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INTRODUCTION
The elucidation of the cellular mechanisms of action of the

bacterial protein toxins remains a complex problem, as
evidenced by the wealth of current and often contradictory
literature. Some general patterns have emerged, however,
indicating that these toxins may be conveniently classified as
either membrane damaging (phospholipases, hemolysins,
lysins, etc.) or intracellular acting. The latter are the subject
of this review and seem to share a common mechanism of
action involving (i) binding to specific receptors on the
plasma membranes of sensitive cells, (ii) internalization or
translocation across the membrane barrier, and (iii) interac-
tion with an intracellular target. Although these three steps
are closely interrelated, it is the purpose of this review to
consider the internalization and intracellular activity stages
of toxin action. The reader is referred to a related review
which emphasizes toxin-receptor interactions (40).
The process of toxin binding and internalization (or entry)

appears similar in many respects to that by which protein
hormones and other biologically efficacious macromolecules
interact with cells. Since it seems unlikely that mammalian
cells possess "suicide receptors" for bacterial toxins, a
reasonable possibility is that these toxins parasitize path-
ways for molecules normally taken up by cells. Some
support for this hypothesis derives from the striking struc-
tural similarities between bacterial exotoxins and glycopro-
tein hormones. Both types of molecules display a dichain or
two-component construction: the A or alpha chains possess
the biological activity, whereas the B or beta chains mediate
receptor binding. Researchers have shown that several bac-
terial toxins, including diphtheria toxin (25), Pseudomonas
exotoxin A (24, 108, 220), tetanus toxin (73, 120), cholera
toxin (47), and Shigella cytotoxin (165), are synthesized in
inactive proenzyme form and must undergo proteolytic
cleavage and reduction to release active A fragment. The
structural characteristics and activation mechanisms of indi-
vidual toxins will be discussed in greater detail below. More
specifically, amino acid sequence homologies have been
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demonstrated among the A and B chains of cholera toxin,
thyrotropin, luteinizing hormone, human choriogonadotro-
pin, follicle-stimulating hormone, and, more recently, inter-
feron (105, 157). Such structural similarities suggest similar
uptake and processing mechanisms.

Although the necessity for internalization of certain hor-
mones and growth factors is still in doubt, many of the
bacterial toxins, either as intact molecules or as biologically
active fragments, undoubtedly must enter the cell to reach
specified targets. Obvious examples include diphtheria and
Pseudomonas A toxins, which block protein synthesis by
inactivating a cytoplasmic protein (25, 79); cholera toxin,
which stimulates adenylate cyclase (21, 52); and Shigella
toxin, which acts upon the 60S ribosomal subunit (179). The
protein toxins are, however, relatively large molecules
(diphtheria and Pseudomonas A toxins, for example, have
molecular weights [MW] of 60,000 and 66,000, respectively,
whereas intact cholera toxin weighs 82,000 daltons) and few
precedents exist for the entry of such large molecules into
cells. Among these is the recently described process of
adsorptive or concentrative endocytosis, the means by
which a large number of macromolecules, including low-
density lipoprotein (LDL) (4, 18), epidermal growth factor
(EGF) (20, 60, 193), transcobalamin II (231), insulin (7, 123,
193), alpha-2 macroglobulin (224), triiodothyronine (23), and
Semliki Forest virus (71, 115), are internalized by cells
(reviews of adsorptive endocytosis have been published [54,
174]). The process is receptor mediated and thus is also
known as receptor-mediated endocytosis (RME). It pro-
ceeds via specialized "endocytic organelles" known as
coated pits. Originally described by Roth and Porter (182) in
mosquito oocytes, these structures now have been identified
in nearly all eucaryotic cell types or lines examined. Coated
pits constitute approximately 2% of the normal fibroblast
plasma membrane. The pits are short, usually indented,
membrane segments characterized by an electron-dense
fuzzy cytoplasmic coat, composed primarily of the protein
clathrin (176).

Early, and now classic, studies of endocytosis delineated
the uptake pathway of serum LDL (reviewed in reference
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56). The LDL complex, a primary source of plasma mem-
brane cholesterol, has an MW of 2 x 106 to 3.5 x 106 and is
made up of an outer layer of protein subunits (apoprotein B)
and an inner core of neutral lipid, largely cholesteryl esters.
The molecule binds through the apoprotein B moiety to
specific cell surface receptors, over 70% of, which are
localized in coated pits. After ligand binding, the pits invagi-
nate to form intracellular coated vesicles. The vesicles
migrate into the cytoplasm where they rapidly lose their
coats and fuse with primary lysosomes. Within the lyso-
some, the apoprotein B component is hydrolyzed, and free
cholesterol is released from its esterified form by acid
lipases. The cholesterol migrates freely across the lysosomal
membrane and is eventually found either in association with
the plasma membrane or in a re-esterified storage form in
vesicles. The entire process is very rapid, reaching comple-
tion in 10 to 15 min as determined by serial electron
micrographs.

It now appears that many proteins undergo internalization
in a closely related manner. The receptors for most of these
molecules, however, are not prelocalized in membrane-
coated regions, as in the case of LDL, but are randomly
distributed (225). Studies using fluorescence microscopy
indicate that, subsequent to binding, the ligand-receptor
complexes cluster into coated pits (124). Concomitant phar-
macological experiments suggested that the clustering step is
mediated by transglutaminase, an enzyme that catalyzes
protein cross-linking by the generation of e-(gamma-gluta-
myl) lysine bonds (28, 124). Amines such as ammonium
chloride, methylamine, and dansylcadaverine, which inhibit
purified transglutaminase in vitro, block the clustering and
internalization of these ligands. After clustering into coated
regions, the membrane invaginates to form short-lived cyto-
plasmic coated vesicles. These rapidly lose their coat and, in
uncoated form, have been designated "receptosomes"
(224). The receptosomes move through the cytoplasm by
saltatory motion, reaching the GERL (Golgi-endoplasmic
reticulum-lysosome system) in 15 to 20 min and finally, after
30 to 60 min, fusing with primary lysosomes.

Singer et al. (202) described a mechanism for the internal-
ization of lectins or antibodies against specific cell surface
components. This process, though not mediated by coated
pits and vesicles, does involve an essential clustering step.
Fluorescence studies indicated that the binding of a multiva-
lent ligand results in the cross-linking of receptor molecules
into small clusters and induces the interaction of the cluster
with submembranous arrays of actin- and myosin-containing
stress fibers. The interaction presumably takes place
through some integral membrane protein (designated X) and
results in cell surface patching and capping; invagination and
vesiculation follow.

In contrast to receptor-mediated forms of endocytosis,
cells may also internalize exogenous molecules non-specifi-
cally, via fluid-phase pinocytosis (these processes are com-
paratively reviewed in reference 199). This process, by
definition nonsaturable and low affinity, is inefficient in
molecular transport, though L-929 cells have been shown to
interiorize the equivalent of their entire cell surface area
every 125 min and cultured macrophages every 33 min (204).
Willingham and Pastan (225) describe two types of fluid-
phase uptake, designated macro- and micropinocytosis. The
first, macropinocytosis, involves the folding over of mem-
brane ruffles or blebs onto the adjacent cell surface, such as
to entrap large vesicles of extracellular fluid. Intracellularly,
the macropinosome undergoes repeated attack by lysosomes
("piranhalysis") until it is completely consumed. The more

familiar micropinocytosis involves the pinching off of small
membrane invaginations (caveolae) to form intracellular
micropinosomes, which fuse directly with lysosomes. Nei-
ther macro- nor micropinosomes appear to localize in the
GERL.
An alternative to an endocytic molecular transport mecha-

nism is a direct traversal of the plasma membrane, either by
some receptor-mediated process or by nonspecific hydro-
phobic diffusion. The latter, in view of the substantial size of
most bacterial toxins and protein hormones, seems unlikely
on the grounds of energetic feasibility. There are precedents,
however, for the direct transfer of proteins across mem-
branes. A large number of secretory proteins, including
immunoglobulin light chains (10), the G protein of vesicular
stomatitis virus (82), albumin (208), parathyroid hormone
(64), prolactin (110), and growth hormone (110), are synthe-
sized with short N-terminal or internal hydrophobic "signal
sequences." These allow the protein to penetrate the mem-
brane of the endoplasmic reticulum at specific recognition
sites and direct transfer into the cisternae. After completion
of transfer, these sequences are cleaved by specific intracis-
ternal signal peptidases. Equivalent "signals" are hypothe-
sized to function in the transfer of cytoplasmically synthe-
sized proteins into the mitochondria or chloroplasts.
Among the bacterial protein toxins, evidence exists for a

number of internalization mechanisms. In some cases, re-
sults strongly suggest a receptor-mediated endocytic path-
way. In others, internalization appears to proceed by direct
membrane transfer. Here, however, the concept of "produc-
tive" as opposed to "nonproductive" uptake becomes im-
portant. Productive uptake of toxin (or hormone) molecules
is that which leads to expression of biological activity. In
many instances, vast discrepancies are found between the
number of available cell surface binding sites for toxin and
the number of toxin molecules required to elicit biological
effect, suggesting that many of these binding sites are
nonproductive. As few as 4 to 10 molecules of intracellular
cholera A fragment, for example, can effect maximal stimu-
lation of adenylate cyclase (48), whereas in the case of
diphtheria toxin, a single cytoplasmic A molecule is suffi-
cient to cause cell death (228). Under such circumstances, it
is conceivable that the productive internalization pathway is
a minor undetectable subsidiary of a bulk surface clearance
and disposal mechanism. On the other hand, since the
receptors recognized by toxins are probably reserved for
some other ligand or function, perhaps it is no surprise that
many more molecules are delivered intracellularly than are
required to attain a maximal biological response. A possible
means of addressing this problem involves correlation of
observed morphological and biochemical processes to the
biological effects, under the assumption that, if perturbation
of one leads to perturbation of the other, the observed
process is biologically relevant. Specific instances will be
discussed in detail below.
The intracellular activities of many bacterial toxins are

enzymatic, and, in those instances where the biochemical
events have been defined, the similarities among them are
striking. Clearly, the key term is ADP-ribosylation, that is,
toxin-catalyzed cleavage of endogenous NAD and covalent
attachment of the adenosine diphosphoribose moiety to a
cellular substrate. In some instances (diphtheria and Pseudo-
monas A toxins, for example), ADP-ribosylation inactivates
a critical component of the cellular biosynthetic machinery.
In others (cholera, Escherichia coli, or pertussis toxins),
ADP-ribosylation leads to a marked increase in a cellular
metabolic activity. Although the increase is not lethal to
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individual cells, it has disastrous consequences in animals. It
is evident, however, that it is the expression of enzymatic
activity by the toxins which results in the primary biochemi-
cal lesions.

DIPHTHERIA TOXIN

Diphtheria toxin, the exotoxin of beta-lysogenized strains
of Corynebacterium diphtheriae, is lethal for many animal
species and cytotoxic to a wide range of cultured cell lines
(extensively reviewed in references 25 and 169). Like many

of the bacterial protein toxins, plant lectins, and protein
hormones, diphtheria toxin is a bipartite molecule, com-

posed of a B subunit (MW 39,000) which mediates binding to
a specific cell surface receptor and an A subunit (MW
21,150) which possesses enzymatic activity. For full expres-

sion of enzymatic activity, fragment A must be separated
from B by a process of proteolytic "nicking" and disulfide
bond reduction. The toxin, though synthesized by the bacte-
rium as an intact single polypeptide chain, is nicked by
proteases in the bacterial culture supernatant or, in cell
culture experiments, by enzymes present in the medium
serum supplement.
The biological activity of diphtheria toxin is initiated by a

receptor-binding event: B3oquet and Pappenheimer (14) iden-
tified 4,000 binding sites per cell in HeLa cultures, whereas
Middlebrook et al. (132) found 100,000 to 200,000 binding
sites per cell in the highly diphtheria toxin-sensitive Vero
cells. The toxin-receptor interaction was specific, saturable,
and of high affinity (Kd = 10-9 in Vero cells), and pharmaco-
logical experiments indicated that the observed binding was

biologically relevant. Isolated fragment B, CRM 197 (a
mutant toxin molecule containing a functional B but inactive
B component), or nucleotide triphosphate compounds
blocked both toxin-receptor binding and toxin-induced cyto-
toxicity. Furthermore, in a number of tested cell lines, the
amount of observed toxin-receptor binding was shown to
correlate to toxin sensitivity. Recent work suggests that the
receptor itself is a high-molecular-weight glycoprotein. (For
details, see the related review [40].)

Since the cellular target for diphtheria toxin is known to be
cytoplasmic elongation factor 2 (EF-2), it is evident that,
subsequent to receptor binding, either the intact toxin or a

biologically active fragment must enter the cell. Currently,
two major mechanisms have been proposed for this translo-
cation to the cytoplasm: direct plasma membrane traversal
and RME. The first, originally proposed by Pappenheimer
and co-workers (15, 170, 171), generally involves (i) a rapid,
reversible binding to specific cell surface receptor mediated
by the positively charged C-terminal tail offragment B; (ii) a
slow and irreversible conformational change, which results
in penetration of the phospholipid bilayer by a hydrophobic
segment of fragment B; (iii) the formation of a channel
through which fragment A, in unfolded form, is inserted into
the cytoplasm; and (iv) specific proteolytic cleavage and
reduction to release fragment A from the membrane-an-
chored B chain.

Studies of fragment B structure have had a fundamental
bearing on the direct membrane traversal model of toxin
internalization. Boquet et al. (16) initially showed that native
diphtheria toxin, fragment B, and CRM 45 (a 45,000-MW
premature chain termination mutant of diphtheria toxin
lacking the B fragment carboxyl-terminal tail sequence) all
bound substantial quantities of Triton X-100 after denatur-
ation in 0.1% sodium dodecyl sulfate. This indicated the
presence of sizable hydrophobic regions in all of these
molecules. Fragment A, with or without sodium dodecyl

sulfate treatment, did not bind Triton X-100, nor did undena-
tured native toxin, indicating that the presumptive hydro-
phobic region is masked in the intact molecule. Further-
more, undenatured CRM 45 and the CRM 45 B fragment
inserted readily into Triton X-100 micelles. More direct
evidence for the hydrophobicity of fragment B recently was
obtained by Lambotte et al. (103), using amino acid se-
quence analysis. These studies identified two types of lipid-
associating domains. The first, located in the N-terminal
region of the fragment, is apolipoprotein-like in structure,
with a large polar face, presumably capable of interacting
with hydrophilic headgroups of membrane phospholipids,
and a narrow apolar face capable of stabilizing hydrophobic
interactions with the membrane lipid core. The second
domain, found in the B fragment midregion, is structurally
related to the integral membrane proteins, possessing a large
polar face suited to interact with the phospholipid hydrocar-
bon core. This segment was calculated to be 3.5 nm in
length, the approximate thickness of the membrane phos-
pholipid bilayer, and thus could function as a transverse
domain in a membrane penetration mechanism. The 8,000-
MW C terminus of the B fragment appears to have no lipid-
associating properties and is thought to mediate the initial
toxin-receptor binding event by means of electrostatic inter-
actions.

It has also been shown, using model lipid bilayer systems,
that the insertion of toxin causes channel formation. CRM
45-induced chanrels have been demonstrated in both artifi-
cial lipid bilayers and unilammelar liposomes (192), whereas
Donovan et al. (32) have shown that diphtheria toxin is
capable of forming ion-conducting transmembrane channels
in model membranes. However, the low conductance of the'-
channels formed suggested that channel diameter was only
about 0.5 nm, too small for the passage of fragment A, even
in extended, denatured form. Thus, the observed channels
may not be directly involved in the intoxication pathway, but
may be merely an offshoot of toxin insertion into the
membrane.
Some further suggestive evidence for a direct membrane

traversal internalization mechanism derives from cell line
sensitivity studies. Pappenheimer and Moynihan (173) com-
pared the sensitivities of cultured cells from a variety of
species and tissues to whole diphtheria toxin, CRMs 45 and
197, and isolated fragment A. The cells showed a wide range
of diphtheria toxin sensitivities, with over a 106-fold differ-
ence between the most and the least sensitive types. Sensi-
tivities to the mutant CRM 45, which, as mentioned above,
lacks a portion of the fragment B sequence and thus cannot
bind to the receptor, were low and relatively uniform. The
exception was rat Schwann cells, which were about 10-fold
more sensitive to CRM 45 than any other cell type. A
possible interpretation is that the high lipid content of the
myelinated Schwann cell membrane facilitates the process of
insertion and direct transfer.
Though the direct membrane penetration hypothesis can

by no means be ruled out, many results from recent diphthe-
ria toxin studies are suggestive of internalization by RME.
The RME route for diphtheria toxin, paralleling those proc-
esses described above for hormones and certain viruses,
would involve (i) binding of the toxin to specific cell surface
receptors, (ii) internalization of the toxin (or, more likely,
toxin-receptor complexes) into intracellular endocytic vesi-
cles, (iii) migration of toxin-containing vesicles into the
cytoplasm to fuse with primary lysosomes or other acidic
vesicles, and (iv) release of fragment A or proteolytic
degradation of toxin or toxin-receptor complexes or both.
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Investigations into the binding and internalization of diph-
theria toxin were greatly facilitated after the observation of
Middlebrook et al. (132) that Vero cells, a cultured fibroblas-
tic line derived from African green monkey kidney, possess
large numbers of specific, high-affinity toxin receptors.
These studies were performed with biologically active 1251
labeled diphtheria toxin of high specific activity. At 4°C, the
125I-labeled toxin-cell association increased with time to a
steady state, whereas at 37°C the association was biphasic,
increasing to a peak at 1 to 2 h and decreasing thereafter.
Subsequent work indicated that this biphasic pattern reflect-
ed a progressive process of cell surface binding, internaliza-
tion, degradation, and excretion of degradative products into
the extracellular medium (35), wlth a concomitant cessation
of protein synthesis and inhibition of further toxin uptake
(131). More precise biochemical studies delineated the kinet-
ics of toxin internalization (35). In these experiments, cells
were prebound with 125I-labeled diphtheria toxin at 4°C and
then rapidly warmed to 37°C. At various times after the
temperature transfer, cells samples were treated with a
combination of pronase and inositol hexaphosphate which
removed any toxin still exposed at the cell surface, and the
amounts of releasable (surface bound) and resistant (inter-
nalized) toxin were determined. Analogous methods have
been used to study internalization rates of other bioactive
macromolecules, including LDL (55), alpha-2 macroglobulin
(30), and EGF (2, 20). In the case of diphtheria toxin, the
half-time of internalization was approximately 25 min. Un-
der similar incubation conditions, LDL (55), EGF (20), and
alpha-2 macroglobulin (30) are much more rapidly cleared,
disappearing from the cell surface in <10 min. Platelet-
derived growth factor, on the other hand, is internalized
even more slowly, with a half-time of 1 h (70). As internal-
ization progressed, the intracellular diphtheria toxin was
degraded, as measured by trichloroacetic acid-soluble radio-
activity in the culture supernatant. The amount of trichloro-
acetic acid-soluble radioactivity in the medium increased
with time of incubation at 37°C to a plateau level around 3 to
4 h, at which point 60 to 70% of the original cell-associated
radioactivity had been excreted in degraded form, primarily
125I-labeled monoiodotyrosine.
A number of earlier diphtheria toxin uptake studies have

shown that both sensitive and resistant cells appear to
adsorb and degrade substantial amounts of toxin by an
apparently nonspecific pinocytic mechanism. Boquet and
Pappenheimer (14) found that HeLa and L-929 cells, which
differ in diphtheria toxin sensitivity by nearly four orders of
magnitude, took up 125I-labeled diphtheria toxin at the same
rate and to the same extent. 14owever, after a 5-h incubation
at 37°C, a 10-5 M concentration of diphtheria toxin was
required to reduce protein synthesis in L-929 cells by 50%,
or 2 x 106 internalized toxin molecules per cell. Under the
same conditions, only a 10-9 M concentration of toxin was
sufficient to reduce HeLa cell synthesis by 50%, an estimat-
ed 200 molecules per cell. Since cytoplasmic extracts of
these cell lines have identical sensitivities to the enzymati-
cally active fragment A (as determined by in vitro ADP-
ribosylation assays), it seems unlikely that the observed
pinocytic uptake is biologically relevant.

Similar results were obtained by Bonventre et al. (12) with
HEp-2 and L-929 cells and by Saelinger et al. (183, 184) with
HEp-2 cells and actively phagocytic mouse or guinea pig
macrophages. Both studies supported the view that pinocy-
tic uptake of toxin does not necessarily lead to cytotoxicity.
In the latter study, it was proposed that sensitive cells
possess two distinct and independent mechanisms of diph-

theria toxin entry: a nonproductive pathway in which the
majority of toxin molecules are taken up by nonspecific
pinocytosis and degraded (though a few may occasionally
escape proteolytic destruction); and a productive pathway,
in which a minor fraction of toxin molecules are taken up
specifically, possibly through fragment B-receptor-mediated
direct traversal of the plasma membrane.
Data from other laboratories have further bearing upon the

questioned biological relevance of pinocytic toxin uptake.
Whereas EF-2 extracts from mouse L-929 cells are sensitive
to diphtheria toxin, the intact cells are almost completely
toxin resistant. However, treatment of these cells with poly-
L-ornithine, a compound known to stimulate cellular protein
uptake, markedly increased their sensitivity to toxin (137).
Somewhat similar experiments by Wolstenholme et al. (227)
investigated the effects of hypertonic salt solutions on the
interaction of diphtheria toxin fragment A with HeLa cells.
Though intact cells are ordinarily resistant to isolated A
fragment, in the presence of 0.85 M MgSO4, an inducer of
intracytoplasmic uptake and vacuolation, cytotoxicity was
achieved. Studies with toxin-resistant mutant cell lines also
demonstrate intoxication via pinocytosis. Although the ma-
jority of experimentally generated diphtheria toxin-resistant
cells are EF-2 mutants, resistant by virtue of an altered non-
ribosylatable form of EF-2 (37, 62, 145) (discussed in detail
below), some "permeability" mutants have been identified
(37, 138, 141, 143, 145). Comparisons of the effects of whole
diphtheria toxin and purified A fragment on sensitive KB
cells and permeability-type resistant KB mutants showed
that, whereas the mutants were at least 100,000-fold resistant
to whole toxin, both cell types were equally sensitive to
fragment A (143). Intoxication under these conditions most
likely results from the rare escape of an active toxin mole-
cule or fragment from some compartment of the pinocytic
pathway. Such escapes may occur at best at a rate of 1 in
2,000 pinocytosed molecules (14), though other estimates are
considerably less optimistic. Bonventre et al. (12) calculated
that < 1 in 106 toxin molecules escape the macrophage
phagosome. Nonetheless, the results indicate that pinocyto-
sis may be a viable, though highly inefficient, mechanism for
the productive internalization of diphtheria toxin.

In further studies on this subject, Morris and Saelinger
(147) found that most diphtheria toxin molecules entered
toxin-resistant LM cells through non-clathrin-coated regions
of the plasma membrane and rapidly moved to the lysosome.
This pathway was unlike the entry ofPseudomonas exotoxin
A in the same cell line (LM cells are sensitive to exotoxin A)
(146) or diphtheria toxin in Vero cells. In both of those cases,toxin was seen sequentially in coated pits, coated vesicles,
the Golgi region of the cell, and finally in lysosomes. Morris
and Saelinger reached the conclusion that diphtheria toxin-
resistant cells have a defect in the entry process at some step
between toxin binding and delivery of fragment A to the
cytoplasm. Essentially this same hypothesis was proposed
earlier by Didsbury et al. (31) based on biochemical studies
of labeled diphtheria toxin binding to LM cells.
A primary advantage in the use of the Vero cell system is

the ability to study a receptor-mediated entry process. The
internalization and degradation described, therefore, do not
result from nonspecific pinocytosis, but are direct corollaries
of toxin-receptor binding. Certain drugs or chemicals which
block either the internalization or the degradation step of the
uptake process concomitantly block cytotoxicity, strongly
implying that the observed pathway is biologically relevant.
The plant lectin concanavalin A, for examnple, was shown to
prevent the internalization of diphtheria toxin without inhib-
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iting toxin-receptor binding (133); simultaneously, concan-
avalin A blocked toxicity (38, 133). These results have been
confirmed electron microscopically (134). Early autoradio-
graphic studies (172) were unable to demonstrate the migra-
tion of surface-bound diphtheria toxin into the cell interior.
However, these studies used the toxin-resistant L-929 cell
line and the relatively toxin-insensitive HeLa line, neither of
which is optimal for uptake studies. In subsequent autora-
diographic studies with Vero cells, intracellular toxin was
evident (36). After a 2-h incubation at 370C, >90% of the
silver grains in control cells were associated with the cyto-
plasm, as opposed to 39% in the concanavalin A-treated
sample, indicating a lectin-mediated inhibition of internaliza-
tion. Furthermore, at neither 37 nor 4°C was there autoradio-
graphic evidence for the preferential localization of diphthe-
ria toxin over coated membrane regions. In both cases,
membrane-associated silver grains showed a random distri-
bution over the cell surface. It is possible that this may
explain the relatively slow internalization or diphtheria toxin
(half-time, 25 min) in comparison to LDL, EGF, and alpha-2
macroglobulin, molecules that are known to internalize
through coated pits.
The toxin degradation process observed in Vero cells is

blocked by the lysosomotropic agent chloroquine (107a).
Chloroquine simultaneously protected cells from the activity
of diphtheria toxin in cytotoxicity and protein synthesis
assays. The ability of chloroquine to inhibit degradation of
exogenous proteins has been widely exploited. It has been
shown to prevent the degradation of a large number of
macromolecules internalized by RME mechanisms (re-
viewed in reference 54), among them LDL (57), EGF (20,
99), human choriogonadotropin (5), transcobalamin 11 (231),
growth hormone (75), thrombin (191), insulin (116), and
platelet-derived growth factor (70). Not only chloroquine,
but a wide range of alkylamines, protect cells from diphthe-
ria toxin (34). Ammonium chloride has been found by
several laboratories to be a potent blocker of toxin activity
(36, 83, 98, 130). Mekada et al. (126) showed that diphtheria
toxin-induced inhibition of protein synthesis in FL cells was
prevented by methylamine, ethylamine, n-propylamine, iso-
propylamine, chloroquine, or ammonium chloride; similar
results were obtained by Dorland (34) in Vero cells, using a
wider range of alkylamines and substituted ethylenediamine
compounds. The mechanism by which these compounds
exert their toxin-protective effects remains unclear, though a
number of possibilities will be discussed below.
The lysosomotropic effects of chloroquine and the related

alkylamines are believed to result from the weakly basic
character of these compounds (29). Within the environment
of acidic vesicles, these agents become protonated. The
vesicular membrane is impermeable to protonated forms of
the amines, which thus accumulate to high concentrations
within the organelle. A number of physiological activities
have been attributed to the lysosomotropic amines. Chloro-
quine, for example, is known to increase lysosomal pH (29,
162), induce cytoplasmic vacuolation (163), inhibit the activi-
ty of lysosomal enzymes (notably cathepsin B) (223), en-
hance the fusion of lysosomes with other cellular organelles
(61), and block the degradation of both endogenous (223) and
exogenous (54) proteins. Recent studies also have demon-
strated an effect of chloroquine on the Golgi apparatus (177):
chloroquine treatment prevented the transfer of endocytosed
insulin to the lysosomes and thus enhanced protein accumu-
lation in the Golgi vesicles.

Chloroquine, ammonium chloride, and various amine
compounds have been shown, in addition to their intracellu-

lar effects, to prevent the internalization of certain surface-
bound macromolecules. Among these are alpha-2 macro-
globulin and EGF (124), lysosomal enzymes (185), and the
toxic lectin modeccin (190). There is strong evidence that
these blocks of internalization result from an inhibition of
membrane-associated transglutaminase, and hence, as dis-
cussed above, a block of ligand-receptor clustering before
endocytosis. Such a mechanism does not appear to obtain,
however, in the case of diphtheria toxin. Neither dansylca-
daverine nor bacitracin, both effective transglutaminase and
internalization inhibitors in other systems (28, 122), had a
measurable effect on diphtheria toxin uptake (36). Further-
more, none of the toxin-protective lysosomotropic amines
studied affected the internalization of radiolabeled toxin,
though all, with the exception of ammonium chloride,
blocked toxin degradation (34). Furthermore, in this series of
experiments, ethylenediamine had no effect on either toxin
degradation or biological activity, in contrast to the ethylen-
ediamine derivatives, which blocked both. A suggested
explanation is that a degree of lipophilicity is required for
amine potency, implying an intracellular site of action.
Whereas internalization and degradation of '25I-labeled

diphtheria toxin appeared to proceed normally in the pres-
ence of ammonium chloride, a fraction of potentially active
toxin molecules was maintained in a position accessible to
neutralizing antitoxin for prolonged periods at 37°C (36, 184).
The initial interpretation of such data was that ammonium
chloride protects cells by preventing the internalization of
biologically relevant toxin molecules or that only a small
fraction of toxin-specific receptors are productive receptors.
Experiments by Draper and Simon (39), however, cast doubt
on these explanations. Their work, using V79 cells, showed
that whereas ammonium chloride did maintain diphtheria
toxin in an antibody-accessible position at 370C, this effect
was abolished at 4°C. These results were confirmed subse-
quently in Vero cells, using both ammonium chloride and a
wide range of alkylamines (34). Based on these additional
data, a likely interpretation is that, in the presence of
ammonium chloride, toxin becomes sequestered in intracel-
lular vesicles. Thus, at 37°C, either antitoxin is similarly
endocytosed and neutralizes the toxin molecules intravesi-
cularly or the toxin-containing vesicles are recycled to the
membrane surface, where the antitoxin-toxin interaction
occurs. Precedents for the recycling of intracellular vesicles
to the plasma membrane exist. Schneider et al. (194) have
shown that surface-bound antiplasma membrane immuno-
globulins are returned to the cell surface after internalization
into endocytic vesicles. Furthermore, in recent studies
where inositol hexaphosphate (a compound capable of de-
taching diphtheria toxin from its receptor [35]) was substitut-
ed for neutralizing antibody in the same experimental design,
protection was observed at 37°C, but not at 4°C. Since
inositol hexaphosphate is highly charged and presumably
does not readily enter the cell, these results further support
the idea that toxin contained in intracellular vesicles is
recycled to the cell surface for neutralization. Although
results obtained by Tietze et al. (214) in another ligand-
receptor system indicated that both chloroquine and ammo-
nium chloride block receptor recycling, neither drug affected
the recycling of diphtheria toxin receptors (J. L. Middle-
brook, unpublished data). In any case, at 4°C, presumably
neither endocytosis nor exocytosis takes place, such that
either antitoxin cannot enter the cell or the toxin-containing
intracellular vesicles cannot return to the cell surface. None
of the available data, however, rule out the possibility that
biologically relevant toxin remains on the cell surface in the
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presence ofammonium chloride but, at 4°C, is either masked
or conformationally altered such as to prevent recognition
by antibody.

It is well known that the inactive native form of diphtheria
toxin must undergo proteolytic cleavage and reduction be-
fore the release of active fragment (see above). In vitro
trypsinization is commonly used to activate intact toxin
preparations. It is possible that, in vivo, lysosomal enzyme-
catalyzed cleavage is necessary for the release offragment A
or perhaps larger active fragments capable of both ADP-
ribosylating activity and lysosomal membrane penetration.
An example of such a fragment might be a CRM 45-like
molecule, which possesses both a complete fragment A and
a truncated B segment able to embed in detergent micelles
(16). Such a mechanism may be analogous to that of certain
viral uptake systems. Early reports indicated that the un-
coating of enveloped viruses occurs in the lysosomes of
infected cells (198). A recent study by Miller and Lenard
(136) demonstrated that the infectivity of vesicular stomati-
tis, Semliki Forest, Sendai, and influenza viruses is blocked
by lysosomotropic amines in a manner that does not inter-
fere with their endocytic internalization. The conclusion was
that these viruses were uncoated ("activated") in lysosomes
before cytoplasmic replication. Of interest in this context is
the discovery by Moehring and Moehring (142) that a
number of diphtheria toxin-resistant KB cell sublines were
concurrently resistant to RNA viruses, such as poliovirus,
Mengo virus, Newcastle disease virus, and vesicular stoma-
titis virus.
Some support for a lysosomal activating mechanism for

diphtheria toxin recently was generated by the work of
Middlebrook and Leatherman (135) with rabbit reticulo-
cytes. These cells, which lack defined lysosomes, were
insensitive to intact diphtheria toxin, implying either an
absence of the required "nicking enzyme" or an improper
packaging of this enzyme such that it can no longer interact
effectively with toxin. Protein synthesis in the reticulocytes
was inhibited by nicked diphtheria toxin, and this inhibition
was prevented by ammonium chloride, chloroquine, or
methylamine, though less effectively than in other cell lines.
Whereas the reticulocytes did appear to have some lysosom-
al enzyme activity, both electron microscopic examinations
and sucrose density gradient analyses suggested that these
enzymes were not localized in defined organelles. These
studies thus indicated that lysosomes or lysosome-like or-
ganelles may be necessary for effective activation of endocy-
tosed diphtheria toxin and further demonstrated that the
level of action of the alkylamines is not, or is not solely, at
the nicking or activation step.
Although it is difficult to demonstrate differential sensitiv-

ity to nicked and intact toxins in most cell lines, due to the
nicking activity of proteases in the medium serum supple-
ment, Sandvig and Olsnes (188) recently showed a twofold-
greater activity or nicked toxin in Vero cells in inhibition of
protein synthesis studies. The effect was enhanced when
nicked or intact toxin molecules were introduced directly
across the plasma membrane into the cytoplasm by a tech-
nique to be discussed below. Under these conditions, the
nicked toxin was at least 30-fold more active than the intact
form. Further experiments seemed to rule out nicking at the
cell surface as a means of toxin activation, although no
evidence was obtained for an efficient intracellular nicking
process.
The effects of nicked and intact toxin preparations also

have been compared in cultured cells derived from patients
with I-cell disease, a lysosomal anomaly resulting from a

deficiency of lysosomal enzymes. The speculation was that
these cells might be toxin resistant by virtue of a missing
nicking enzyme. These cells were, however, equally sensi-
tive to both nicked and intact toxin preparations (R. B.
Dorland, unpublished data).
A spectrofluorometric technique devised by Okhuma and

Poole (162) has proven valuable in studying the mechanism
of action of lysosomotropic agents. In these experiments,
cells were allowed to internalize fluorescein isothiocyanate-
conjugated dextran and the relative fluorescence intensity of
the sample was measured before and after addition of the
experimental lysosomotropic agent. Under these conditions,
an increase in fluorescence intensity was taken to reflect an
increase in intralysosomal pH. Since lysosomal proteases
have pH optima in the range of 4.5 to 4.8, enzyme inhibition
at increased pH may be a primary mechanism of action of
the lysosomotropic amines. Recent experiments using this
technique demonstrated that ammonium chloride and the
toxin-protective alkylamines increased the pH of Vero cell
lysosomes by approximately two pH units, whereas related
nonprotective compounds had no pH effect (34).

In the diphtheria toxin system, however, putative lyso-
somal enzyme inhibition at increased pH may be less signifi-
cant than the effect of pH on the interaction of diphtheria
toxin with the lysosomal or endosomal membrane. A persis-
tent problem of the RME model of toxin internalization is the
question of how fragment A (MW 21,150) translocates to the
cytoplasm. Endocytosis indisputably still leaves the internal-
ized toxin inside a membrane-limited vesicle, a lipid bilayer
away from its cytoplasmic target. A possible way around this
difficulty was suggested by the work of Helenius et al. (71)
on the infection of BHK-21 cells by Semliki Forest virus.
Semliki Forest virus has been shown to enter sensitive cells
by a receptor-mediated endocytic mechanism. Furthermore,
virus infection is blocked by addition of ammonium chloride
or lysosomotropic amines. This lysosomotropic amine-medi-
ated protection was bypassed, however, if viral infection
occurred at an acidic extracellular pH. Similarly, in a model
membrane system, Semliki Forest virus at a pH of 6 or less
was found to fuse with target liposomes and to transfer viral
nucleocapsid into the liposome interior (222). These results
were interpreted to indicate viral penetration to the host
cytoplasm through the lysosomal membrane.

Equivalent results were obtained, initially by Draper and
Simon (39) and confirmed by Sandvig and Olsnes (187) and
Dorland (34), in studies of diphtheria toxin entry into sensi-
tive cells. Similarly, King and Cuatrecasas (99) found that
low pH reversed the methylamine-induced block of the
biological activity of EGF. In the diphtheria studies, at an
extracellular pH below 4.7, amine-mediated protection was
abrogated. Analogous results have been obtained with CRM
45 (192). The work of Donovan et al. (32) in a model lipid
membrane system showed that both diphtheria toxin-in-
duced membrane channel formation and intrabilayer inser-
tion were greatest at low pH. These studies in toto imply
that, at low pH, diphtheria toxin (or active fragment) is able
to penetrate the plasma membrane directly, and whereas the
protective amines block some step of the normal endocytic
pathway, they do not affect the low-pH bypass route. Under
normal conditions, internalized toxin contacts a low-pH
environment in the lysosome or some equivalent acidified
vesicle. Penetration thus occurs across the vesicular, rather
than the plasma, membrane.
The hypothesis that diphtheria toxin enters the cytoplasm

from a lysosome or other acidified vesicle is further support-
ed by recent studies with carboxylic ionophores (160, 216).
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The compound monensin has been shown to dissipate intra-
cellular proton gradients by the transmembrane exchange of
a proton for a monovalent cation (usually K+) and thus could
readily produce an increase in lysosomal pH (162). The
experiments of Marnell et al. (114) showed that Vero cells
were protected from the action of diphtheria toxin by both
monensin and a related ionophore, nigericin. The protection,
like that induced by ammonium chloride and the lysosomo-
tropic amines, was bypassed by low extracellular pH, and
combination studies implied that monensin and ammonium
chloride block the same step of the toxin uptake process.
Similar results were obtained by Sandvig and Olsnes (189).

Later work more strongly suggests that toxin enters the
cytoplasm from an acidic endocytic vesicle rather than from
a lysosome. Early electron microscopic analyses indicated
that the toxic lectin ricin entered the cytoplasm directly from
the endocytic vesicle after receptor-mediated internalization
(160). It was recently shown that such prelysosomal endo-
cytic vesicles (endosomes), as well as lysosomes, can be
rapidly acidified intracytoplasmically by a process that re-
quires both ATP and magnesium (127). Further investiga-
tions compared endosomes and lysosomes isolated from a
class of mutant CHO-Kl cells simultaneously resistant to
diphtheria toxin and Pseudomonas exotoxin A and to infec-
tion by Sindbis, Semliki Forest, and vesicular stomatitis
viruses (127). In these "cross-resistant" cells, ATP-depen-
dent acidification of endosomes was defective, whereas
ATP-dependent acidification of lysosomes proceeded nor-
mally. In non-cross-resistant mutants, insensitive to diphthe-
ria toxin but sensitive to virus infection, both endosomes and
lysosomes acidified normally. These results support the
conclusion that both active toxin and viral nucleocapsid
enter the cytoplasm from an acidic endocytic vesicle.

In view of the fact that as little as one molecule offragment
A in the cytoplasm is sufficient to kill a cell (228), it is
conceivable that studies of the uptake of the relatively high
concentrations of 125I-labeled diphtheria toxin are delineat-
ing a bulk toxin disposal pathway, whereas the minor
productive uptake pathway proceeds undetected. On the
other hand, most recent examinations of the diphtheria toxin
internalization process have attempted to correlate biochem-
ical uptake with biological activity. With such correlations
and a wide range of morphological, biochemical, and phar-
macological techniques, the bulk of the evidence now indi-
cates that diphtheria toxin productively enters cells by
RME. One notable exception was a study by Keen et al. with
epifluorescence video intensification microscopy (93). In
those experiments, rhodamine-labeled diphtheria toxin and
fluorescein-labeled alpha-2 macroglobulin were found in the
same clusters, suggesting coated-pit-mediated internaliza-
tion. Identical results were obtained with toxin-resistant
mouse 3T3 cells, leading to the suggestion that sensitive and
resistant cells bind and internalize diphtheria toxin by similar
mechanisms. This interpretation was based on the assump-
tion that the fluorescent clusters represented coated pits and
vesicles. Based on the more recent work of Morris and
Saelinger at the ultrastructural level (147) (discussed above),
this assumption was probably not valid.

Historically, diphtheria toxin was the first bacterial toxin
identified as an ADP-ribosyl (ADPR) transferase, and in
many ways it has served as a prototype for later studies on
other toxins. In addition, recent studies have brought to light
many details on diphtheria toxin-catalyzed ADP-ribosyla-
tion, making it the best characterized of all bacterial toxin
ADPR transferases. Since there are excellent reviews (25,
169) discussing the basics of diphtheria toxin enzymology,

we will briefly discuss those points and cover at length the
more recent work.
As mentioned before, diphtheria toxin is a proenzyme; to

express enzymatic activity, the A and B fragments must
separate, a process somehow transpiring during internaliza-
tion by target cells. Alternatively, fragment separation can
be effected in vitro by treatment with a reductant and a
denaturant. Although some earlier studies discussed enzy-
matic activity of the whole toxin, it later became evident that
contaminating fragment A was probably responsible for the
results. In any event, once on its own, fragment A acquires
characteristics ideally suited for its nefarious ways. For
example, isolated fragment A is extremely resistant to
thermal denaturation, its enzymatic activity essentially unaf-
fected by boiling for several minutes. Second, something
about the structure or conformation offragment A renders it
resistant to or unrecognized by those cellular degradative
mechanisms normally used to catabolize exogenous pro-
teins. This observation was made in an interesting study by
Yamaizumi et al. (229), in which they inserted whole diph-
theria toxin, diphtheria toxin fragment A, CRM 197 fragment
A, or diphtheria toxin fragment A plus anti-fragment A
immunoglobulin G into the cytoplasm of mammalian cells.
Whether delivered as part of the intact toxin or as the
purified chain, diphtheria toxin fragment A was very long-
lived, 80% surviving 24 h after introduction. In contrast,
diphtheria toxin fragment B, CRM 197 fragment A, or
diphtheria toxin fragment A plus anti-A immunoglobulin G
had cytoplasmic half-lives of about 3, 3, and 5 h, respective-
ly. Other in vitro experiments suggested that the binding of
NAD to diphtheria toxin fragment A conferred considerable
protection from proteolysis, and this in part may explain the
above results.
Once free in the cytoplasm, diphtheria toxin fragment A is

ready for business. Simply written, the reaction catalyzed by
diphtheria toxin fragment A is as follows:

EF-2 + NAD+ = ADPR-EF-2 + nicotinamide + H+
(1)

Since the reaction results in formation of a covalent bond,
the equilibrium lies far to the right. Nevertheless, the
reaction is reversible, so that lowering the pH and adding
excess nicotinamide in the presence of fragment A will
remove ADPR and regenerate active EF-2 (25). Although
earlier studies provided evidence that diphtheria toxin frag-
ment A works catalytically rather than stoichiometrically,
this point was elegantly reinforced in a recent study by
Yamaizumi et al. (228). Erythrocyte ghosts were loaded with
known amounts of diphtheria toxin and fluorescein-conju-
gated bovine serum albumin and fused with toxin-resistant
L-929 cells. By means of a fluorescence-activated cell sorter,
L cells which fused with only one reticulocyte were isolated
and their cloning efficiency was determined. The results
indicated that a single molecule of fragment A was sufficient
to kill an L cell. Clearly, fragment A must act catalytically
for one molecule to bring about cell death.
The nucleotide specificity for ADP-ribosylation is quite

stringent. NAD is the only naturally occurring nucleotide
tested which gave any believable biological effect. The
synthetic derivatives 3-thiocarboxamide pyridine-AD and 3-
acetyl-AD did serve as substrates in the inactivation of
protein synthesis, but analogs such as NADH, NADP,
NADPH, and NMN were inactive (59).
Although several mechanistic possibilities exist, the

scheme best supported by kinetic studies is the formation of
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a ternary intermediate of fragment A, NAD, and EF-2.
Experiments designed to detect a covalent ADPR-fragment
A intermediate produced negative results (43). NAD does
bind tightly (Kd = 8 puM), but reversibly, to fragment A.
Under the conditions tested, EF-2 did not bind significantly
to fragment A. Presumably, EF-2 binds to a site adjacent to
the NAD on fragment A and ADP-ribosylation proceeds by
nucleophilic attack at the acceptor site.

Since diphtheria toxin fragment A inactivates EF-2 from
all eucaryotic sources tested (25), it was of considerable
interest to identify the site of ADPR covalent attach-
ment. Using [14C]NAD, Maxwell and co-workers (180) were
able to isolate a short, radiolabeled peptide from ADP-
ribosylated rat liver EF-2. Upon sequencing the peptide,
they found that the ADPR was attached to an unusual
residue termed "amino acid X." Subsequently, Van Ness et
al. (218) isolated a sufficient amount of ADP-ribosylated
amino acid X to permit a structural determination by nuclear
magnetic resonance analysis. The proposed structure was 2-
(3- carboxyamido-3(trimethylammonio)propyl)histidine, giv-
en the trivial name diphthamide. Clearly, such a residue
must have undergone multistep post-translational modifica-
tion. As suggested by Van Ness et al. (218), the messenger-
coded diphthamide precursor is almost certainly histidine. In
all probability, at least three subsequent enzymatic reactions
would be necessary to generate diphthamide.

Diphtheria toxin fragment A-catalyzed ADP-ribosylation
is highly specific. Although there is a low level of self-ADP-
ribosylation by the toxin, virtually the only cellular constitu-
ent labeled by fragment A and radioactive NAD is EF-2.
Interestingly, fragment A does not label the "G" protein
ADP-ribosylated by cholera toxin. Although it was reason-
able to suspect that the specificity of the reaction could be
defined solely by the unusual structure of diphthamide, such
is apparently not the case. Van Ness et al. (217) found that
diphtheria toxin did not ADP-ribosylate the diphthamide-
containing tryptic fragment of EF-2, suggesting that there
are other features of EF-2 structure required for specific
recognition by diphtheria toxin.
Using nuclear Overhauser enhancement nuclear magnetic

resonance, Oppenheimer and Bodley sought to further de-
fine the nature of the ADP-ribose-diphthamide bond (167).
Their results suggested that the ADP-ribose is attached to
the N-1 of diphthamide via an a glycoside linkage. This
configuration would require fragment A-catalyzed ADP-
ribosylation to proceed via inversion about the site of bond
formation. Such a conclusion is intriguing in light of similar
studies with cholera (166) and E. coli (149) enterotoxins,
both of which also ADP-ribosylate with inversion.
One interesting spinoff of work with diphtheria toxin has

been the insights gained into diphthamide biosynthesis. This
information was acquired largely during studies with diph-
theria toxin-resistant cells. Working independently, three
laboratories developed toxin-resistant sublines from diph-
theria toxin-sensitive parent cells (37, 62, 63, 139, 140, 144,
145). Two general classes of resistant cells were obtained
(144). Class I, permeability mutants, were only rarely isolat-
ed. In these cells, apparently one or more elements in the
binding and internalization pathway were altered such that
diphtheria toxin was delivered much less efficiently into the
cytoplasm. Class II mutants were isolated far more frequent-
ly. Phenotypically speaking, class II cells were composed of
two distinct subclasses (140, 145). Cells in the first subclass
(type Ila) were not inhibited in their growth rate even by
very high concentrations of diphtheria toxin. Similarly,
protein synthesis in type IIa cell lines was unaffected by

concentrations of diphtheria toxin several orders of magni-
tude above the maximally effective doses for wild-type cells.
Finally, cell extracts containing EF-2 prepared from class IIa
cells were not susceptible to diphtheria toxin-catalyzed
ADP-ribosylation. In contrast, growth of cells in the second
subclass (type IIb) was inhibited by diphtheria toxin, al-
though not completely as in the parent lines. Similarly,
protein synthesis in class IIb cells was inhibited by diphthe-
ria toxin, although never more than 50%, regardless of toxin
concentration. As one might have expected, toxin-catalyzed
ADP-ribosylation was observed when extracts from class IIb
cells were used. However, when normalized on the basis of
total cellular protein, the incorporation of radiolabeled
ADPR did not exceed 50% of the level attained with parent
cells.

Cell hybridization experiments with the resistant sublines
produced interesting, but sometimes confusing, results. Fu-
sion of CHO-derived class IIa cells with CHO parents
produced hybrids with the characteristics of class Ilb mu-
tants; i.e., at saturating concentrations of diphtheria toxin
protein synthesis was 50% inhibited and EF-2 was ADP-
ribosylated to 50% of the level in wild-type cells (140).
Similar fusion experiments with class lIb cells generated
hybrids in which diphtheria toxin inhibited protein synthesis
as maximum of 75% and catalyzed a like level of ADP-
ribosylation (140). The resistance marker, therefore, be-
haves in a codominant fashion. To explain these results, it
was suggested that CHO cells have two functional copies of
the structural gene for EF-2. The class hIa and Ilb cells thus
represent the homozygous (R/R) and heterozygous (R/S)
states of resistance, respectively (140).
These observations and interpretations were brought into

question by data from other laboratories. Draper et al. (37)
obtained diphtheria toxin-resistant CHO cells which were
not susceptible to either toxin-induced protein synthesis
inhibition or ADP-ribosylation. When fused with parent
cells, the hybrids were fully sensitive to diphtheria toxin,
indicating that the resistance was recessive. This group also
isolated cell lines which behaved phenotypically as class Ilb
cells. However, in hybridization experiments, resistance in
these lines was codominant, in agreement with the work
cited above (140). Gupta and Siminovitch (62, 63) also
obtained diphtheria toxin-resistant cell lines which acted
phenotypically as class hIa cells, yet the resistance was
recessive in hybridization experiments. No class Ilb cells
were isolated in these experiments.
These apparent contradictions were resolved by some

elegant work from the Moehrings laboratory (139). As in-
creasing numbers of diphtheria toxin-resistant lines were
studied, it became clear that two entirely different mutations
could result in the phenotypic behavior classified as type Ila.
One, the originally described EF-2 structural gene mutant,
produced cells in which the resistance factor behaved codo-
minantly in hybridization experiments. The other was a
mutation in the enzyme system responsible for the post-
translational synthesis of diphthamide. Cell lines bearing this
mutation were thus termed MOD mutants. This latter resist-
ance factor acted recessively during hybridization experi-
ments. It seems reasonable to suspect that the Iha-type cells
isolated by Draper et al. (37) and Gupta and Simonovitch
(62, 63) were actually MOD mutants. This suspicion could be
easily confirmed by using the reconstitution system recently
developed by Moehring et al. (139). This involves mixing
cytoplasmic extracts of wild-type and mutant cells in the
presence of an energy production source. In this system,
"cryptic" EF-2 in extracts from MOD mutants can be post-
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translationally converted to a fully active state by the wild-
type modifying enzymes and thus can be ADP-ribosylated
by diphtheria toxin. In contrast, extracts from true structural
gene mutants cannot be converted to a substrate for ADP-
ribosylation.

PSEUDOMONAS EXOTOXIN A
Pseudomonas exotoxin A, a 66,000-MW protein product

of toxicogenic strains of Pseudomonas aeruginosa, has been
implicated as a lethal factor in burn victim bacteremias and
in infections of other immunologically compromised patients
(178, 212). The toxin has been shown by Iglewski and Kabat
(79) to possess an enzymatic activity apparently identical to
that of diphtheria toxin; i.e., both molecules catalyze the
NAD-dependent ADP-ribosylation of EF-2. Furthermore,
both molecules are originally secreted in a proenzyme form.
It was previously stated that intact diphtheria toxin must
undergo proteolytic cleavage and reduction to attain full
activity. Analogously, intact Pseudomonas toxin must be
activated, either by limited proteolysis to release a 26,000-
MW active fragment (24) or by reduction in the presence of
urea or other chaotropic agents (108, 219). The latter treat-
ment enhances ADP-ribosylating activity about 30-fold and
is believed to expose the buried fragment A active site.
Despite their enzymological relationship, Pseudomonas exo-
toxin and diphtheria toxin have no discernible immunologi-
cal cross-activity and display very different cell line specific-
ities (129) and markedly different patterns of inhibition by
various drugs and chemicals (130). Direct competition stud-
ies have demonstrated that the two toxins bind to different
cell surface receptors, and further evidence suggests that
their internalization pathways are dissimilar.
A number of difficulties have arisen in the study of

Pseudomonas exotoxin interactions with cultured cells,
most prominently the lack of a sensitive cell line equivalent
to the Vero line used in much of the diphtheria toxin work.
The most Pseudomonas exotoxin-sensitive cell lines identi-
fied to data are those of mouse or rat cell origin (129): L-929
and 3T3 cells, for example, have tissue culture 50% lethal
dose values of 0. 10 and 0.15 ng/ml, respectively. In contrast,
these lines are almost totally resistant to diphtheria toxin.
However, their Pseudomonas exotoxin sensitivity is about
10-fold less than that of Vero cells to diphtheria toxin or on
the same order as that of BHK-21 cells (diphtheria toxin
tissue culture 50% lethal dose, 0.15 ng/ml). In BHK-21 cells,
specific diphtheria toxin-cell association at 4°C could not be
demonstrated, presumably due to a paucity of cell surface
receptors (132). Similar results were obtained by Middle-
brook et al. (134), using 125I-labeled toxin and monolayer L-
929 cells: specific binding was not statistically demonstrable
at 4°C, though substantial specific uptake was shown at
37°C. At this temperature, toxin uptake increased rapidly for
about 3 h and then remained at a plateau for at least 8 h, in
marked contrast to the biphasic uptake pattern of diphtheria
toxin in Vero cells. The plateau was shown to represent
continued active uptake of extracellular Pseudomonas exo-
toxin even in the absence of cellular synthesis, which is shut
down by toxin after approximately 60 min. Again, this is in
marked contrast to the effects of diphtheria toxin in Vero
cells, which cease active toxin uptake concomitantly with
the toxin-induced cessation of protein synthesis. One possi-
ble explanation of these results may be that the maintenance
of Pseudomonas exotoxin "receptors" on the membrane
surface does not require protein synthesis, perhaps due to
efficient receptor recycling, whereas continuous protein
synthesis is essential for maintenance of diphtheria toxin

receptor levels (131). Kinetic studies (128) indicated that the
initial internalization of Pseudomonas exotoxin is very rap-
id. In LM cell fibroblasts, prebound toxin was rendered
inaccessible to antitoxin neutralization within 2.5 min of
transfer to 37°C. In comparable electron microscopic stud-
ies, Fitzgerald et al. (45) showed that <20% of the original
cell-associated toxin remained at the cell surface after 10
min. The 60-min lag period that then occurs before the onset
of protein synthesis inhibition presumably represents the
translocation of toxin or active fragment to the cytoplasm,
either by a process of conformational change and direct
membrane penetration or by a receptor-mediated endocytic
mechanism.
Whereas the biological relevance of an observed uptake

process is always in doubt in systems where only one or a
few molecules are needed to elicit toxicity, considerable
electron microscopic and pharmacological evidence sup-
ports an endocytic internalization mechanism for Pseudomo-
nas exotoxin A. Using the immunocytochemical technique
of Sternberger (205), Leppla and Dorland (107) found that at
4°C in L-929 cells receptor-bound Pseudomonas exotoxin
was localized over indented regions of the plasma mem-
brane. Similar autoradiographic experiments with 125I-la-
beled Pseudomonas exotoxin showed the silver grains local-
ized over identifiable coated pits. The electron microscopic
studies of Fitzgerald et al. (45), using a ferritin-conjugated
antibody sandwich technique, demonstrated, in contrast,
that at 4°C cell-associated Pseudomonas exotoxin was ran-
domly distributed over 35 to 50% of the plasma membrane
surface. At 37°C, the surface-bound toxin clustered into
coated regions of the membrane and was rapidly internal-
ized. In these studies, clustering was inhibited in cells
treated with methylamine, ammonium chloride, or chloro-
quine, all of which concomitantly protected cells from toxin-
induced inhibition of protein synthesis. Such results imply
that, like alpha-2 macroglobulin and EGF, Pseudomonas
exotoxin binds to randomly distributed surface receptors
which are subsequently clustered into coated pits by a
transglutaminase-mediated cross-linking reaction. The lyso-
somotropic amines, shown by Maxfield et al. (124) to inhibit
both the clustering of receptor-bound alpha-2 macroglobulin
and EGF and the activity of solubilized transglutaminase,
may protect cells from Pseudomonas exotoxin by preventing
its migration into coated pits and subsequent entry into the
productive uptake pathway.

Several researchers have used a pharmacological ap-
proach in attempts to establish the biological relevance of
the observed endocytic pathway. In early experiments,
Middlebrook and Dorland (130) compared the effects of a
large number of chemicals and drugs on Pseudomonas
exotoxin- and diphtheria toxin-induced cytotoxicity. Results
showed that none of the compounds examined protected
HeLa or HEp-2 cells from Pseudomonas exotoxin, but in
several cases cytotoxicity was potentiated by drug treat-
ment. Conversely, many of the compounds protected cells
from diphtheria toxin; no incidences of potentiation were
observed. The metabolic inhibitors sodium fluoride and
sodium arsenite both markedly potentiated Pseudomonas
exotoxin-induced cytotoxicity, with maximum effect occur-
ring at concentrations of 3 to 6 mM and 3 x 10-5 to 6 x 10-5
M, respectively. Similarly, the local anesthetics lidocaine
and chlorpromazine potentiated cytotoxicity, though the
related procaine butacaine and nonanol had no effect. Mi-
chael and Saelinger (128) similarly observed a sodium fluo-
ride-induced potentiation of Pseudomonas exotoxin-mediat-
ed cytotoxicity in LM cells, but, under the conditions of
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their assay, sodium arsenite was Pseudomonas exotoxin
protective. The differential responses of Pseudomonas exo-
toxin- or diphtheria toxin-treated cells to drugs strongly
suggests differential mechanisms of cellular intoxication.
Since the majority of the tested drugs had no or little effect
on the enzymatic activities of the toxins as determined by in
vitro ADP-ribosylation assays, indications are that these
differences lie at the binding or internalization step of the
intoxication process or both.

In the Middlebrook and Dorland studies (130), ammonium
chloride was not found to affect Pseudomonas exotoxin-
induced cytotoxicity. However, later work by Michael and
Saelinger (128) with LM mouse fibroblasts demonstrated
that ammonium chloride does have a Pseudomonas exotox-
in-protective effect. For expression of protective activity,
however, the ammonium chloride treatment must be fol-
lowed by addition of specific antitoxin. The requirement for
serial ammonium chloride-antitoxin treatment implies that
ammonium chloride blocks the internalization of toxin and is
suggestive evidence for a transglutaminase-mediated proc-
ess. A number of lysosomotropic amines have been shown
to protect cells from both Pseudomonas and diphtheria
toxins (34, 107, 146). Generally, higher concentrations of
amines were required to protect cells from Pseudomonas
exotoxin than from diphtheria toxin, again implying dissimi-
lar entry or activation mechanisms. Whereas it may be that
the Pseudomonas exotoxin-protective mechanism of these
agents involves a block of internalization via transglutamin-
ase inhibition, other possibilities arise. Primary alkylamines,
for example, do not block ligand-receptor complex internal-
ization in the EGF system (100) and have no measurable
effects on the internalization of diphtheria toxin in Vero cells
(34). This suggests that the protective effects of alkylamines
derive from their action on lysosomes or endosomes.

Classically, RME involves a migration of pinched-off
endocytic vesicles to the perinuclear region of the cyto-
plasm, where they fuse with lysosomes. This fusion process
is relatively slow, usually occurring 15 to 30 min after
vesicular internalization (54). Some experimental evidence
suggests that Pseudomonas exotoxin, like diphtheria toxin,
must undergo some lysosomal processing step to express
biological activity. Like diphtheria toxin, cell-associated
125I-labeled Pseudomonas exotoxin is rapidly degraded at
37°C as evidenced by the appearance of trichloroacetic acid-
soluble fragments in the culture medium (Leppla et al.,
Abstr. Annu. Meet. Am. Soc. Microbiol. 1979, B10, p. 17).
This implies that a substantial fraction of the internalized
toxin does reach the lysosomes. The biological relevance of
this process is uncertain. However, the pharmacological
studies of Fitzgerald et al. (45) suggest that the productive
uptake pathway may include a lysosomal step. In these
experiments, researchers found that methlyamine and chlo-
roquine were fully protective if added up to 10 min after
toxin treatment. Partial protection was observed if the drugs
were added at 30 min or later, with degree of protection
decreasing as time elapsed after toxin addition. This was
interpreted to indicate a dual role for the lysosomotropic
agents: an early block of internalization through prevention
of ligand-receptor complex clustering and a late block of
toxin processing at the lysosomal level. Further support for a
dual role of amines was obtained in electron microscopic
studies by Morris et al. (146). Clustering of Pseudomonas
exotoxin was observed within 30 s after warming toxin-
prebound cells to 37°C. Primary amines such as ammonium
chloride or methylamine blocked the clustering, whereas the
tertiary amine chloroquine did not.

In the case of Pseudomonas exotoxin, a reduction of
extracellular pH does not effect a bypass of the amine-
mediated protection (R. K. Draper, unpublished data), sug-
gesting that a pH-mediated conformational change does not
direct the transmembrane passage of Pseudomonas exotox-
in. However, the virus and diphtheria toxin-cross-resistant
CHO-Kl mutants discussed by Merion et al. (127) (discussed
above) were simultaneously resistant to Pseudomonas exo-
toxin A. Since these cells were shown to possess a defective
endosomal acidification system, it is a possibility that Pseu-
domonas toxin also enters the cytoplasm from an acidified
endosome.
The Pseudomonas exotoxin results, in general, strongly

suggest a receptor-mediated endocytic uptake mechanism
which, unlike that of diphtheria toxin, proceeds through the
medium of coated pits and vesicles. Once in the endocytic
vesicle, however, the events that occur during the 60-min lag
period preceding inhibition of protein synthesis are vague.
Some pharmacological studies imply a requirement for lyso-
somal exotoxin interaction, though it is equally possible that
active Pseudomonas exotoxin escapes from the endocytic
vesicle itself or is released during the vesicle-lysosome
fusion process. On the other hand, ultrastructural evidence
implicates the Golgi region as possibly playing a role in the
release process (146). Again, the data do not rule out the
possibility of a minor undetected productive pathway involv-
ing, for example, a small number of toxin molecules directly
penetrating the plasma membrane.

Iglewski and Kabat (79) originally reported that Pseudo-
monas exotoxin inhibited in vitro protein synthesis, that this
inhibition required the presence of NAD, and that radiola-
beled adenine from NAD was covalently attached to a
protein having the same molecular weight as EF-2. This and
other evidence led Iglewski and Kabat to suggest that
Pseudomonas exotoxin acts intracellularly in the same man-
ner as diphtheria toxin fragment A. Their proposal was
strongly supported by subsequent experiments. Most con-
vincing was a simple, but compelling, experiment in which
the ADP-ribosylation catalyzed by either diphtheria or Pseu-
domonas toxin was reversed by the other toxin (80). It had
previously been shown that the ADP-ribosylation catalyzed
by diphtheria toxin was reversed by removal of NAD,
followed by addition of nicotinamide and toxin and acidifica-
tion (see reaction 1). Taking advantage of this information,
Iglewski et al. (80) not only showed that Pseudomonas
exotoxin could reverse the ADP-ribosylation catalyzed by
diphtheria toxin (and vice versa), but also that the main
small-molecular-weight product formed was NAD. These
ingenious experiments provide extremely strong evidence
that Pseudomonas and diphtheria toxins ADP-ribosylate the
diphthamide residue in EF-2 in a stereochemically identical
fashion.
The structure-activity relationships of Pseudomonas exo-

toxin are less well defined than those of diphtheria toxin.
Evidence for an enzymatically active (ADP-ribosylating)
fragment of Pseudomonas exotoxin has been obtained. This
fragment was found in the later stages of P. aeruginosa
cultures (24) and upon purification was found to have a
26,000 MW. This fragment had several properties in com-
mon with diphtheria toxin fragment A, including pH opti-
mum, ionic strength dependence, kinetic constants, and
nucleotide specificities. Clearly, however, the fragments
were not identical; antibody to diphtheria toxin fragment A
did not neutralize the Pseudomonas endotoxin enzymatic
fragment, thermal stabilities were different, and amino acid
compositions were dissimilar.
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An alternative pathway to "activation" of the latent
enzymatic activity of Pseudomonas exotoxin has been
identified. When the toxin was treated in vitro with a
combination of a denaturant and a reductant, the enzymatic
activity increased 50- to 100-fold (108, 220). Treatment of the
toxin with either denaturant or reductant alone produced
only a slight increase in enzymatic activity. Examination of
denaturant/reductant-treated toxin by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis did not reveal the
generation of any new fragments. Furthermore, all ADP-
ribosylating activity migrated with an apparent molecular
weight corresponding to intact toxin. Since neither activated
intact Pseudomonas exotoxin nor the 26,000-MW fragment
have been isolated from intoxicated cells or tissues, it
remains unclear which of the two is the active species in
vivo.

PSEUDOMONAS EXOENZYME S
Some strains of P. aeruginosa produce another enzyme

which appears to ADP-ribosylate eucaryotic proteins (81).
This enzyme, termed exoenzyme S, is distinct from Pseudo-
monas exotoxin as evidenced by a lack of neutralization
using Pseudomonas exotoxin antisera, by differential ther-
mal stabilities, by inactivation upon urea/reductant treat-
ment, and by markedly different sodium dodecyl sulfate gel
patterns of Pseudomonas exotoxin- versus exoenzyme S-
produced ADP-ribosylated cellular products (81). Unfortu-
nately, little more is known about the enzymology of exoen-
zyme S. Although there was an initial hint that one target
cellular protein was EF-1 (81), this possibility has not been
confirmed with a purified preparation. The relationship of
the enzyme's activity to pathogenesis is unclear, since there
have been no published reports that exoenzyme S is toxic to
either cells or animals. The enzyme was apparently pro-
duced by certain strains of P. aeruginosa in an animal model
of infection (9). In another study, it was found that approxi-
mately 10% of clinical isolates produced exoenzyme S-like
activity and an additional 30% produced both exoenzyme S
and Pseudomonas exotoxin A activities (203). However,
since this is not an overwhelming correlation between mor-
bidity and exoenzyme S production, further work is required
before we know whether this enzyme is an important patho-
genic element or merely an interesting protein.

SHIGELLA TOXIN
The Shigella organisms induce a severe diarrheic and

dysenteric syndrome (shigellosis) which is mediated by a
protein exotoxin (95). Cytotoxic, neurotoxic, and entero-
toxic activities have all been demonstrated in Shigella cul-
ture media or bacterial lysates, and all of these activities are
apparently due to the same protein toxin (41). A number of
workers have studied the effects of partially purified Shiga
toxin in cultured cell systems and have shown that in some
cases it is highly cytotoxic, most notably to HeLa cells (67,
97). The primary biological activity appears to be inhibition
of protein synthesis (17, 213), brought about by inactivation
of the 60S subunit of the eucaryotic ribosome (179). Using
HeLa cultures, Keusch et al. (97) found that an overnight
incubation with as little as 0.5 ng/ml resulted in the killing of
50% of the cell population, whereas Olsnes and Eiklid (164),
using a HeLa S3 line, found 0.1 ng/ml was required to inhibit
protein synthesis to a similar degree. In contrast, a number
of cell lines are highly resistant to Shiga toxin. Hale and
Formal (67) demonstrated that Henle 407 cells, a line derived
from human embryonic intestine, are insensitive to Shiga
toxin; Olsnes and Eiklid (164) showed that CHO, L, BHK,

and human melanoma cells were unresponsive to toxin-
induced inhibition of protein synthesis. One possible mecha-
nism for such resistance is a lack of cell surface receptors for
the toxin. Henle 407 cells, though resistant to exogenous
cytotoxin, are sensitive to intracellular toxin secreted in situ
by invasive strains of Shigella dysenteriae 1. In vivo,
microcolony growth and localized toxin production within
invaded cells of the colonic epithelium may lead to extensive
cellular injury, expressed clinically as colitis and dysentery.
Shiga toxin-specific receptors have been demonstrated di-
rectly on HeLa and rat liver cell membranes and are thought
to be glycoproteins, with a short-chain oligosaccharide moi-
ety instrumental in binding specificity (96). Olsnes et al.
(165) suggest that the high potency of Shiga toxin in HeLa S3
cells is a function of the large number of cell surface
receptors (about 106 per cell) and the high toxin-receptor
association constant (1010 M). In general, with cell lines
sensitive to exogenous cytotoxin, it appears that the biologi-
cal activity is preceded by a surface-receptor binding step.
The structure of the native cytotoxin has only recently

been elucidated. In 1975, McIver et al. (125) isolated a purely
cytotoxic activity from bacterial lysates, using isoelectric
focusing techniques. Further purification of the Shigella
cytotoxin has been performed by Olsnes and Eiklid (164) in
conjunction with biochemical characterization of the native
molecule. Their results indicate that the cytotoxin has an
MW of 65,000 and contains an enzymatically active heavy
chain or A subunit (MW 30,800) and a B oligomer consisting
of six to seven B chains (MW 5,000) (165). The A subunit
contains a trypsin-sensitive region which, when cleaved,
yields two fragments, Al and A2, attached by a single
disulfide bond. It appears that the Shiga cytotoxin, like
diphtheria toxin and Pseudomonas exotoxin, is synthesized
in an inactive proenzyme form and requires either proteolyt-
ic cleavage and reduction or denaturation to express full
biological activity. The biological activity, inhibition of
protein synthesis, is attributed to the A1 fragment which,
though active in cell-free protein synthesis systems, is not
toxic to whole cells. One possibility, by analogy to diphthe-
ria toxin, is that toxin-receptor binding is mediated by the B
portion of the molecule, without which only minimal (fluid
pinocytic) uptake occurs. Fragment B-receptor binding,
however, has not as yet been demonstrated. Olsnes et al.
(164) suggest that the failure of such experiments may be due
to conformational changes in solution. Keusch (94) proposes
a functionally tripartite cytotoxin molecule, containing an
enzymatically active fragment (A), a sequence directing
transmembrane passage (E), and a receptor-binding compo-
nent (B). It is possible that the A2 fragment, like the A2
moiety of cholera toxin (see below), plays a role in binding or
internalization, but as yet the relevant studies have not been
performed.
A number of lines of evidence suggest that Shiga toxin

enters sensitive cells by a process of RME. It has been
shown that a receptor-binding step is a prerequisite for the
expression of biological activity, and the extreme toxicity of
Shiga toxin (50% lethal dose, 50 to 100 molecules per cell)
(165) has been attributed to the concentrative effect of the
receptor interaction. After the addition of Shiga toxin to a
cell population, there is a lag period of up to 3 h preceding
the shutdown of protein synthesis (67). A lag is also seen
when sensitive cells are treated with diphtheria or Pseudo-
monas toxins or with the toxic lectin abrin or ricin. It
presumably represents the time required for binding and
subsequent translocation of toxin of its cytoplasmic site of
action.
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A number of pharmacological studies carried out in the
laboratory of Keusch (94) indicate that translocation pro-
ceeds by RME and further suggest an involvement of
lysosomes or endosomes. Initially, these studies demon-
strated that a variety of functionally unrelated metabolic
inhibitors, including NaF, iodoacetate, KCN, 2,4-dinitro-
phenol, antimycin A, oligomycin, puromycin, cyclohexi-
mide, and actinomycin D, all blocked the effects of Shiga
toxin to some extent in HeLa cell toxicity assays. The
results were interpreted to suggest a common effect on some
active cellular process requiring both a metabolic energy
source and continuing protein synthesis. A likely candidate
was endocytosis. Since endocytosis involves the invagina-
tion of membrane segments to form vesicles and the subse-
quent movement of vesicles into the cytoplasm, various
elements of the cytoskeleton are essential components of
this uptake process. Keusch's experiments showed that both
colchicine, a microtubule inhibitor, and cytochalasin B,
which interferes with microfilament function, partially pro-
tected cells from the action of Shiga toxin. Although this is
certainly a possibility, the data do not correlate with those
obtained in other endocytic systems. The uptake of Semliki
Forest virus, for example, shown to occur by absorptive
endocytis in coated pits, is insensitive to colcemid, a micro-
tubule inhibitor, and only slightly sensitive to cytochalasin B
(115). Neither colchicine nor cytochalasin B had a detectable
effect on the internalization of abrin or ricin by HeLa cells
(186) or on the cytotoxicity of Pseudomonas exotoxin A
(130). Similarly, colchicine had no effect on the cytotoxic
activity of diphtheria toxin, but in the same system cytocha-
lasin B showed a partial degree of protection (130). The
endocytosis of LDL by cultured human fibroblasts was
shown to be partially inhibited by colchicine (168), as was
the degradation of LDL in lysosomes. Cytochalasin D, but
not B, exerted a similar degradative block in the LDL
system. Sandvig and Olsnes (186) showed that the degrada-
tion of ricin in HeLa cells was inhibited by colchicine. One
possible explanation for these results is that disruption of
cytoskeletal elements prevents the fusion of ligand-contain-
ing endocytic vesicles with lysosomes, thus precluding nor-
mal processing and degradation. A similar situation may
obtain with Shiga toxin.
The suggestion that the lysosomes play a role in intoxica-

tion -by Shigella toxin is reinforced by experiments with
chloroquine, which is somewhat protective in cytotoxicity
assays (94). As discussed above, chloroquine-induced inhibi-
tion appears to correlate to a receptor-mediated endocytic
mode of uptake (54). Steroids, which exert, among other
activities, a lysosomal membrane-stabilizing effect (29), also
partially protect cells from the action of Shiga toxin. In both
cases, however, the tested drugs have a number of different
effects on cell function and no definitive conclusion can be
drawn.

Results obtained with amines and other transglutaminase-
inhibitory compounds were similarly suggestive. In these
experiments, cells were exposed to Shiga toxin for 30 min in
the presence of amines (ammonium chloride, methylamine,
ethylamine, propylamine, or butylamine), dansylcadaverine,
bacitracin, or putrescine. When specific antibody was added
after the washout of toxin and experimental chemical, partial
protection was observed, suggesting that the chemical com-
pounds maintained toxin in a position accessible to exoge-
nous antibody. In the absence of amines, antibody rescue
did not occur if antibody was added as late as 10 min after
toxin treatment. However, as discussed above with diphthe-
ria 'toxin, these experiments do not differentiate between

toxin held at the cell surface and that trapped in intracellular
vesicles.
Whereas the data are in some cases indicative of a rapid

receptor-mediated endocytic internalization of Shiga toxin,
results are by no means conclusive. Furthermore, as in the
toxin systems discussed above, we are left with the problem
of how the molecule enters the cytoplasm from a membrane-
limited endocytic vesicle. Keusch (94) proposed a signal
sequence function for the toxin "E" moiety, analogous to
the internal signal sequence described by Lingappa et al. for
chicken albumin (111). Olsnes et al. (165) have demonstrated
that the toxin is synthesized by the bacterium in an inactive
zymogen form which requires proteolytic cleavage or dena-
turation to express enzymatic activity. The protective effects
of chloroquine and the lysosome-stabilizing steroids may
indicate that such an activation routinely takes place in the
lysosomes. It is also conceivable that a lysosomal protease
may expose or activate a putative E sequence.
Regarding the enzymatic activity of Shiga toxin, little can

be said. That so few molecules are required to kill a target
cell and the structure-activity (i.e., dichain) features of the
toxin both support the hypothesis that Shiga toxin acts
enzymatically. However, until demonstrated directly, the
whole concept is obviously speculative.

CHIOLERA TOXIN
A number of review articles over the past 10 years have

dealt in depth with the mechanism of action of cholera toxin,
from the classical work by Finkelstein (44) to more recent
synopses by Gill (48), Moss and Vaughan (156), and Holm-
gren (76). The toxin is the causative agent of clinical cholera,
the disease brought on after colonization of intestinal cells
with toxin-secreting Vibrio cholerae bacteria. The end result
of the infection is a massive diarrhea and dehydration, due to
elevation of cellular cyclic AMP (cAMP) and disruption of
normal ion fluxes in the intestinal epithelium.
The toxin itself is a large protein molecule, now known to

be composed of three subunits: A1 (MW 29,000), A2 (MW
5500), and B (MW 11,500). Subunit A1 has been shown to
possess enzymatic activity and is well known to effect the
toxin-specific biological response by ADP-ribosylating a
component of the adenylate cyclase system, the GTP-regula-
tory protein (21, 52). Subunit A2 is thought to function in the
toxin internalization process (51), whereas subunit B binds
specifically to a cholera toxin-specific cell surface receptor,
in part consisting of ganglioside GM1 (148). Biochemical
cross-linking (47) and electron microscopic studies have
shown that there are five B subunits per toxin molecule,
arranged in a ring around a central core which contains the
enzyme A1. A2 connects A1 to the B ring through a single
disulfide bond, which must be severed for expression of
maximal enzymatic activity. Almost all cultured cell lines
are sensitive to cholera toxin and display a wide range of
responses, mostly attributable to increases in intracellular
cAMP levels. These include alterations in morphology and
surface adherence characteristics, shifts in membrane pro-
tein profiles, phosphorylation of specific surface proteins,
stimulation of steroidogenesis and certain hormone-mediat-
ed responses, and inhibition of mitogenesis. As in the cases
of the toxins discussed above, the cholera toxin target is
indisputably intracellular: adenylate cyclase, a multisubunit
enzyme, is localized on the cytoplasmic surface of the
plasma membrane. Thus, for the Al enzyme to interact with
its substrate molecule, it must pass a membrane barrier.
Indications are that membrane passage may take 15 to 60
min in intact cells, this being the length of the lag period
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between toxin addition and intracellular adenylate cyclase
stimulation. This lag period is absent in experiments with
cell lysates and either "nicked" or "unnicked" toxin prepa-
rations, strongly suggesting that the activation or release or
both of A1 from holotoxin and its enzymatic reaction are
virtually instantaneous. The limiting factor, therefore, must
be cross-membrane transfer.

Subunit A1, on its own, has little or no detectable effect on
intact cells. There appears at this time little doubt that the
effects of cholera toxin are mediated via cell surface recep-
tors, with the B subunit responsible for the receptor binding.
Initially a single B moiety binds to a single GM1 molecule.
Than lateral diffusion in the plane of the membrane occurs
until all five B subunits are associated with five correspond-
ing GM1 gangliosides. Craig and Cuatrecases (27) have
shown, using fluorescein-labeled toxin conjugates, that the
cholera toxin-receptor complex is mobile in the plane of the
lymphocyte membrane, redistributing in a temperature-de-
pendent manner to form patches and caps. Patching and
capping were blocked by specific antitoxin, which concomi-
tantly blocked the toxin-induced stimulation of cyclase,
suggesting that the observed redistribution is a necessary
step in the intoxication process. Antitoxin added after patch-
ing and cappinghad taken place was unable to prevent the
biological effect of cholera toxin.
The proposed biological significance of the toxin-receptor

complex redistribution step may relate to the mobile recep-
tor theory of hormone-adenylate cyclase interaction (6). One
aspect of the theory, reviewed by Rodbell (181), argues that
the binding of hormone to receptor forms an activated
complex, which then, by means of lateral diffusion, collides
with and acts upon the cyclase. An analogous situation may
obtain with cholera toxin. The lag between toxin binding and
cyclase activation is dependent upon both temperature and
cell membrane viscosity and is extended in cells with re-
duced levels of GM1 gangliosides, presumably due to pro-
loned periods of lateral diffusion (49). The prolonged lag in
GM,-poor cells is reduced by addition of exogenous ganglio-
side.

Craig and Cuatrecasas (27) argue that, since the hydropho-
bic tail of the GM1 ganglioside is too short (only 3 nm) to
extend across the plasma membrane and interact with the
submembrane cytoskeleton, capping may proceed through
the association of receptor with an integral membrane pro-
tein. The possible importance of a membrane protein compo-
nent was further supported by the work of Hagmann and
Fishman (66), who demonstrated that the pretreatment of
toxin-sensitive cells with inhibitors of protein synthesis
blocked both the appearance of subunit A1 in the cytoplasm
and toxin degradation. The effect could not be attributed to
either a reduction in toxin-receptor binding or a depletion of
intracellular adenylate cyclase. The results thus imply that
some membrane protein is involved in the translocation of
receptor-bound toxin.
Antibody neutralization studies (49) show that the toxin

very rapidly undergoes "eclipse"; that is, within 10 to 60 s of
surface binding, the toxin is no longer susceptible to anti-
body neutralization, though electron microscopic studies
show that substantial amounts of toxin remain exposed at
the plasma membrane for up to 24 h. It appears at this stage
that either all or part of the receptor-bound toxin becomes
embedded in the membrane such that it is no longer available
for antibody binding or undergoes some conformational
change such that it loses its antigenic recognizability or both.

Considerable experimental evidence exists for an alter-
ation in the conformation of cholera toxin subsequent to

surface receptor binding. Early work by Gill (47) suggested
that the five-point binding of toxin to gangliosides holds the
toxin flat against the membrane surface in such a manner
that the internal hydrophobic associations of the B subunits
are replaced by interactions with integral membrane compo-
nents. The B ring thus unfolds and becomes embedded in the
membrane, forming a channel through which the hydrophilic
A subunit can enter the cytoplasm. This hypothesis, some-
what similar to the direct membrane traversal mechanism
proposed for diphtheria toxin A fragment, finds some sup-
port in the direct demonstration that cholera toxin indeed
forms ion-conducting channels in GM1-containing artificial
lipid membranes (152, 215). Though no estimations were
made of the channel size, presumably the A1 subunit would
best traverse a channel in elongated, unfolded form. Again,
like diphtheria fragment A, cholera A1 has been shown to
readily renature to full biological activity after boiling in
sodium dodecyl sulfate (47).

Mulfin et al. (157) argue that the cholera toxin-GM, interac-
tion is in many ways equivalent to that ofthyrotropin with its
receptor. Thyrotropin, which possesses sequence homolo-
gies to cholera toxin in both the alpha and beta subunits,
similarly binds by virtue of its beta moiety to a cell surface
ganglioside. Binding elicits a conformational change in thy-
rotropin which, after the extrusion of water molecules,
results in close contact of the hormone with the membrane
lipid bilayer. This in turn perturbs the plasma membrane,
altering both the surface exposure of various membrane
components and the character of the transmembrane ion
fluxes. These changes allow the active alpha subunit of the
hormone to penetrate the membrane and interact with its
cytoplasmic target, adenylate cyclase. Fluorescence studies
of the thyrotropin or cholera toxin interaction with ganglio-
sides indicate that the initial binding is inhibited by salts,
implying a preliminary electrostatic event. The formed li-
gand-receptor complex, however, is impervious to salt,
suggesting a subsequent hydrophobic event. Mullin et al.
(157) proposed that the ganglioside may act as an "emulsify-
ing agent," overcoming the considerable energy barrier
presented to the entry of a large polar ligand into the polar
lipid bilayer.
As mentioned above, subunit A1 alone has little effect on

intact cells, and reconstitution experiments have demon-
strated that both the ganglioside binding B subunits and
fragment A2 are required for expression of biological activi-
ty. The role of A2 in the toxin uptake process is unknown. It
was originally believed that A2 functioned simply to connect
Al to the multiunit B ring; however, more recent evidence
suggests an A2 requirement for translocation. Gill et al. (51)
proposed that A2 may act like a secretory protein signal
sequence in directing the transmembrane passage of A1. The
case for a receptor-mediated direct membrane translocation
process as the biologically relevant uptake mechanism for
cholera toxin seems fairly strong. A number of studies (22,
58, 85, 86) have shown that cholera toxin or toxin-receptor
complex undergoes adsorptive endocytosis into the GERL
of neuronal or neuroblastoma cells. Toxin taken up in this
manner does not elicit a biological effect (22), suggesting that
the observed endocytosis is not the biologically significant
uptake pathway. One possibility is that this process reflects
the recycling of plasma membrane components. Gonatas et
al. (58), in experiments with cholera toxin-horseradish per-
oxidase conjugates, found that the conjugates were detect-
able on the neuroblastoma cell surface as long as 24 h after
addition, implying either a very slow rate of surface clear-
ance or an efficient and continuous recycling process.
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Pharmacological studies further suggest that the endocytic
process described above is not biologically productive.
Though electron micrographs demonstrated that the endocy-
tosis of cholera toxin did not appear to involve coated pits,
Gill et al. (51) tested the effects of dansylcadaverine on the
uptake of cholera toxin by CHO cells. Pretreatment with
dansylcadaverine appeared to partially reduce the morpho-
logical response (elongation) of the cells to toxin. However,
the cellular response to dibutyryl cAMP was similarly re-
duced by dansylcadaverine, suggesting that the observed
effect was at the level of intracellular cAMP rather than toxin
entry. On the other hand, experiments by Hagmann and
Fishmann (66) showed that dansylcadaverine blocked both
the biological activity and the degradation of cholera toxin,
implying a legitimate role of transglutaminase in toxin up-
take. In view of the previous discussion, it seems possible
that dansylcadaverine has differential effects on the two
pathways of cholera toxin intake: a block of biological
activity at the cAMP level in the productive pathway and a
block of degradation in the nonproductive (endocytic?)
pathway.

Additional evidence that the biologically relevant uptake
of cholera toxin does not proceed by adsorptive endocytosis
into lysosomes derives from experiments with ammonium
chloride and chloroquine (51). Both compounds (see above)
have been shown to affect the lysosomes, and their concomi-
tant abilities to protect cells is taken to indicate a lysosomal
role in toxin activation or transmembrane passage. Neither
compound inhibited the activity of cholera toxin in CHO
cells.

In general, intact cell studies indicate that a substantial
fraction of surface-bound cholera toxin at saturation is
nonproductive. Relatively few molecules need interact with
target cells to elicit maximal biological effect. Donta (33)
estimated that 50 molecules of toxin per cell were sufficient
to induce morphological and steroidogenic changes in Y-1
adrenal cells. Holmgren et al. (77) found maximal inhibition
of mitogenesis in thymocytes at 10 molecules per cell. In
broken-cell preparations, the cyclase is activated by A1
concentrations as low as 10-11 M, though intact cells may
possess vast numbers of surface receptor sites. Fibroblasts,
for example, have 5 x 105 to 1 x 10 receptors per cell for
cholera toxin. The discrepancy between cell surface binding
and concentration required to elicit biological effect may
reflect inefficiency of uptake; that is, if productive uptake is
a very rare event, extensive surface receptor binding may be
a statistical necessity. Alternatively, there may be functional
and nonfunctional forms of toxin receptor, the former of
which alone is able to effect the translocation and cytoplas-
mic release of A1.
Regarding the enzymatic activity of cholera toxin, once

again the story is ADP-ribosylation. One of the first clues
was provided in the report by Gill that NAD is a necessary
cofactor for cholera toxin-catalyzed adenylate cyclase acti-
vation (46). This observation was followed by work showing
tht cholera toxin has an NAD glycohydrolase activity (150,
151, 155). The reaction occurred in water but was promoted
by guanidine, arginine, or, even more efficiently, arginine
methyl ester. The NADase activity was dependent on the
type of buffer used and was markedly enhanced in dithioth-
reitol. One curious feature of the reaction was the inhibitory
effect of gangliosides (151). GM1, GM2, GM3, and GDla all
inhibited the NAD hydrolysis reaction catalyzed by either
intact cholera toxin or the A promoter. Fluorescence studies
indicated that only GM1 bound to isolated B promoters,
whereas all four gangliosides bound to promoter A. It seems

probable, therefore, that a ganglioside binding site exists on
the A promoter and its occupancy results in an inhibition of
glycohydrolase activity. Whether the inhibition is steric or
allosteric is not clear. Also uncertain is the biological signifi-
cance of ganglioside association with A promoter.
The demonstration that cholera toxin ADP-ribosylated a

component of the adenylate cyclase system came simultane-
ously from two laboratories (21, 52). Using radiolabeled
NAD as a probe, both groups observed toxin-catalyzed
incorporation of radioactivity into a 42,000-MW membrane
component. This component was identified as the GTP-
binding regulatory subunit of the adenylate cyclase system.
Subsequent studies have confirmed and expanded upon
these original reports to yield the following model. The
catalytic component of adenylate cyclase is membrane
bound and located on the cytoplasmic side. The enzyme can
exist in two forms, active and inactive. There is a regulatory
component (referred to variously as the G protein, the G/F
protein, or the Ns protein) of the cyclase which has a binding
site for GTP. The G-GTP complex interacts with the catalyt-
ic component to form a ternary system active in the synthe-
sis ofcAMP from ATP. Hydrolysis ofGTP to GDP converts
the G protein into a form which no longer activates the
catalytic unit.) To reactivate the system enzymatically, G-
GDP disassociation occurs followed by rebinding of GTP to
the original site.

Since it is the hydrolysis of GTP which initiates the
process of cyclase deactivation, it follows that inhibition of
GTPase activity would lead to a persistent activation of the
cyclase catalytic component. One predictable means of
effecting persistent activation would be the substitution of a
hydrolysis-resistant analog such as the beta-gamma-linked
imide derivative [Gpp(NH)p] for GTP. Indeed, when
Gpp(NH)p was added, the activation of cyclase was prompt
and essentially irreversible. Functionally, ADP-ribosylation
by cholera toxin seems to convert the regulatory G protein to
a state incapable of GTP hydrolysis. For example, the ability
of GTP to activate adenylate cyclase is markedly enhanced
by pretreatment with cholera toxin. In contrast, cholera
toxin pretreatment has very little effect on the activation
stimulated by Gpp(NH)p (112).

Several lines of evidence indicate that the substrate for
cholera toxin-catalyzed ADP-ribosylation is the G protein.
Incubation of membranes from a variety of sources with
cholera toxin and [32P]NAD results in labeling of a 42,000-
dalton protein; with some cells a second protein (52,000
daltons) is also labeled. These labeled proteins copurify with
G-reconstituting activity by several molecular sizing tech-
niques (88, 161). Particularly compelling was the observation
that membranes from wild-type S-49 cells, which have G-
protein activity, were labeled by toxin and [32P]NAD,
whereas membranes from subline S-49 lacking G-protein
activity were not (84).
The ADP-ribosylation reaction depends upon the presence

of several components. Cholera toxin, NAD, and a mem-
brane source of G protein are required, as well as GTP or a
GTP analog and magnesium. In addition, a macromolecule in
the cytosol markedly enhances ADP-ribosylation. The exact
identity of this component is not clear, but it behaves like a
20,000-dalton protein. Enomoto and Gill (42) and Malbon
and Gill (113) tested several proteins (including calmodulin)
for their ability to substitute in the reaction with negative
results.
The acceptor specificity for cholera toxin-catalyzed ADP-

ribosylation is not as stringent as it is with diphtheria toxin.
Many guanine nucleotide-binding regulatory proteins are
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recognized and ADP-ribosylated by cholera toxin (26). For
example, transducin, the signal-carrying regulatory protein
in retinal outer rod segments, was ADP-ribosylated (1). The
reaction was enhanced by Gpp(NH)p and inhibited by GTP
or GDP. There was a good correlation between the level of
labeling and the loss of transducin GTPase activity.

Cytoskeletal proteins also appear to be targets for ADP-
ribosylation by cholera toxin. Both tubulin and intermediate
filament proteins were radiolabeled by cholera toxin and
[32P]NAD (68, 87). It appeared that labeling required a GTP
cofactor. However, labeling only occurred in lysed cell
preparations. No evidence was obtained for toxin-catalyzed
ADP-ribosylation of cytoskeletal proteins in intact cells.

E. COLI ENTEROTOXINS
There is now much evidence that most cases of so-called

traveler's diarrhea are caused by infection with certain
toxigenic strains of E. coli. From a pathogenic standpoint,
the symptoms appear to be caused by one or the other of two
distinct enterotoxin types. The first, referred to as the heat-
labile enterotoxin (LT), is very similar to cholera toxin in
both its structure and mode of action. As discussed in the
related review (40), LT apparently binds to the same GM1-
containing receptor that is recognized by cholera toxin.
Although little direct information is available on the internal-
ization of LT by target cells, presumably the mechanism is
essentially the same as that of cholera toxin. Much more
reliably, we know that the enzymatic activity of LT is
remarkably like that of cholera toxin. When added to cell
membranes, LT activated the adenylate cyclase in a time-
and concentration-dependent manner (50). Activation re-
quired NAD, ATP, and a soluble component from the cells.
The reaction was inhibited by antibody against cholera
toxin. Further studies demonstrated that LT catalyzes the
hydrolysis ofNAD to ADP-ribose and nicotinamide and that
hydrolysis is stimulated by denaturant treatment of the toxin
or addition or arginine methyl ester, arginine, or guanidine
(153). Finally, Gill and Richardson showed that LT ADP-
ribosylates the 42,000-dalton, GTP-binding regulatory pro-
tein that is ADP-ribosylated by cholera toxin (53).
The second enterotoxin produced by E. coli is referred to

as the heat-stable toxin. This toxin is quite small (approxi-
mately 2,000 MW) (3) and apparently elicits its enterotoxic
response by stimulating guanylate cyclase. Whether or not
heat-stable toxin enters cells to carry out its action is not
clear. Furthermore, no enzymatic activity has been reported
for heat-stable toxin. Considering the toxin's size, it is much
more likely to act stoichiometrically than catalytically, but
this remains to be determined.

PERTUSSIS TOXIN
Pertussis toxin is isolated and purified from the culture

medium of Bordetella pertussis. The toxin elicits a number
of responses in a variety of cell types (69, 89, 90, 158). These
responses apparently stem from toxin-induced effects on the
adenylate cyclase system which ultimately lead to increased
concentrations of cAMP. The pentapeptide structure of
pertussis toxin (discussed in detail in the related review [40])
is complex, but functionally conforms to the A-B, enzymatic
binding subunit model (210). The 28,000-MW S promoter
(generically, the A portion) is active in ADP-ribosylation. In
broken-cell preparations, it is as biochemically effective as
intact toxin (210). The B oligomer (four peptides) blocks the
biological action of the whole toxin (211), apparently by
competing for receptor occupancy. Though lacking intrinsic

enzymatic activity, the B oligomer alone will elicit insulin-
like or mitogenic responses from cells. These responses
presumably result from B-oligomer-induced cross-linking or
aggregation of cell surface (receptor?) proteins. As such,
they seem analogous to cellular responses to concanavalin A
or antireceptor antibodies (211).

Essentially nothing is known about the nature of the
receptor for pertussis toxin. Little more is known about the
mechanism by which pertussis toxin enters target cells.
Tamura et al. (211) found that the A promoter added alone to
cells did not evoke a response. However, if cells were
pretreated with the B oligomer, washed, and then exposed to
the A promoter, a toxin-like response was observed. Appar-
ently, after binding to the cells, the B oligomer remains on
the surface in a state recognized by the A promoter. This
experiment demonstrates the important role of the oligomer
in delivering the enzymatically active (see below) A promot-
er to its supposed intracellular site of action. In comparison
to many other bacterial toxins, however, these results are
unusual. In most cases, it is not possible to successively add
the binding and enzymatic components to cells and obtain
the toxic response.
Although pertussis toxin affects the adenylate cyclase

system, several studies have shown that its mode of action is
different from that of cholera toxin. Incubation of C6 glioma
cell membranes with pertussis toxin, NAD, and ATP con-
verts the adenylate cyclase to a state in which the activating
effects of beta-adrenergic agonists or GTP or both were
markedly enhanced. The degree of enhancement correlated
with the level and rate of toxin-catalyzed ADP-ribosylation
of a 41,000-MW membrane protein (91, 92). This protein was
clearly distinct from the 45,000-MW G protein ADP-ribosy-
lated by cholera toxin, as shown by direct comparative
experiments (11, 91). Equilibrium dialysis and photoaffinity
labeling experiments demonstrated that this 41,000-MW
protein has a specific binding site for guanine nucleotides
(11). Thus, there appear to be two regulatory GTP binding
proteins associated with the adenylate cyclase enzyme sys-
tem. One, the G protein, is susceptible to ADP-ribosylation
by cholera or E. coli enterotoxin. The other, termed the Gi or
Ni protein, can be ADP-ribosylated by pertussis toxin.

Similar studies were performed in other cell lines such as
3T3 fibroblasts (158), adipocytes (159), or the neuroblastoma
x glioma hybrid cell line NG108-15 (19, 101). The use of the
NG108-15 line was of particular interest, since these cells
have alpha-adrenergic, cholinergic, muscarinic, and opiate
receptors, all of which inhibit adenylate cyclase by a GTP-
dependent mechanism. Treatment of these cells by pertussis
toxin led to an uncoupling of the cyclase-inhibitory response
in all four receptor systems (19, 101).

Pertussis toxin catalyzes the hydrolysis of NAD to ADP-
ribose and nicotinamide (154). Expression of this activity
requires treatment with a thiol reagent. The Km for the
reaction was approximately 25 FM as compared to 4 to 8 mM
for cholera or E. coli enterotoxin. However, pertussis toxin
did not transfer ADP-ribose to small-molecular-weight gua-
nidine compounds such as arginine.

ANTHRAX TOXIN
There is good evidence for the involvement of a toxin in

the pathogenesis of anthrax infections (109). Toxic activities
can be demonstrated in the broth of Bacillus anthracis
cultures. Anthrax toxin can be resolved into three compo-
nents termed protective antigen, edema factor, and lethal
factor (109). Each of the three is a protein, with an MW of
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approximately 80,000 (105). Alone, none of the components
elicits observed biological responses. However, when com-
bined with protective antigen and injected intradermally,
edema factor produces edema. Likewise, when combined
with protective antigen, lethal factor is lethal to animals; rats
are the most sensitive. These and other experiments suggest-
ed that anthrax toxin has the now familiar A-B, enzymatic-
binding structure, with protective antigen acting as the B
fragment and either lethal factor or edema factor acting as
the active A fragment. This speculation was partially sup-
ported in recent work by Leppla (105). In that study, it was
shown that the combination of edema factor and protective
antigen elevated cellular cAMP to extraordinarily high lev-
els. Neither component alone brought about this response,
and addition of excess lethal factor blocked the cAMP
increase, presumably by competing with edema factor for
interaction with protective antigen. Interestingly, rather than
stimulating the target cell adenylate cyclase, it appeared that
edema factor itself was forming the cAMP; i.e., edema factor
is an adenylate cyclase. The adenylate cyclase activity of
edema factor was stringently dependent on a soluble, heat-
stable component of the cells. The cellular cofactor is
probably calmodulin (106), as was shown for an adenylate
cyclase from Bordetella pertussis (74, 226). Thus far, the
(enzymatic?) activity of lethal factor leading to death is
unknown.

TETANUS TOXIN
Tetanus and botulinum toxins are among the most toxic

substances known to humans. Their extremely potent toxici-
ties strongly suggest a very specific and highly efficient mode
of action. Unfortunately, at present, very little is known
about the cellular or molecular events leading to toxicity.
Clinically, the time course and symptoms of poisoning by
tetanus and botulinum toxins are quite different. However,
there are several structural aspects of the toxins which,
bolstered by some recent toxicity data, indicate more simi-
larities than differences.
As discussed in the related review (40), tetanus toxin is a

dichain protein composed of an approximately 100,000-MW
heavy chain and an approximately 50,000-MW light chain.
Like diphtheria toxin, tetanus toxin is synthesized by the
bacterium as a single chain. However, due to the action of
bacterial proteases, the toxin is routinely recovered from
culture supernatants in a nicked form. The two resulting
chains are held together by a disulfide bond and noncovalent
interactions. Separated, the heavy and light chains are
nontoxic (118, 119, 121), thus following the usual structure-
activity pattern of A-B dichain toxins. There is a second
protease-sensitive site in the heavy chain which, when
cleaved, splits the chain approximately in half. In the
absence of reducing agents, two new chains can be isolated.
One, consisting of the entire light chain linked to a 50,000-
dalton amino-terminal polypeptide of the heavy chain, has
been (unfortunately) termed fragment B. The remaining
50,000-MW portion of the heavy chain was called fragment
C. Unlike the separated heavy and light chains of tetanus,
isolated fragment B was toxic to animals. However, the
pattern of death due to fragment B was particularly interest-
ing. Upon intramuscular injection, the animals developed a
flaccid paralysis 48 to 72 h after challenge, much like that
seen in botulinum toxin poisoning (72). In contrast, the
flaccid paralysis induced by botulinum toxin can occur as
early as 4 h after toxin administration. More recently, it was
shown that intravenous injection of intact tetanus toxin
produced a very rapid (30-min) flaccid paralysis indistin-
guishable from the symptoms of botulinum toxin (117). Of

special note was the observation that theophylline delayed
the time to death due to intravenously injected tetanus toxin.
Theophylline was earlier reported to partially protect mice
from botulinum toxin-induced death (78). Together, these
observations suggest that tetanus and botulinum toxins
might have similar (enzymatic?) mechanisms of action when
delivered to (or into) the same neuronal cells.
Tetanus toxin causes spastic paralysis by blocking the

release of neurotransmitters from inhibitory synapses in
spinal cord motoneurons. Despite the structural analogy of
tetanus toxin to other A-B dichain bacterial toxins, there is
no evidence that either chain is an enzyme. Neither is there
direct evidence that tetanus toxin must enter the presynaptic
neuron to express biological activity. However, since sever-
al indirect experiments have shown that tetanus toxin con-
forms to the basic A-B model, we presently believe that this
is the best working hypothesis. Certainly, it is clear that part
of tetanus toxin's mechanism of action involves binding to
peripheral nerve terminals followed by internalization and
retrograde axonal transport (195, 207). Next, tetanus toxin is
released from the postsynaptic dendrites and taken up by the
presynaptic nerve terminals (196, 197). Thus, the process by
which tetanus toxin reaches its ultimate site of action
involves binding, internalization, and transport within a cell.
This transport seems to occur within smooth vesicles, cister-
nae, and tubules. Upon reaching the cell body the toxin
appears to localize within lysosomes. This sequence of
events was visualized in electron microscopic studies carried
out by Schwab, Thoenen and co-workers (195-197, 206,
207).
As mentioned in the related review (40), there are several

studies which suggest that tetanus toxin might bind to and
utilize the receptor-uptake system normally used by thyroid-
stimulating hormone (65, 104). Tetanus toxin binds to mem-
branes from thyroid cells with characteristics quite similar to
those for thyrotropin binding. Significantly, tetanus toxin did
not bind to membranes from thyroid tumor cells deficient in
thyrotropin receptors (65). Whereas these experiments are
interesting, they do not link binding (and internalization?) of
toxin with the biologically relevant response, i.e., inhibition
of neurotransmitter release.
Attempts have been made to develop cell culture models

for studying the mechanism of action of tetanus toxin.
Pearce et al. found that the toxin inhibited the release of
gamma-aminobutyric acid from primary cerebellar cells
(175). Bigalke et al. (8) were able to demonstrate tetanus
toxin-induced inhibition of acetylcholine release by primary
nerve cell cultures. Using a similar cell preparation, Yavin et
al. (230) studied cellular uptake of labeled toxin. As judged
by competition of unlabeled toxin, nonspecific binding/
uptake was high, approximately 40%. Furthermore, approxi-
mately 70% of the cell associated toxin could not be disasso-
ciated by conditions which completely reversed toxin bind-
ing to neural membranes. These results are difficult to
understand, in that the toxin-cell binding was performed at 0
to 4°C, a temperature well below that normally required for
the internalization of bacterial toxins.
There would be many advantages to having available an

established cell line suitable for tetanus toxin mechanistic
studies. Wendon and Gill (221) demonstrated that tetanus
toxin inhibited the release of acetylcholine from the neuro-
blastoma-glioma hybrid cell line NG108-15. Attempts to
relate this response with ADP-ribosylation or phosphoryla-
tion met with negative results. Nevertheless, these cells
provide a promising system for biochemical studies with the
toxin.
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Boquet and Duflot (13) examined the ability of tetanus
toxin or tetanus toxin-derived fragments to interact with
asolectin vesicles and to bind Triton X-100. Tetanus toxin
fragment B was the most effective component tested at
forming channels in the vesicles, but only at a pH below 5.0.
Intact tetanus toxin apparently did form channels, but much
less effectively than fragment B. Neither light chain nor
fragment C had any detectable channel-forming capacity.
Boquet and Duflot also noted a very large, low pH-induced
increase in detergent binding to tetanus toxin, but not to
fragment C or light chain. These results are consistent with
the notion that tetanus toxin requires lowered pH to insert
into or cross membranes as is apparently the case with
diphtheria toxin (see above).

BOTULINUM TOXIN
Botulinum neurotoxin is a large protein (150,000 MW)

which acts on peripheral nerves to block the release of
acetylcholine. Its basic structure resembles that of tetanus
toxin (heavy chain, approximately 100,000 daltons; light
chain, approximately 50,000 daltons [200, 209]. Similarly, it
has a propensity to bind gangliosides. A number of studies
have examined the binding stage of botulinum toxin's action
(discussed in the related review [40]). However, there is no
direct information on how, or indeed if, botulinum toxin
enters the neuron. Quite recently, one intriguing report (201)
showed that chloroquine or hydrochloroquine delayed the
time of onset of botulinum toxin-induced neuromuscular
blockade. These drugs had to be added before or simulta-
neously with the toxin to be effective. In view of the well-
established effect of chloroquine on toxins which enter target
cells by RME, these results suggest that botulinum toxin
enters the cell to inhibit neurotransmitter release.
There is no evidence as yet that botulinum toxin has any

enzymatic activity. However, since it is exceedingly potent
and bears structural and kinetic analogies to other bacterial
toxins, an enzymatic mechanism of action is highly proba-
ble.

CONCLUDING REMARKS
Striking similarities are exhibited by bacterial toxins in

three general areas: (i) an A-B, enzymatic-bindng structure,
(ii) an entry into target cells via an RME route, and (iii) an
ADP-ribosylating activity at the biochemical level. Another
possible similarity is a low pH-induced conformational
change which exposes regions of the toxin capable of
inserting into or through membranes.
One subject not covered here is the growing field of work

on toxin hybrids. In this approach, the enzymatic chain of a
toxin is linked to a molecule which should direct the conju-
gate or "hybrid" to specific cell types. Most frequently, the
targeting half of a hybrid has been a polypeptide hormone,
such as insulin, an antibody against a specific surface antigen
on the target cell. The use of hybrids holds tremendous
potential. With the advent of modern genetics, there is
reason to believe that hybrids could be constructed geneti-
cally. To use the example above, the genes for insulin and a
toxin enzymatic chain could be juxtapositioned on a plasmid
so as to code for the entire hybrid. Furthermore, the binding
fragments of toxin, to date unexplored, may be highly useful
in this regard. For example, the specificity shown by toxin B
chains can be used to target drugs to certain tissues. The B
chains also could be used, ironically, enough, to target
antitoxin agents to holotoxin-sensitive cells.
Modern toxin research has provided important informa-

tion on both the pathogenesis of various infections and the
nature of basic cellular or metabolic processes. Consider, for
example, how much less we would know about the adenyl-
cyclase system without cholera and pertussis toxins as
probes. In this vein, we hope that information will soon be
forthcoming on the molecular mechanisms of action of
botulinum and tetanus toxins. It is most likely that determin-
ing how these toxins work biochemically will lead to impor-
tant insights into the process of neurotransmitter release.
Furthermore, with the availability of highly purified heavy
chains or nontoxic CRMs, one could consider the exciting
possibility of targeting therapeutic agents to the peripheral
nerves or the central nervous system.
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