered onto sucrose step gradionts
consisting oflll mL of buffer 1 containinq'x4% SUCT QS

9 mL of buffer 1 plus 30% sucrose and 9 mL ot butter 1

plus 26% sucrose and centrifuged at 140,000 x q for 30
minutes. The orange material at the 26%/30% nur?onn
interface was harvested and diluted 2.5 X with butter 1,
This was centrifuged at 27,000 x g for 20 minutes. The
sedimented rod outer segmeﬁts (ROS) were suspendod using
a 30 mL Wheaton glass tissue homogenize¢:r in )m}th !
cohtaining 12% sucrose and then diluted 10 X with 5.0 mM

Tris-HCl1 (pH 7.5), 0.5 mM MgCl; and 1.0 mM DTT (buffer
2) . This mixture was centrifuged at 27,000 x g for 50
minutes. The supernatant solution was discarded and the
ROS wvellet was washed once more. Again the supernatam
solutions were discarded and the pgllet was saved. Hext,
the pellet wgg suspended ine bugfer 2 containing 10 mM
GTP and then centrifuged at 27,000 x g for 50 minutes,
This step was repeated twice and the supernatant

solutions containing transducin were pooled and

concentrated to 10 mL wusing an Amicon Model 52
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2.27 ADP-Ribosylétién of C6 Rat Glial Membranes;
The ADP-ribosylation procedure was similar to that
of Katada c¢t al. (78). The réaction was perfomed using

. Q
]O<i:/j} 100 mM thymidine, 10 pL of 10 mM ATP, 10 uL of
nicotinamide to inhibit endoéenous ADP-

v—///v“\T\\

* 1o
ribosyltransferases and 5 plL of 100 mM DTT. “<P-NA.L was
used at a concentration of 30 nM [a-32p] NAD (0.185
MBg/assay) and the membrane concentrat::.n was 100
itgq/assay. The entire reaction volume was brought op to
100 pL usihg 10 mM Tris buffer (pH. 7.4). The ;eaétion
was allowed to proceed at 37°C for one hour 16 a 1:5 mlL;
Eppendorf tube and then terminated using 100 UL of 10% JQ
trichloroacetic acid. The precipitated protein was’
sedimented in an Eppendorf model 5413 centrifuge” at
8,800 x g for Zminutes. The supernatant solution wé&
removed and the pellet was suspended in Laemmli samplé.,?
bufter. The sample was neutralized with 0.1 N Naoﬁ. The:,‘
mixtures were heated for 10 minufes in a boi?ing wate?"
bath and analysed by SDS-PAGE. The gel was stained with

Coomassie blue, destained, dried and subjected ta

autoradiography as Jdescribed earlier.

o8



2.28 ADP-Ribosylation of Transducin;
The ADP-ribosylation reactions were poertormed
k ,
according to the method of Mods et al. (10%) with a tow

modificat;ohs; Briefly, the reactions were carried oot
for 1 hour at 30°C in a total volume ot 100 pl.. The
réaction Tixture contained 100 mM Tric-HCL (pH /;h), ‘)
mM thymidine, 5 mM'DTT, 10 mM GTP, 10 mM ATP, O.% M

DPPC, 200 uM transducin, 30 nM [w-'‘P] NAD (0.1n
MBg/assay) . Pertussis toxin was preactivated with 100 mM
DTT for 10 minutes prior to the assay. The reaction was
stopped after one hour by the addition ot }UO Lot 10,
TCA. The solution was then centrifugced as desoribued
above and the precipitated protein was solubilived in
10% SDS or Laemmli sample buffer. Five ml ot
scintillation counting solufion was added to the samples
containing the 10% SDS. These were coun{wd in o Beckman
model LS 6800 liquid Scintillation‘countwr. The samples
dissolved in Laemmli sample buffer were analysed Ly SLo-
PAGE. ?fter electrophoresis, the gels were oralped with
Coomassie blue, destained, dried and subjected 1o,

autoradiography as discussed earlier.
'
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3.0 RESULTS
\ . " .
3.1 Investigation of PT Rgceptoré in Goose
Erythrocytes and Chinese Hamster Ovary Cells:
“Western blots gﬂ.goose erxthrocyte membranes were
incubated with 1251 labelled PT to identify receptors
for pcrtussis toxin. When the ﬁémbranes were incubated
with fetg%p—protected 1251 pT, two seté of protein bands

- : .
werc observed (fig. 6). One set of bands had molecular

-y

wc?ght@ ranging from 36,00b to 31,000. A second set of .

proteins displayed molecular weights granging from 18,000

to 14,400 Anothef group of proteins im the 93,000«

62, 000 molecular weight range were only observed when

-

freshly“prepared goose erythrocyte membranes were, used ’

in the experiment. TheseﬂProfein bands were not op§erved
when the goose efythrocyte membranes were stored at
minus 70°C for a period‘longér than one week. It has
also, been established that P;; binds to the
oligosaccharide domains of glycoproteins éuch aé fetuin.
As expected, 1251- Labellfd PT boggg\éo fetuin on WQstern
blots (flg.\6) 'Prev.lously it was reported that PT bound
p N

to GlcNAc groups in fetuin's asn—llnked.‘\:gosaqpharlde

¢

(see\fig. 5) (133). More recently, it was shaWwn that

terminal sialic acid groups in fetuin's oligpsaccharide

units were also impB;tant for PT bi)?ing activity

'Y : f

1
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Figure 5. #I3gram-il

lustﬂéting' the asparagine—linked
carbohydrate structures of ceruldplagmin, fetuin apd a-1
acid glycoprotein. (37,134,139).
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Figure 6. A come51te photograph of western blots ﬁrobed
with 1251 PT and 1251 WGA. Each blot ¢ontains 100 pg of

§bose er throcytq membranes and 5 ﬁg of , f€tuin. e 3

. blots are in auplicate to illustrate the incomsistencies .k
' in banging patterns whichfwere obserﬁed when differeﬂt
r/”’\ﬁémh§§Z; preparations and-<labelled probes were usad.
Also, the blots 1llustrate the similarities seen when
one blot is probed with W5I PT and another with 1251

WGA. The molecular wéights-.of the proteins that hind 121

PT and 1251 WGA are indicated at the left side of. the

figure and are for the first panel only
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(7,18) .These observations'v suggested that PT's lectin-
like properties were similar to those of WGA. The
suggestion was supported by the observation that 1251-
labelled WGA 'an.d 1257-pT bound to the same goose
exythrocyte proteins (fig. 6).

I thouéht different iectins_would be useful for
further estat;lishing the specificity of PT and WGA for

the goose- erythrocyte reg’eptors. PIWA was choosen because

of its specificity for B-D-Gal(1l-3)fB-D-GalNAc present in

70

O-linked oligosaccharicfe's.’ 12571-pNA also bound to similar =« ‘

bands as PT and WGA (fig. 7). In c¢ompetition binding
studies, galagpse vhas unable to inhibit the binding of

(4 ,
#251-PNA plant lectin .to the lowér molecular weight goose

. . » . " R
erythrocyte proteins (fig. 7%. High concentra;io.f .

3 a3

. ; A :
' ”,galact% are known tg block the“interaction of PNA with

: - s
its receptors. Fetuin andk a—t acid. glycoprotein were

also suBjected to SD%—PAG\E and blotted onto

nitrocellulose. The -1 agid glycoprotein, like fetuin,
- L]
contains sialic acid residu®s and I was interested in
5 woura b
determining whether 1231 pertussis t™kin would ind} to
this protein with the same intensity as™to. fetuin\o.r/’any
., : 13

of the goose erythrocyte proteins. "It was determtned

that the 'minimum inhibitory concentratk}n of fetuin in

‘Ehe'PT-mediated goose he'magglut&'nation asslay was 0.3 £

- »

O.Z(ﬁﬁ (n=11) . However, the mipnimum inhibitery

'
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Figure 7. Western blot of 100 pug of goose erythrocyte
membranes and 5 pg of fetuin. 1251 PNA.is used as the
radiolabelled probe. The 1251 PNA, binds to similar
protein bands in goose“erythrocyte membranes as does PT
and WGA but it’does not bind to fetuin. The blots were
incubated with 125I-PNA probe in the presence and absence
of 10,000 x molar excess galactose. The molecular
weights of the' visible proteins are also given at the

left of the figure. : ,
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1
(onun.i.mf ion of a-1 acid glycoprotein was 13. i 0.5 uM C ‘
(n«4_)~. When the western blots were incubated with 1257- @

e,

kT, the resulting autoradiograms demonsrrated that the
Ca-1 acid glyc.opr%ein bound 1251 pertus‘é toxin with

the gsame Jnten31ty 1f pot hlgher thanchat of fetu1n
(sce fig 8.) . There_fpﬁe the - results of mh
investigations suggested ‘that t;@iwestern‘ blottlng
prOC‘PdUre was unable to dlstlnguish between low and hwn f‘”
afflnlty PT receptor species/.‘ ThlS &i!fﬁculty“zes
vcompoundec‘i'by different amounts of each erythrocyte
receptor species applied to the gels. Low affinity-

w:‘9bind.ing to the lower molecular <weight erythrecyte !

receptorg may havesbeen exaggerated because of the large
»
(
amoum;’ protein in these bands (fig. 9). Binding to
1g

tHe hi molecular weight receptors, ’al'though less

prominent, may represent higher affinity interactions

with s'peciyes representing a minor fraction of goase
A,

erythrécy’ protein. In coomassiﬂlu&m gels, the
» L4

lower molecular weight species clearly represented the

. Y
bulk of the protein material in goose erythrocyte

‘membranes. in contrast, &he hIghe‘? mblecular weight

receptors were less intensly'st‘:‘é‘d with coomassie ™

’

blue. Alt‘grnately, bmdmg to the lower molecular weight

. ap
species 1in western ‘bJ\ots rf\ay have been the reSult of

ionic or hydrophoblc protein-protein interactions which

»

Q;‘ . . B
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Figure 8. Western ,blot of

gl]Foprotein. Five g of fetuin ani 5 Mg

¥10301d024)8 pidoe | -

fetuin

13

.
o

acid

a-1

aneﬁ

of -1 acid P

glycoprotein were transferred onto nitrocelMilose and

rprobed with fetuin agarose protected 1251 PT. The probe

was sonicated in a water bath sonicator for 20 sgeconds
and filtered through a 0.22 pm filter to break up PT

aggregates before being added to the blot.



‘e
2qQs o8008

-~ . 92,800»

06,200~

46,000~

31,000+’

21,800~

14,4900~

Figure 9. Coomassie-blue stained SDS-PAGE ofemolecular
weight standards, 100 pug of goose erythrocyte membranes
and 5 pg of fetuin. The molecular weight standards are

¢ O0 both sides of the figure.
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were unrelated to the receptor binding domains of the
lectin probes. The inability to compete for PNA binding
to low molecular weight receptors with galactose

-

indicated there may be some merit to this alternate

- conclusion.

‘¥ Another problem encountered with the western
blotting proegdure was the inability to obtain
autoradiograms with low amounts ofvbackg;ound binding to
regions not containing SDS—PA§p~separated p%oteins. To.ﬁ;
remedy this problem different bléfting¢membranes woere
used qu,differbnt blocking @gents-were also “tried.
These included bolyvinx}pyr;olidone in concentrations of
1% and 3% and the ionicwdhxergent nonident P-40 at a Lo
concentration of 0.5%. Even be%iogateldestrgction of
poteﬁgially contaminéting é;§cog;6;éins in the BSA was’
perf;;med. None of these modifications were able to /
reduce t e background to any s?gnificant extent., A h)
pr?cedurelhich resolved the problem consisted pf first

sonicating the 1251 pertussis toxin fgr 30 Seconds in a

- S '
wWater bath sonicator and thén, filgering the toxin

E.hrough a 0.22 _pm filte:r. 7T:is may have served to brr:ak‘
up the aggregates of pertussis toxin before it was adde® *5 -

L ~
to the blot {(fig. 8). v - \ r

. I '
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3.1.1 Pertussis Toxin-Antibody Immuno-Affinity
Chromatography:

Because of the ambigous results obtained with the
western blotting procedure it was decided to try and
identify receptors using an afflnity chromatography
approach. Immunoa}fiﬁity chromatography was chosen as an
initial approach to the problem because the procedure
féquired only small amounts of purified ET. 1251 surface
labelled goo;e erythrocytes solubiliied in Triton X-100
were incubated with pertussis .toxin. After incubation,
pertussis toxin specific antibody was added to thé

on to form antibody-antigen-recaptor complexes.
Copp eﬁgs were ghendgoflectéd‘on,protein A-Sepharose and
ahalxsed}by SDS-PAGg. Ho&eve;, it was not possible to
identify PT féﬁﬁptg;gwaﬂié§¢55und.to protein A-Sepharose
only in the presence of PT-specific ‘antibody: To
overcome this problem, it was felt that a direct
approach was requi;ed.‘This involved th& attachment of
PT directly to activated CH-Sepharose 4B« ; 'Y
3.1.2 Binding of 1251 Fetuin and 12571

w e
Ceruloplasmin to PT Affinity Columns:

o) .t N v
1251 labelled fetuin and, 1321 labelled ceruloplasmin -

¥ ,

;, were applied to perfussis {oﬁin affinity "columns to
LA » -

examine the functional integrity of fteceptor binding

domains of Sepharose-bound PT (fig. 10). Ceruloplasmin,

76
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Figure 10. Binding of 125I-fetuin and 125I-cerufoflasmin
to PT-Sepharose columns. PT—SéEHa%ose was prepared as
. ¥ SN
described in Materials and Metheds. Radiolabelled tetuin

™~

and radiolabelled ceruloplasmin were applied to two
il Y
separate PT-Sepharose coldmns (50,000 cpm ea.) and

allowed to bind for 30 min.. The‘unbound material was
eluted with, 50 mM diethanolamine. The fraCtions‘wure

collected and counted in a gamma counter.

-
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like fetuin, is a serum glycoprotein containing torminal

sialic acid residues. |1t , has been previously
demonstrated that ceruloplasmin is able to inhibat pyt

mediated goose erythrocyte agglutination bt a  lowe

N

concentration than fetuin (7). Thoxo(ox\u I wa:

interested in determining which glycoprotein bound tho
best to the PT-Sepharose. When 12%I-fetuin was apBlicd to

the PT affinity columns, 14.20% ot the counts appliecd to

r
the columns  were eluted witH diethanolamine. The

observation that so few 12%I-fetuin counts were bound to
* N
i ‘ , o

the PT affinity columns was not unexpectedsg since g

.

similar result was obtained when 125I-fetuin was passed
through WGA-agarose. Fetuin oligosaccharide units are

not homogenous and consequently not all fetuin molecyles

’

may be capable of binding to PT. When 1251 ceruloplasmin
was applied to the PT-Sepharose columns, almost 50.0% of

the counts were eluted with 50.0 mM diethanolamine. Thit(
indicated that more of the ceruloplasmin is able to bind

to the PT affinity columns. The posgibility that PT has N
. \\

a "higher éffinity for ceruloplasmin ‘than for fetuin in

- » ) .
the PT-Sepharose- column ’gs not unrealistic becanse thu-
i /

1

. %
minimum inhibitogy concentratin of ceruloplasmin was *
- ' )

lower than fetuin in the goose hemagglutinat ron assay
I

(7) t ’ J

S
.



-’\
i

3.1.3 .Affinity Chromgtogrqp@y .Using Pertussis

Toxin Affinity Columns:
. v ’

1251 surface labelled godse erythrocyte membranes

“ -

~

were solubilized in Triton X-100 as described in
Materials and Methods. "The insoluble material was
sedimented byvcentrifhgatiOn and the remaining soluble

material was applied to a PT—Sephqrose columﬁ, a WGA-

S%pharose column and a blank Sepharose columit. (fig.

11) . All three columns were eluted with 50 mM

'diethanolamine&(pH 11.5). The only protein band that
N : .

binds to all three column types (nonspecific) has a

.
molecular weight of l0,000.)The proteins that bind to
the PT—Sepharosehere almost idéntical to those that bind
to the WGA-Sepharose. A protein with a higher molecular
weight than 92,500 binds with to both the Pm;and WGA-
Sepharose columns. The molecular weight of this protein
can not be determined with accuracy on a linear gel
because it is higher than the largest molecular weight

standard., Five other proteins also bind to both PT-

Sepharose and WGA—Sephérose. These have molecular

weights of 81,000, 55,000, 49%g00, 27,000 and a protein =

" .
band of 19,000 daltons which is of weak intensity. One
band is specific for the WGA-'Sepharose. It has a

1 4 .

molecular weight of 66,200 and is as intense as the

A
81,000 protein band. The large bands seen at the bottom

)
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Figure 11. Comparison of 1257 surface labelled and
solubilized.goose, erythrocytes eluted from a PT affinity
column, a WGA affinity column and a blank Sepharose
@lumn. One hundred Hg of PT was attached to CH-
Sepharose 4B as was 100 Hg of WGA. Equal numbers of cpms
were applied to all three' columns and the bound material
was eluted with 50 mM diethanolamine pH 11.5. The eluted
fractions were dialyzed and dried. Laemmli sample buffer
was added and the fractions -subjected to SDS~PAGE.

Autoradiography was then performed.
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of the SDS-PAGE have progressed beyond the dye front
indicating that they are proteins Of a very low
molecular weight or some oéher 1251 labelled —<ellular
constituent that is not protein in nature or free 1257,
Because goose hemagglutination assays had previously
demonstrated fhat fetuin is able to inhibit PT-mediated
hgmagglutination and Q-1 acid glycoprotein is nom\wl
decided to determine whether either of these
glycoproteins could elute any of the 125I-surface
labelied and solubilized goose erythrocyte proteins. For
comparison, one PT-Sepharose column was also eluted with
50 mM diethanolamine (pH 11.5) (fig. 125. The 50 mM
dietﬁah@damine essentially eluted off the same protein
bands as seen in figure 11 however, differences were
detected when 100 pg of fetuin or 100 g of 0o-1 acid
glycoprotein were uséd as eluents. The fetuin elutes,gll

. the same proteins as does the diethanolamine with the

A
A

excgption of one protein with a molecular weight of
appfoximately 92,500. The o-1 acid glycoprotein elutes
off the same proteins as the fetuin and diethanolamine
with the exception of tﬁ 92,500 dalton protein and a
49,000 dalton protein which ié eluted with either fetuin
or diethanolamine. The intenfity of the protein bands

also varies depending on which eluent is used. The

proteins eluted from the column with the diethanolamine
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Elution of PT affinity columns with fetuin,
1251 surface

Figure 12.
diethanolamine and a-1 acid glycoprotein.

labelled 'goose erythrocytes were solubilized with Triton
X-100 and then passed through columns containing I00 pg
of PT attached to CH-Sepharose 4B. After washing away

unbound material, the affinity columns were eluted with
either 100 Mg of fetuin, 100 Hg a-1 acid glycoproteln or

50 mM diethanolamine. The eluted fractlons were
dialyzed, dried, subjected to SDS-PAGE and
autoradiography.

.
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display more intensity on the autoradiogram. than the

proteins eluted with fetuin. The proteins eluted with o-#

1 acid glycoprotein have the weakest intenéity of the
three. This 1is not unexéected knowing that fetuin
competes more efficienply for PT binding sites in the
goose hemagglutination assay ‘than does -1 eacid
glycoprotein. The 45;000 dalton‘ protein selectively
eluted off the PT—Sepharose-c?lumn‘witB‘fetdin ;f the
best candidate for being the PT;reéEptor on googe

erythrocytes of all of thq othHer proteins seen on the

autoradiogram.

. ‘ . - p

3.2 BINDING ACTIVITY "OF PERTUSSIS TQ{IN TO

CHINESE HAMSTER OVARY CELLS

3.2.1 Binding of !25I Ppertussis Toxin to Chinese

Hamster Ovary Cells:

~ ~

I also wished to characterize PT féceptors in the

CHO cell system in which a physiological response to the,

toxin could be measured. Upon addition of native

pertussis toxin CHO cells undergo a unique morphological
change (55);
. <
The binding of pertussisltoxin to CHO cells can be
demonstrated through the use of 1251-PT prepared in the

> \ ) ,
presence of fetuin-agarose (6). To determine the rate of

v
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association of the toxin to CHO ceﬂl monolayers, a time
course binding assay was performed (fig. 13) using the
highest concentration:of PT which céuld be obtained from
the iodination procedure. This was done to Aetermine the
initial rate of association at this concentration. The
data Fisplayed in figure 14 demonstrated thét the
-association rate was linear for approximately 5 minutes
after which time the rate declinea until the binding
reaction reached (?quilibrium. When the initial
association rates of 125I-pPT were plotted against
concéntration a straight line was obtained whose slope
represented a K; of 5.6 * 2.3 x 10-3 min-1 (fig 14). The
linear relationship between the concentration, of PT and
initial association Trate indicated ‘that PT binding to
CHO cells is a -second order reaction.
‘3;2.2 Inhibition of Pertussis Toxin Chinese
Hamster Ovary Cell Activity by(Fetuin:

| An experiment was performed té determine if fetuin

could compete with CHO cell receptors for pertussis

toxin. Only at extremely high concentrations of fetuin °

was any inhibition of CHO cell activity seen. The loweét
conéentration at which fetuin was able to inhibit
pertussis toxin activity in CHO cells was 50,008 x
greater than fhat of pertussis toxin. In comparisen,

fetuin is able to completely inhibit goose erythrocyte
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Fidure 13. Binding time caurse ot fetuin-agarose
protected !25I-PT to CHO cell monolayers. Bindiné
experiments were performed at 4°C on confluent CHO cell
monolayers. Approx. 20,000 cpm of 1251-pT was.added to
the wells at the beginning\of the experiment. After the
times indicated, unbound }ZSI—P? was removed and the
monolayers were solubilized in 10% SDS to determine the
amounts of bound 1251-prT. Binding at each time point was

performed in triplicate and the error bars represent the

standard deviation of the mean.
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Figure 14. CHO cell acssociation rate. The association

rate was determined at 4°C by allowing increasing

amounts of fetﬁin—agarose protected 125I-PT to bind to

CHO cells for 5 minutes. Unbound 1257-pT was remqved and

the monolayers were solublllzed in 10% SDS to determ\ne
5

the amounts of bound ‘PT. Binding at each koncentratlon

of PT was performed in triplicate and the error bars

represent the standard deviation of the mean.
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agglutination at a concentration 30 fold in excess of PT
(7). This indicated CHO cells céntain receptors which
have a higher affinity for PT than fetuin or qoose
erythrocytes.

3.2.3 Cross-linking of PT to Chinese Hamster
Ovary Receptors:

A cross-linking procedure was employed to identity
PT receptors in CHO cells. The cross-linker, SASD, was
choosen because it has a ¢leavable disulfide bond
between the two functional groups (fig. 4). It can also
be iodinated between the azido and hydroxyl moieties of
the phenyl ring thus providing an indirect method of
iodinating the receptor proxeins into which the azido
group c¢an insert. Vero cells do not display
morphological change in the preserice of PT. To determine
if the insensitivity was at the level of receptors, PT
complexed with SASD was applied to Vero cells which
acted as a negative control.

After iodination and reacting SASD with PT, TCA
precipitation in&icated that 55% of the 1251-SASD had
inserted into protein. A hemagglutination assay using
chymotrypsin treated goose erythrocytes was done to be
certain that the insertion of the succinimidyl group on
the cross-linker into the toxin had not destroyed the

toxin's ability to bind. The toxin titred out to an
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14 ! . ' ‘
equ¥valent amount of native toxin indicatiné Lﬁat at.
least the qoose erythrocyte receptor binding site had
not been compromised by the insertion of the’cross-
linker. However, the results ot the C}oss—linkinq
experiment (tig., 15) showed t hat introducg{on of the
L% tabe lbedd arido group into CHo ;vll proteins did not
(“\(?Hﬁi. The cnly bands visible on t hee nmtoradiogram were
those Yot the i ve cubunits belonaing to pertussis toxin.
3.2.4 PT Binding to Chinese Hamster Ovary Cell
Glycolipids: .

A dot blot assay was used to <1oft\:@jmuo whet her
glycolipids could function A5 receptors for pertussis
toxin 1n CHO c¢ells. Lipias were purified from CHQ cells
using a chloroform-methanol extraction procedire (see
Materials an: Methods) and applicd 9 cellulose coated
plastic sheets (fig. 16). This was dorne in quadruplicate.
Fetuin-agarose 1451-labelled pT was used to probe two
blots and 1477 cholor; Loxin was used *o probe the other
two. Ten thousani fold molar excess fetuln was added to
one blot for each of the toxins to determine whether\ir
would be able t inhibit lipid-toxin interactions. ﬁhﬁ
autoradiograms of the dot’blots showdd that the cholera
toxin®binds well to the samples containing GM1 and to
the purified CHO cell lipids but pertussis toxin failed

to bind at all to any of the lipids.. The cholera toxin
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Fraure 15, Cross lirvany PT te e eptors o yn CHT and Vero

celles 19T radiolarelled croce linker S was reacted
with PT and the mixture aprliei to monolayers »of CHO and
vero celis at 4°0 :u the dark tnoduplicate . The cells
were then washed hetore QXposure to remove unbound PT
and then exposed ,'L—(S’ nltraviolet light (366 nm) for 10
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then dried and subjected to autoradiography.
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Figure 16. Comparison of the abilities of 1251 PT and
1251 CT to bind to ganglioside Gy; and CHO cell lipids.
CHO cell lipids were purified as described in Materials
and Methods. CHO cell lipids and ganglioside Gyj were
"spotted onto cellulose-coated' plastic. sheets in the

positions ~indicated in the figure. The cellulose sheets

were then incubated in a 3% BSA solution plus or minus

fetuin. 1251-pPT or 1251-CT was then added to the
cellulose sheets while incubating in the BSA. The
concentration of fetuin used was 10,000 fold molar
excess in relation to the amount of 125I1-%oxin used. The
toxins were incubated.with the cellulose sheets
overnight and then washed to remove unbound toxin. The
sheets were dried and autoradiography was performed for

48 hours. %
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binding to Gm; is also only slighty inhibited in the

/
/

presence of fetuin. This result was inlégreement with
the known binding affinities of CT quffetuin and Gy
(33). This expériment strongly indicggés that pertussis
toxin does not use glycolipids as féceptors in the CHO
cell system.
3.2.5 Pertussis Toxin .Affiqify' Chromatography:
1251 surface labelled QHb cells which had been
soldbilzed in 0.1% Triton XElOO was applied tb three
columns consi§ting of 1),f100 Hg of pertussis toxin
covalently attached to activated CH Sepharose 4B, 2) 100
Lg of wheat.germ agglutinin . covglently attached to
agarose beads and 3) a column consisting of activated CH
Sepharose 4B treated with 0.1 M ethanolamine for 1 hour
to destroy the activated ester groups. The wheat germ
agglﬁtinin was uéed to determine whether this lectin had
a similar affinity for the same proteins in CHO cells as
pertussis toxin. The bound material was eluted off using
50 mM diethanolamine pH 11.5 with 0.1% Triton X-100. The
resulting autoradiogram (fig. 17) shows that there are a
number of proteins that bind to all three ~olumn types,
pertussis toxin, WGA, and Sepharose. What is significant
though, is that there are predominatly 2 PT-binding

species. The lower molecular weight ©protein is

‘approximately 66,200 daltons. The molecular weight of

<x
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Figure 17. .Comparison of 1251 surface labelled and
solubilized CHO cells,b eluted ‘from two PT affinity
columns, a WGA affinity column and a fetuin-agarose
column. Oﬁe hundfed Hg of PT was attached to activated
lSepharose 4B. One hundred Mg of WGA and 100 ug of fetuin
was»rattached to agaroge. An equal amount of
radioactivity was applied to all four columns. Binding
to PT took place in the presence of 10 mg/mL fetuin in
the column marked (ﬁgr'Binding to the remaining columns
t‘ook place in the absence @®f fetuin (-). The bound
material was eluted with 50 mM diethanolamine, pE 11.5.
The eluted fractions were dialyzed and dried. Laemmli
sample buffer was added and the fractions were subjected
to SDS-PAGE using a gradient gel system of 7.5% to 15%.
The gel was dried and autoradiography was then

performed. The molecular weights at. the left of the

figure ,indicate positions of standard proteins. The._

2SQ,OOO and the 240,000 dalton protein standards are the
« and B spectrin bands from human erythrocytes (86).
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the larger protein can not be determined accurately
because it 1is higher on the gel than the highest

molecular weight standard.
3.3 ADP-RIBOSYLATION STUDIES

3.3.1 Chinese Hamster Ovary Cell Assay for PT
_Activity: ‘

When PT is radiclabelled in the presencé of fetuin,
it's binding activity is maintained in the CHO cell
system. In addition, fetuin-protected PT caused the same
bidlogical'effects in CHO cells as untreéted toxin.
These data demonstrated that the fetuin-agarose
diodination procedures had not altered the tyrosine

v

residues critical for binding to goose erythrocytes or

4

CHO cell receptors, but gave no indication of the

11

integrity of the toxin's ADP-ribosyltransferase

activity. Toxin that was labelled via the iodogen of
chloramine T procedures with bindiné activity
compromised (unprotected) did not induce any visible
morphological change upon the CHO cells.-This left me
with two possible explanations for 1257-p7 activity in
CHO cells. Either (1) PT activity is detérmined directly
by the binding of pertussig toxin to the CHO cell

receptors or (2) the A-protomer is responsible‘for CHO

g



cell activity as suggested by Burns et al. (20) but
still reqtiires active B oligomer fo: binding to CHO
,cellg‘.a5d< aflowing the A protomer to enter the
Cytoplasm. These two possibilites were further explored
by examining the ability of native and iodinated
pertussis toxin to ADP-ribosylate GTP binding proteins.
3.3.2 PT Mediated ADP-Ribosylation of Rat C6
Glial Cells:

C6 rat gliai cells were choosen as a substrate
system for the PT-mediated ADP-ribosyltransferase assay
because Katada et al.(79) demonstrated that peftussis
toxin is able to ADP-ribosylate a 41,000 dalton protein

in  C6 rat glial cell membranes. Crude membrane

preparations were prepared according to Materials and

Methods. These were then ADP-ribosylated with increasing

concentrations of pertussis toxin to determine the
sensitivity of the assay. The lowest concentration of PT
tested was 2.5 pug/mL (fig. 18). The sensitivity 1is
beyond this as determined by the intensity of the ban&s
on the autoradiogram. These concentrations of PT were
not sensitive enough because the maximum concentration
of 125I-PT obtained from the iodination procedure was 1.5
ug/mL..To increase the sensitivity, I purified the C6
glioma. membranes by centrifugation onto a sucrose

cushion. This enabled me to detect less than 0.1 pg/mL

97



pg/mL of “T

2.6 2.8 1.0 1.0!.0!.01

0
4
5

-’3*

41,000»

RN
?"
) ¢

2 e Fa

< W»«ﬂm

Y

4

Figure 18. Comparison of PT- -mediated ADP- ribosqutlon of
crude and sucrose cushion purified C6 glloma cell
membranes. Crude (C) and sucrose purified (P) cell
membranes were used as substrates for the reaction
described in the Materials and Methods. The reaction
time was one hour and the concenﬁration of membrane
protein used was 1 mg/mL. After the reaction, the
samples were subjected to SDS-PAGE and autoradiography
was performed for a period of 24 hours. The substrate
ADP-ribosylated had a mw of 41,000. The concentrations
of PT used are indicated at the top of each lane;
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of PT (fig. 18). Nonetheless, even with increased

. ~

sensitivity, I was still unable to demonstrate ADP-
ribosylation activity in 123I-PT. Subsequently, the
problem was trdced. to the presence of Mg** ions in 1251-
PT (fig. 19). Four molar Mg*t was used to elute 1251-pT
from the fetuin—agar@sé. The final concentration of)Mg
in the ADP-ribosylation assay‘mixture containing 1251-pT
was 30 mM. Examination of figure 19 revealsl the
inhibitébry gffect 30 mM Mg** had on the AD?—
ribosyltransferase activity of native PT. Dialysls was
used to reduce the concentration of Mg*t in 12571-p7T
preparafion. However, the dialysis procedure resulted in
the loss of PT activity. This may have been due to 1257-
PT aggregation or binding to the dialysis tubing. EDTA
was also usdd to try and chelate the Mg** in the 1251-pT
preparation. Unfortunatlely, this was also unsuccessful.
It was therefore clear that an alternate way would have
to be found for eluting 125I-PT from fetuin-agarose. A
more sensitive assay would allow me to dilute the Mg*+
to levels «which would not interfere with ADP-
ribosylation. ADP-ribosylation of transducin was found
to be much 'more sensitive than the C6 glioma cell
membranes. In the transducin ,assay, ‘the minimum

concentration,of PT tested was 10 ng/mL (fig. 20). The

sensitivity of this assay clearly extends beyond this
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Figure 19. Effect of Mg on the PT-mediated ADP-
ribosylation of sucrose cushion purifféd Cé glioma
membranes. Reaction mixtures with and withouu MgCl, were
compared to determine the extent of inhibition caused by
Mg. The concentration of MgCl,; used in the assay was 30
mM. The reaction was carried out as described in
Materials and Methods. The samples were subjected to
SDS-PAG:Z and autoradiography was performed for a periodg
of 48 hours. The concentrations of PT used are as

indicated.
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Figure 20. ADP-ribosylation of transducin. The « subunit
of transducin was ADP-ribosylated by decreasing
concentrations of PT. The reaction was carried out as
described in Materials and Methods. The samples were
subjected to SDS-PAGE and autoradiography was perf?rmeé.
The a subunit of transducin (39,000 daltons) which is

ADP-ribosylated by PT is indicated by the arrow.



value. Since greater quantities of transducin than C§

membranes co&’d be prepa}éd, the remaining ADP-

dies were performed with transducin as

3.3.3 D ,“ a§ion of Optimal Eluent For

rero «f.}

Since Mg 1nh'"

‘ffrom Fetuin-Agarose:
ted PT mediated ADP-ribosylation of
the 41,000 dalton protein 'in C§ glioma cells, an
alternate procedure for eluting 1251-pPT from fetuin-
agarose was needed. Of all reagents examined,
diethanolamine (pH 11.5) appeared to be the best (fig.
) e
21) . However, it was imperative fto neutralize the pd\of
the solutions immediately after elution from fetu;n—
agarose to avoid inactivating the PT. NaSCn and ZnCl»
were found to completely inhibit the reaction under the
conditions tested and the other cations, were
intermediate between zn** and Mg**. Further experiments
were performed to investigate the inhibitory effect of
Zn. ZnCly; was found to inhibit the reaction between
concentrations of 10 UM and 1 mM (fig. 22).
3.3.4 Determination of the Number of Moles of
32p NAD 1Incorporated per Mole of Transducin ;ia
PT Mediated ADP-Ribosylation of Transducin:

To be certain that the transducin assays accurately

reflected the concentration of aetive PT, the time
\
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Figure 21. Determinatsion of the effect of wvarious
solutions on the ability of untreated PT to ADP-
ribosylate transducin. The solution that had the least
inhibitofy effect (diethanolamine) was then used as the
eluent <for removing 1257-pPT from fetuin-agarose. The
concentration of native PT was the same in each
.experiment. The concentration of each substance was
determined by the dilution required to deliver the
required amount of PT to the reactions. After one hour
at 30°C, the amount of 32p NAD incorporated into
transducin was determined and expressed as mole/min/ug
of PT (10712) . Each chemical was tested in duplicate. The

error bars represent the standard deviation of the mean.
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Figure 22. Effect of 1ncreasing concent rations of ZnClo
onvthe ability of 100 ng/mL PT top ALl ribosylate 100
Hg/r transducin. Increasing amounts of znClz were added
(in duplicate) to the ADP-ribosylation assay mixture
prior to initiating the reaction. The reaction was then
allowed to occur at 30°C for 1 hour after which the
proteins were precipitated with TCA, washed and then
solubilized in 10% SDS. The counts were determined and
expressed as a percentage of ADP-ribosylation by native
toxin. The errcr bars represent the standard deviation

of the mean.
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course of the reaction was investigated at a Ximum PT
concentratipn of 100 ng/mL. EUhder the reaétion
©'conditions chosen, the reéction failed to reach
equilibrium after 120 hinutes (iig. 23) . After one hour
10.79 x 1073 moles of 32P ADP-ribose was incorporated per
mole of transducin. This is far beléw the 1f1 molar
ratio expected if all available ADP-ribose acceptor
sites had been utilized (transduain molecg}e only has
one ADP-ribosylation site for pertdssis thin) (36,146) .
Therefore, with a react;on time of 1 hosg at 100 ng/mL
¢

of PT the reaction rate was not limited by the number of
available ADP-ribose acceptor groups. Any changes in
activity iifserved in thé 1257_pq would gherefore
accurately reflect the ADP—ribos?ltransferas; activity
of PT present in those préparations.

3.3.5 Effecg of Iodogen and Chloramine T
Radiolabelling on’ Enzymatic Activity of fThe iA—
protomer of Pertussis Toxi?{

As can be seen by the results shown in figure 24,
qeither iodogen, a. mild iodinating reagent, nor
chloramine T, a harsher iodinating reagent,  had any
significant effect on ADP-ribosyltransferase activity.
Further, ADP-ribosyltransferase qgtivity appeared to be

retained even when binding activity was destroyed by

conventional iodination procedures as demonstrated by

[N
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Figure 23. A. Effect of concentration of PT on the rate

LY
of ADP-ribosylation of the & subunit of transducin. An

ADP-ribosylation assay using transducin was carried out

in triplicate as described in the Materials and Methods.

The conce: *ion of PT used&was 10, 100, 1000 ng/mL.
The reac v me was one hour. The reaction was halted
with 10% ad the moles of NAD incorporated per 100

Hg of transducin was determined. B. Calculation 'of the
number of moles of 32P NAD incorporated per mole of
transducin as determined by the ADP—fibosylation of
tranducin by PT. An ADP-ribosylatin reaction was carried
out as described in A. The concentration of PT used }n

the assay was 100 ng/mL. The error bars for both figures

represent the standard deviation of the mean.
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Figure 24. Effect of different P7 :iodinating techniques
on‘the ability of PT to ADP-ribosylate transducin and
agglutinate goose erythrocytes. :c:r different methods
were used to iodinate PT (iodinate of protected PT by

iodogén or chloramine T and iodination of unprotected PT

by iodogen or chloramine T). The -oncentration &f I-PT

was determined by the heamagglutina ion titre of goose
erythrocytes (stippled columns). For unprotected 125I-pT
in which no heamagglutination was detectable, the
specific activity was used to determine a toxin
concentration. The 1251-pT wa; then used at a uniform
concentration, in an ADP-ribosyaltion assay of
transducin as described in the Materials and Methods.
The reactions were repeated 5 times and the counts
converted to percent enzymatic activity (cross hatched
columns). The error bars represent the standard

deviation of the mean.



111

mmmBmmOHcmwnmﬁwoa Titre

_.,lw
TN

A3tatiovy oTjewhzum o g

pa32830axdun

I BuTweIoTyo

paajoajoad

I SUTWRIOTYD

| ©®302303dun usboporT

va308301d usboport

uTxX03 pajesIjun
1

Toxin Type

»



\' 112
\

the loss of hemagglutinating activity. This indicated that,

unlike the B oligomer which possess tyrosine residues 1in

critical areas of functional domains required for binding,

the tyrosine residues in the A protomer are probably not in

the critical functional regions required for ADP-

ribosyltransferase activity.
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DISCUSSION

4.1 PT-Receptor Binding Studies:

In this thesis I have used Western blotting and a
PT affinity procedure to investigated receptors for PT
in goose erythrocytes and chinese hamster ovary cells.
PT receptors in other cell syétems have not been
identified although a number of serum glycoproteins have
beéen shown to have an affinity for PT. These include
fetuin, Ceruloplasmin, -1 acid glycoprotein and
haptoglobulin (6,7,41,64,143)L Although the study of
receptors for PT is incompiete, a more advanced
understanding of the structural components responéible
for binding of PT has been achieved.

In an elegant series of experiments, Nogimgri et
al. (114) demonstrated that PT may conmtain at least two
binding sites loca&ed in the B subunit dimers. This was
accomplished thf%ugh acetamidqtion and. reductive
methylation. g;huctivé methylation of dimer 1 had no
effect on PT mediated goose hemagglutination or
mitogenesis in the mouse lymphocyte system. 1In contrast,
. reductive methylation of dimer 2 destroyed mitogenic
activity, although the goose hemagglutination activity

remained unaltered. More evidence supporting the role of

dimer 1 in binding to goose erythrocytes was provided by
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a monéclonal antibody obtained against an epitope on
subunit Sz of dimer 1. This monoclonal antibody
effectivly inhibited PT mediated hemgglutination of
goose erythrocytes (3).

Dimer 1 was also found to play a more important
role than dime* 2 in the transmembrane insertion of the
A protomer. ‘This was directly demonstrated by the
binding of PT to adipocytes and subsequent glycerol
release due to ADP—rgbosylation of Gi of the adipocyte
adenylatge Cyclase system (114). Both dimers bind to
adipocytes, however dimer 1 was more potent than dimer 2
in suppreSsing glycerol release mediated by whole PT.
Therefore, it was concluded that monovalent binding of

PT to adiPocytes via dimer 1 was sufficient for the

transmembrane insertion of the A protomer. /
d

The Studies reported in this thesis have advanc
our understanding of receptors for PT. Goose erythrocyte

and CHO cell recept.:rs identified in the PT affinity

chromatography expe- © w~ere .identical to the
glycoproteins to w: bound. This was not
surprising because it reviously demonstrated
that PT, like WGA, bin. : .eins containing GlcNAc
or NeuNAC determinants r*!ugh the results >were
inconclusive, PT and w&&#bound to similar proteins

”~

in the waStern blot experiments. PT may o 4 binding to

. #
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the goose erythrocyte glycoproteins in the affinity

chromdtography and western blot experiments via dimer 1
since this is the component of P& which is responsible
+for hemagglutination (114). 1In addition, the same
surface labelled components of CHO cells bound to PT and
WGA affinity columns. Since it has been suggested that
PT is binding to the glycoprotq}ns in goose er;throcytes
via dimer 1 and that WGA binds to the same glycoproteins
in both systems, it is possible that PT 1is binding to
EE? cells via dimer 1 interaction&with glycoprotein
receptors. The CHO cell system may be analogbus to the
adipocyte system in which monovalent dimer 1 binding is
sufficient for transmembrane insertion of the A protomer
(114) . ’

Because WGA and PT bind to the same glycoproteins
in CHO cells, it can be conchded that these proteins

contaih GlcNAc or NeuNAc moieties. This is further

- supported by previous experiments in which

.
]

nitrocellulose filters containing CHO cell lysates were
treated with sialidase and then incubated with pertussis
foxin followed by !23I-labelled anti-pertussis toxin.
Removal of sialic acid resulted & 1loss of binding
activity of the receptor glycoproteins in CHO cell
lysates (18). However, GlcNAc or NeuNAc carbohydrate

determinants cannot be the only factor determining the
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binding of PT to these cells otherwise fetuin would have
,been able to compete for PT in the CHO cell-fetuin
inhibition_asséy. There»must be other factors besides
the oligosaccharide structure which is involved in
determining the relative affinities of these receptors
for PT. The secondary structure of the glycosylated
protein, the number of branches in the oligosaccharide
stfuctures, or the number of glycosylation sites on the

glycoprotein itself may all play an important role in~PT

. \
binding (7).

Because of the similarity in the binding
specificity between PT dimer 1 and WGA, I thought it
would be interesting to examine the known amino acid

sequences of the binding subunits of PT and the amino

acid sequenée of WGA (figqg. 25) . When the sequences of So
and S3 were aligned with WGA, very little homology was
found. However, if only the amino acids responsible for
WGA binding activity were considered, subunit S, has a
higher degree of similarity than Sy to WGA. In subunit
Sz of dimer 1, 4 of the six amino acids are closely
matched with the binding amino acids in WGA. In
contrast, subunit S5 of dimer 2 has only one amino acid
closely matching one of the binding amino acids of WGA.
This i surprising since subunits S; and S3 are 70-80%

homologoi1s. The matching amino acids in Sy may be
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Figure %5. Amino acid sequence segments ot PT-S», PT-S3
;hd WGA. The boxed in amino acids in the WGA sequences
represent the amino acids responsible for WGA binding
(153). Five residues flanking either side of these
residues are also shown. The circled amino acids
represent the same residues from PT subunits S; and S3
that were glose to thcose involved in WGA binding when

the total sequences of all 3 proteins were aligned for

maximum homology.
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PTso Ala Asn Lys Thr Arg Ala Leu Thr Val 32
WGA Gly Met Gly Gly|Asp| Tyr Cys Gly Lys 33
PTsgy Ala Asn Lys Thr Arg Ala Leu Thr val 32
PTs; Trp @ Ile Phe Ala Leu Tyr Asp Gly 60
WGA I

Asn His Cys Cys|Ser|Gln Tyr Gly His ¢

PTs,y Gly Thr Thr Leu Gly Gln Ala Tyr Gly 68
PTs, Leu Gly Gly Glu(Tyr)Gly Gly val Ile 71
| I
WGA Phe Gly Ala Glu|Tyr] cys Gﬁy ?la ?ly 77
|
PTs3 Lys Asp Ala Pro Pro Gly Ala Gly 79
PTs, Arg Lieu Leu Ser Ser Thr Asn Ser Arg 118
WGA Gly Leu Gly Ser|Glul Phe Cys Gly Gly 119
PTs, Arg Leu Cys Ala Val Phe Val Arg Asp 127
PTso Lys Tyr Trp (Ser) Met Tyr{ Sep Arg Leu 149
WGA Asn Tyr Cys Cys |[Ser|Lys Gly Cl;ly Ser 152
PTss Leu Tyr Met Ile Tyr Met: Gly 160
(\
PTs>H Met Leu Leu Ile@ Val Ala Gly 160
WGA -Ile Gly Pro Gly|Tyr|Cys Gly Ala Gly 163

PTs; Va. Arg Val His val Ser Lys Glu Glu 171
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important for the lectin-like binding properties of
dimer 1. It should also be noted that two of the amino

¢

acids responsible for binding of WGA are tyrosigi

residues, which are closely matched tb two tyrosines in
the S; subunit. These may be the tyrosingg that, if not
protected during radioiodination, become radiolabelled
compromising the binding of WGA and PT. It is important
to identify amino acids in pertussis toxin that may be
respopsible for binding of the toxin since it is these
amino acids that could be wsed as targets for site-
specific mutagensis studies.

The second class of PT binding is multivalent.

Unlike monovalent binding, PT multMvalent binding 1is

thought to involve both dimers. As scussed early, only

methylation of dimer 2 destroyed the toxin's ability to
stimulate mitogenesis whereas metNylation of dimer 1 did
rot (114) . This must not be taken to mean that only
dimer ? mediates mitoqgenesis. Neither dimer 1 or dimer ?2
by themselves are able to stimulate mi;ogenesis (llh),
This 1indicates that multivalent binding of PT to
;qceptors on the lymphocyte is necessary for
mitogenesis. Multivalent binding may occur if both dimer
1. and~dimer 2 bind to two different types of lymphocyte
receptors or it may be the result of agg}egation of PT

4
resulting in two or more copies of dimer 2 being present



to cross-link transmembrane lymphocyte glycoproteins.

(fig. 26) (114,141).

The involvemeAt of dimer 1 in mitogenesis 1y
: y- | |
suggested by a turther comparison between WGA and FT.
- . S .
Both WGA and PT have -+ he ability to  sthimnlate
/
mitogenesis in T celld. However, the exact mechaniom o
which WGOA st imulates mit genesys ot T ¢el
LN
completely understeod and whether ar®not 3t can ewven b
classified as a classical mitogen 16 a matter ot
controversy (19,449,143) . i
»

Future experiments may involve the different ial

. nl . .
elution of %1 surface-labelled detergent-solubilize

i
CHO cell membranes from the 7 Sepharose columns. By
eluting the column with tetuin and then with 50 @M
diethanolamine, receptors with a higher dfti:ity *han
fetuin can Le tdentified. Also, the 1o reasend

sensitivity of chymotrypsin-treated gJoose erythroacytes
to PT-mediated agglutination should bhe examined at  *he
receptor level using PT-Sepharose attinity ~olumns. 1@
v
would be interesting to see if <Y1 gurface latelled,
detergent solubllized-chymotrypsin treated googe
erythrocytes gave the same PT receptor banding pattern
¥

as the untreated goose erythrocytes.

Future research may also involve the peptide

sequences in subunit S, which are involved in binding
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Figure 26. Diagrams illustrating 2 possible methods by
which PT may bind to lymphocytes resulting in cross-—
linking of glycoproteins and stimulation of mitogenesis.
In A. lymphocytes may contain récebtors for both dimer 1
and dime: 2 as illustrated, or it may contain receptors
for both dimers:.In A., mitogenesis results from the
cross-linking of receptors for dimer 1 and dimer 2. In
- B., only dimer 2 receptors need to be crosslinked to
stimulaté mitogenesis. Since each PT molecule only
contains one dimer 2, crosslinking _resulﬁs from

aggregation.
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activity. The'sequences related to WGA are candidates

for thié. These could be used in binding competition
/’assays or used to obtain antibodies to be utilized in

binding compefition experiments. Sﬁill further work may

involv%lsite—directed mutagensis experiments in which

the amino acids identified in figure 25 are substituted

for different amino acids and then examined to see if

the toxin is. still capable of binding to receptors.

4 i- ADP-ribosylation Studies:

As discussed in the introduction, PT has the

ability to enzymatically catalyze ADP—ribosylation of

the inhibitory o subunit of the adenylate cyclase system

and the @ subunit of transducin. It is believed that the
morphological changes induced by PT on CHO cells is a
result of PT mediated ADP-ribosylation of a 41,0QO
dalton protein believed to be‘the inhibitory o subunit

of adenylate cyclase (20). PT radiolabelled with 12571
without protection of the binding sites, cannot induce a
morphological‘change in CHO celis. However, if the

> binding sites are protected by fetuin-agarose before
radidlabelling, the toxin is able to bind to éﬂ} cells

1;’ and iqdyce Ehe morphological change (6). Although this
demonstrated the lability of the binding activity of the

B oligomer the effect of iodination on the enzymatic

activity’pf the A protomer was unknown. As previously

X
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discussed, both cholera toxin and pertussis toxin ADP-
ribosylate a regulatory component of the adenyléte
‘pyclase systeﬁ. Cholera goxin ADP-ribosylates Gs and

pertussis toxin ADP-ribosylates Gi. Even though these

two toxins enzymatically alter different proteins in .#

this system, the net effect is the same, an increase in
. 4
CAMP levels in the cell. However, when either of these

Ltwo toxins are incubated with CHO cells, two cﬁfminct
morphological changes are seen. CT causes the CHO c4)l
to become elongated and spindle shaped whereas PT causes
a clumping morphology to predominate. If the net result
of incubation of CT or PT with CHO cells is an increase
in intracellular cAMP due to toxin mediated ADP-
rib'tibn, then wh’y should two different
morpho¥ogical differences be seen? One possible answer
1s that the B ol%gomer may also play a role in altering
CHO cell morphology by these two toxins. The B‘oligomers
show a difference in binding, CT binds to ganglioside
GM1 whereas PT binds to glycoproteins. This difference
in binding may result in the altered CHO cell
morophology. Other evidence which suggests that
enzymatic activit§ is responsible for altered CHO cell
morphology is provided by Burns et al. (20) in which it
was shown that alteration of CHO cell morphology

parall :led ADP-ribosylation of a 41,000 dalton protein.
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I sought to provide more direct evidence by using the
fetu1n agarose protected radlolodlnated PT. It had been
previously demonstrated thag this toxin still retained
the ability to alter CHO cell morphology (6) but it was
uncertain if the 1257-prT still possessed an unaltered A
'protomer.‘If it did not, then CHO cell activity could be
attributed to the B oligomer only. If the A protomer was
unaffected by thé radioiodination then it would not be
possible to assign CHO cell activity only to the.E
oligomer. Also, if enzymatic activity was still
functional, was it because of the protection afforded
. the toxin by the fetuin—agafose Oor was it because the A
proéomer was simply unaffected by 12517 Direct evidence
for this was only'obtaineg by using an assay system in
which the enzymatic activity of the A protomer could be
measured regardless of the condition of the B oiigomer:
Two systems were explored as possible candidates which
fit thié criteria, the adenylate cyclase system of rat
,

Cé glioma cells and the G-protein transducin obtained
from the bovine visual excitation system. |

C6 Rat glial tumour cell membranes (C6 membranes)
were the first source of G protein used. C6 glioma
membranes possess a 41,000 dalton membrane G protein
which is ADP-ribosylated by PT (76,78,79) . Moreover, the

C6 membrane protein has the same molecular weight as a
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protein recently found in CHO cells which can also be
ADP-ribosylated by pertussis toxin. Conceivably, these
two protéins are the a subunit of the inhibitory arm of
the adenyiate cyclase system in these two cell lines.
First attempts at using C6 glioma membranes as a source
of G protein for ADP-ribosylation by radiolabelled PT
were unsiiccessful. The major problem was the inhibitory
effect céused by the presence of MgCly; in the
radiolabelled toxin preparation. |

Because of this problem, it was decided to try and
increase the sensitivity of the assay by further
purifying tHhe membranes on a sucrose cushion. By adding
this extra purification step, I was able to increasekthe
sensitivity greater than 250 fold (fig. 18). However,
even with this increaseq sensitvityvthe MgCl,; still
inhibited the reaétion at gﬁe concengration in which the
1251 PT would be suspended in.

As mentioned earlier, transducin is a GTP binding
protein of the retina which can be used as a substrate
for PT mediated ADP-ribosyltransferase (36,138,146) . -The
A protomer of the toxin catalyzes the ADP-ribosylation
of the « subunit of transducin in a direct
stoichiometric reaction. Althgugh the transducin assay
was able to detect as little as 10 ng/mL of PT, the

reaction was severly restricted by the presence of Mgtt

1
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used to elute 1257_pr from fetuin-agarose. A series of
other substances were examined to determine ?ﬂ"hgggrnate
elution buffer. Diethanolamine was found tg\affect the
reaction the least provided neutrhlization of, pH took
place immediatly whereas ZnCl, and NaSCn completely
inhibited the reaction under the conditians tested. The
ZnCly, proved interesting in that it had not been
previously known that Zn*t was an effective inhibitor of
PT mediated ADP-ribosyltransferase activity. Further
studies showed that it was able to inhibit in the UM
range.

Using diethanolamine instead of MgCl, jJi the
élut;on buffer, I was able to demonstrate the ability of

1251 PT, 1labelled on fetuin-agarose and via the iodogen

¢

procedure, to ADP-ribosylate the « subunit of
transducin. .PT radiolabelled without fetuin-agarose
protection was also enzymatically active in this assay.
It would therefore seem that, unlike the binding sites
in the B oligomer, the A protomer 1is unaffected by
radiolabelling. Since I wished to generate PT which
contained full binding activity but no ADP-
ribosyltransferase activity, I used chloramine T to
determine whether a harsher iodinating reagent would
destroy the ADP-ribosyltransferase activity of the &

protomer. The chloramine iodination redction however had

‘
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little effect on the A protomer's enzymatic activity.
The same results were obtained whether toxin was
protected with fetuin-agarose or mot. It would seem then
that the crucial biologically active sites of PT which
are sensitive to radiolabelling are locatéd in the B
oligomer's receptor binding sites and that the A

protomer is resistant to the iodination reaction.
V4

Future experiments may involve site-directed

mutagensis on the $S; subunit as was proposed for the
subunits of the B oligomer. Aminp acids in the §;
subunit that can be considered as prime targets are
those that exhibit homology to the cholera toxin A
subunit and the E.coli LT A subunit (87) . Because of the
homology between these three ADP-ribosyltransferase
toxins, it is suspected that these are tHe amino acids
which may be functionally responsible for enzymatic
activity. Recent eéxperiments using site-directed
mutagensis have alréady shown that the Qubstit';ution of
amino acid arginine-9 in the S1 subunit of pertussis
toxin results in loss of NAD glycohydrolase activity and
ADP~ribésyltransferase activity. Also, monotlonal
ant ipbodies direcped against this region still bind
indicatihg that a wvaccine containing a genetically
alterel 1inactive S; subunit would be suitable in

providiig protection against the disease (87). The
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inhibitory activity of zinc cou{h alsq@ be examined in
greater detail. It would be interesting to determine if

cholera toxin and LT mediated ADP-ribosylation can also

be inhibitéd by zn*t.

5.0 CONCLUSIONS

In the first and second part of this thesis, I have
identified receptor species for PT in both goose
erythrocytes and CHO cells. These receptors are protein
in nature containing GlcNAc or NeuNAc determinants which
are involved in PT binding. These receptors may also be
binding to the same dimer, dimer 1. Also, identification
of a potentially important sequence homology in PT S5
subunit with WGA was found. In the fhird_part of the
thesis I have determined optimal conditions for 1251 prT
mediated ADP-ribosylation at low toxin concentrations.
Also, Zinc at KM concentrations has been found to have
an inhibitory effect upon PT mediated ADP-ribosylation.
The ADP—ribog&lation studies have demonstrated that,
regardless if PT is protected or unprotected by fetuin
during the radiolabelling procedure the S1 subunit is

still able to ADP-ribosylate transducin.
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