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INTRODUCTION

Many bacterial and plant toxins achieve their high potency
by delivering a catalytically active polypeptide fragment of the
toxin to the cytosol of eukaryotic cells. Toxins acting in this
manner include diphtheria toxin (DT), anthrax toxin, Pseudo-
monas exotoxin A (PE), Shiga toxin and the Shiga-like toxins
(ST/SLTs), botulinum toxin type C2, cholera toxin, and the
tetanus and botulinum neurotoxins. When these toxins were
first purified and characterized, they were found to be mixtures
of intact toxin and toxin that was cleaved into several polypep-
tides, apparently because of the activity of endogenous pro-
teases of the producing organisms. For certain of the toxins in
which the limited proteolysis (nicking) by the endogenous
proteases was incomplete, mild treatment with trypsin would
complete the nicking, and this was accompanied by increases in
potency. These observations led to the concept that many
protein toxins require proteolytic cleavage to express full toxic
activity. Further analysis showed that proteolysis was needed to
release the catalytic domain from other domains having recep-
tor-binding and translocation functions. Activation occurred by
proteolytic cleavage at a defined site, often followed by reduc-
tion of a disulfide bond, thereby freeing the catalytic domain so
that it could act in the cytosol. More recently, proteolysis was
found to have a different role in several binary toxins, in which
cleavage within a specific sequence exposes binding sites or
surfaces by which several toxin proteins associate.
Many of these toxins were initially obtained in nicked forms

produced by bacterial proteases, acting either during secretion
or extracellularly. However, it seems unlikely that extracellular
proteases would be able to activate the toxins during an
infection or intoxication, because bacterial proteases would be
greatly diluted in body fluids and would be inhibited by
eukaryotic protease inhibitors. According to this argument,
any proteolytic cleavage shown to be essential by in vitro
experiments must be accomplished in vivo by proteases of the
target cells and tissues. However, the fact that the toxins were
usually obtained in an active (i.e., nicked) form diverted
attention from the possible role of eukaryotic proteases in
toxin activation. Only in the last few years have there been
renewed interest and detailed experimental analyses of the
role of eukaryotic proteases in activation of bacterial toxins.
This was facilitated by improved purification procedures that
yield pure, uncleaved forms of several of the toxins, and by the
characterization of several toxins that are produced in an
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uncleaved form and therefore have an absolute requirement
for activation by target cell proteases.
A number of eukaryotic proteases are active in extracellular

spaces under certain circumstances (plasmin during blood
clotting, neutrophil elastase during inflammation, etc.). How-
ever these proteases are normally inhibited by protease inhib-
itors such as a1-antitrypsin and a2-macroglobulin and are
therefore unlikely to play a role in activation of toxins. Recent
work has implicated furin, a newly recognized eukaryotic
protease, in the activation of several bacterial toxins (38, 39, 54,
57). Furin is a ubiquitous, subtilisin-like eukaryotic protease
that cleaves mammalian proproteins and prohormones (7, 31,
90). The discovery of furin ended a search extending over many
years for the proteases that cleave prohormones at sites
containing paired basic amino acids, such as KR and RR. Furin
was found to specifically recognize the longer sequence, RX(K/
R)R (where X is any amino acid), present at cleavage sites in
many proproteins such as proinsulin, proalbumin, and the
insulin receptor (31). Other members of the family of subtili-
sin-like eukaryotic proteases, including PC1, PC2, and PC4,
appear to be responsible for cleavage of prohormones at KR
and RR sequences to produce active peptide hormones. Con-
sistent with these roles in biosynthesis, furin is produced by
nearly all types of cells, whereas the other processing proteases
are produced only in neuroendocrine cells. The subtilisin-like
endoproteases have recently been reviewed (7, 83). In this
review, we discuss the requirements for activation of selected
bacterial toxins and propose a role for furin in the cleavage of
several of the toxins.

ROLE OF FURIN IN ACTIVATION OF
BACTERUIL TOXINS

Evidence implicating furin in activation of toxins emerged
from a systematic study of activation of anthrax toxin protec-
tive antigen (PA). This protein is synthesized in an inactive
form and must be cleaved to become toxic. Mutagenesis of the
PA gene showed that in order to be activated, PA must at a
minimum contain the sequence RXXR (39). This sequence
was recognized to be very similar to the cleavage sites in the
normal eukaryotic substrates of furin. Work with other prob-
able furin substrates (8) and with PA mutants (39) confirmed
that a basic residue at the -2 position relative to the bond
cleaved is not absolutely required for cleavage by furin. In
addition, Nakayama et al. (60) showed that a basic residue at
the -6 position may substitute for the -4 or -2 Arg. Further
analysis of the prorenin test system (94) showed that efficient
cleavage by furin occurred when Arg occupied any two of the
sites at -2, -4, and -6. Arg was absolutely required at -1,
and the + 1 position could not contain a hydrophobic aliphatic
residue (e.g., Leu).
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TABLE 1. Toxins known or suspected to be activated by furin

Toxin Source Cleavage site' Reference(s)

Anthrax toxin PA Bacillus anthracis SNSRKKRST 39, 57
PE Pseudomonas aeruginosa TRHRQPRGW 65
DT Corynebacterium diphtheriae AGNRVRRSV 18
ST, SLT-I Shigella dysenteriae type I, Escherichia coli HASRVARMA 41
SLT-II, SLT-IIv Escherichia coli QGARSVRAV 73
Botulinum toxin C2 Clostridium botulinum types C and D Not knownb 66

aResidues in boldface are those which constitute a site for furin recognition.
b Protein sequence is unknown.

The discovery that PA is activated by furin (39, 57)
prompted us to consider whether other protein toxins might be
activated by this protease. Table 1 shows the cleavage sites for
the toxic proteins listed in the introduction, except that botu-
linum C2 toxin is omitted because the sequence has not been
reported. As shown, the toxins that are considered to be
processed by eukaryotic proteases all contain sequences rec-
ognized by furin, whereas toxins that are nicked by bacterial
enzymes have various other cleavage sites. In this review, we
discuss the data available on processing of these toxins and
provide evidence supporting the hypothesis that furin is the
primary eukaryotic enzyme which activates protein toxins.
Anthrax toxins. Bacillus anthracis secretes three proteins

that form two bipartite toxins, edema toxin and lethal toxin
(46). These toxins both utilize PA (83 kDa), the protein
responsible for binding to eukaryotic cells. The catalytic
polypeptides which enter the cytosol of target cells are edema
factor (EF), which is a calmodulin-dependent adenylate cy-
clase (45), and lethal factor (LF), which recently has been
shown to have properties characteristic of a metalloprotease
(36, 37). The events leading to intoxication of cells begin when
PA binds to a cellular receptor and becomes activated by
proteolytic cleavage. The cell-bound, protease-nicked PA is
able to form ion-conductive channels in lipid membranes (40)
and in cells (52). Release of a 20-kDa amino-terminal frag-
ment exposes a site to which either EF or LF binds (47). The
complexes are then internalized by receptor-mediated endocy-
tosis (22, 25), and the enzymatically active components, EF
and LF, translocate to the cytosol. The cleavage of PA occurs
after the sequence R-164-KKR-167. Singh et al. (82) showed
that deletion of residues 163 to 168 produced a PA protein that
could not be cleaved by trypsin or by target cell proteases and
was nontoxic for cells and animals. Purified recombinant
human furin was found to rapidly cleave PA between R-167
and S-168 (57). Klimpel et al. (39) prepared mutants of PA and
demonstrated that Arg was required at both the - 1 and - 4
positions for maximal cytotoxic activity. Mutants having a
single Arg or Lys within the four-amino-acid sequence became
toxic only after cleavage with trypsin. Comparison of the
potency and kinetics of action of some of the mutants sug-
gested that PA may enter cells by endocytosis, be cleaved by
proteases, and then recycle to the surface to bind LF or EF.
Inhibitor studies showed that PA bound to receptors on the
surface of fixed cells was cleaved by a surface protease having
the catalytic properties of furin (39). The latter result suggests
that at least a small amount of furin is on the plasma
membrane of cells, in apparent contradiction to evidence that
the protease is located exclusively in the Golgi compartment.
There is also evidence that PA can be cleaved by a Ca2+_
dependent protease in serum or plasma (20). However, taken
together, the data strongly suggest that furin is the major
protease responsible for activation of the anthrax PA protein.
Pseudomonas exotoxin A. The first of two well-studied ADP-

ribosylating toxins to be discussed here is PE, a 66-kDa
polypeptide secreted by Pseudomonas aeruginosa. The toxin
binds to the ct2-macroglobulin receptor (42) and enters cells by
receptor-mediated endocytosis. A requirement for the se-
quence REDLK at the carboxyl terminus of PE (9), together
with protection of cells by the Golgi compartment-disrupting
agent brefeldin A (79, 97), supports the view that PE must be
trafficked through the endoplasmic reticulum and Golgi com-
partment. Biochemical studies have identified a 37-kDa frag-
ment which is eventually translocated to the cytosol (64). This
carboxyl-terminal region contains a catalytic domain that ar-
rests protein synthesis by ADP-ribosylating elongation factor 2.
A number of studies have helped to characterize the intracel-
lular proteolytic step that produces the 37-kDa fragment.
Amino acid sequencing showed that the fragment begins at
G-280 (65). Thus, cleavage must occur after R-279, in the
sequence R-274-HRQPRG-280, located within a disulfide loop
formed by C-265 and C-287. The three-dimensional structure
of PE (4) shows that this region is on the exterior surface of the
protein, where it would be readily accessible to proteases.
Extensive mutagenesis studies showed that nearly all replace-
ments of R-276 eliminate toxicity and that substitutions of
R-279 also greatly reduce potency (33). Replacement of R-276
with histidine did not affect activity. PE containing a glycine
substitution at position 276 bound to and entered cells but was
unable to translocate to the cytosol and was nontoxic (33).
Fryling et al. (23) partially purified an activity from mouse
L929 cells that cleaves PE to produce the 37-kDa fragment. In
vitro cleavage of PE by the protease was optimal at pH 5.5 and
required Ca2". The protease had properties like those of furin.
It could be obtained only in very small amounts, consistent
with evidence that furin is a low-abundance protein in all cell
types so far studied.
Very strong evidence that furin is needed for PE activation

comes from analysis of a Chinese hamster ovary (CHO) cell
mutant, RPE.40, that was selected by exposure to PE and
found to be cross-resistant to a number of RNA viruses (56,
95). At the time that RPE.40 was obtained, the authors
explicitly and presciently suggested that the mutant cells were
deficient in a protease required for cleavage of both PE and
viral proteins. Recently, they have shown that RPE.40 cells
transfected with a furin cDNA regained sensitivity to PE and to
viruses (54). In trying to relate their results with the earlier
view that furin recognizes RX(K/R)R sites, the authors
pointed to the PE sequence R-182-REKR-186 as a possible
furin cleavage site. Considering the more recent evidence that
furin can cleave RXXR sites, and the other data discussed
above, it is much more probable that intracellular activation of
PE involves cleavage of the R-279-G-280 bond by furin. All
the available data are consistent with the hypothesis that furin
acts in an interior compartment to cleave PE distal to R-279 so
as to release the 37-kDa fragment which then translocates to
the cytosol. Because PE lacks a basic residue at the -2
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position, it may be less rapidly cleaved by furin than proteins
having the RX(KIR)R sequence. However, the presence of a
basic residue at the -6 position (R-274) may partially com-
pensate (60, 94) so as to increase the rate of cleavage and
thereby increase the toxin's potency.

Diphtheria toxin. DT is a 58-kDa polypeptide that binds to
the heparin-binding epidermal growth factor-like precursor
(59), enters cells by receptor-mediated endocytosis, and trans-
locates from acidified endosomes directly to the cytosol (71,
76). Toxicity results from inactivation of elongation factor 2 by
a catalytic mechanism identical to that of PE (71). Expression
of enzymatic activity in vitro, and presumably also in vivo,
requires that the 21-kDa fragment having the catalytic domain
be separated from the 37-kDa fragment that has receptor-
binding and membrane translocation functions (13). Cleavage
occurs at the sequence R-190-VRR-193, which is located
within a disulfide loop shown in the three-dimensional struc-
ture to be highly exposed on the protein surface (11). DT may
be activated in vitro by cleavage with trypsin (18) after any of
the three Arg residues in this loop (12, 58) or by cleavage with
urokinase distal to R-193 (12).
For many years, the DT preparations available to most

researchers were predominantly nicked because of action of
corynebacterial proteases. For this reason, the involvement of
target cell proteases in activation was not addressed. However,
Sandvig and Olsnes (76) purified unnicked DT and showed
that it was up to 30-fold less toxic to Vero cells than nicked DT
in short-term experiments in which nicking by serum proteases
was prevented. These investigators also showed that the cata-
lytic 21-kDa fragment of receptor-bound, nicked DT could
enter cells that were exposed to low external pH, in a process
considered to mimic the membrane insertion event that occurs
when endosomes become acidified. Unnicked DT was at least
10-fold less potent than nicked DT in this protocol. More
recently, these investigators have studied a fusion protein of
DT with staphylococcal protein A which can be internalized by
acid shock after binding to cells coated with antibody (50). The
fusion protein was toxic in this protocol only if it was first
nicked after R-193 with urokinase. These results suggest that
DT is not efficiently cleaved by proteases on the surface of
cells. Therefore, for unnicked DT to kill cells, it must be
cleaved by cellular proteases subsequent to endocytosis.

Direct studies of the susceptibility of DT to cleavage by furin
were done by Klimpel et al. (38, 39), who found that purified
furin cleaved DT to produce fragments of 21 and 37 kDa, equal
in size to those produced by trypsin. Whereas trypsin treatment
gave a mixture of three or four fragments differing in isoelec-
tric point, presumably reflecting cleavage at each of the three
Arg residues (58), cleavage with furin gave only the species
with the most positive net charge, as would be expected if
cleavage occurred after R-193.

Restrictions against cloning of active, recombinant DT have
delayed analysis of the DT cleavage site by mutagenesis.
However, the effects of alterations to the DT cleavage se-
quence were examined in a chimeric fusion toxin (96) contain-
ing DT residues 1 to 486 and interleukin-2 (DAB486-IL-2).
Comparison of proteins having substitutions in the cleavage
sequence R-190-VRR-193 (the residue numbering used here
corresponds to that of native DT) showed that R-193 is
absolutely required for intoxication of target cells, and that
replacing either R-190 or R-192 with Gly decreased potency
20-fold. An inactive mutant containing the sequence RVRG-
193 became toxic only after incubation with trypsin. Thus, like
anthrax toxin PA, the DT fusion proteins are most toxic to cells
when an optimum furin recognition site is present. These data
strongly suggest that the DT fusion protein (and by inference,

DT) is activated by furin during its binding and internalization
by cells.

Shiga and Shiga-like toxins. ST, produced by Shigella dys-
enteriae type I, and the SLTs, produced by enterohemorrhagic
Escherichia coli, are functionally identical and very similar in
sequence (62). All consist of a single A subunit (-32 kDa) in
noncovalent association with a pentamer of B subunits (-7.5
kDa) (61, 70). The B subunits bind to eukaryotic cell receptors
which are glycolipids of the globoseries (32, 49). The toxins
enter cells by endocytosis and appear to be routed in a
retrograde manner through the Golgi compartment and endo-
plasmic reticulum before reaching the cytosol (75). The A
subunit of ST/SLTs has specific N-glycosidase activity which
inactivates 28S rRNA, resulting in inhibition of protein syn-
thesis (19). The A subunit of SLT type I (SLT-I), which is
virtually identical to ST (88), is usually obtained in an intact
form if care is taken to inhibit bacterial proteases during
purification from culture supernatants. The A chain of ST/
SLTs can be separated into an enzymatically active A1
polypeptide (-28 kDa) and an A2 polypeptide (-4 kDa) by
mild treatment with trypsin and a reducing agent. Trypsin
cleavage (41) occurs at one or both of the two Arg residues
within a disulfide loop containing the sequence R-270-VAR or
RSVR, a potential furin site (residue numbering is that in ST
[Table 1]). Kittell et al. (35) performed amino-terminal amino
acid sequencing on a preparation of SLT-I A subunit that had
been nicked by endogenous bacterial proteases and found that
cleavage had occurred after R-273, as would be expected for
trypsin-like enzymes.

In contrast to the situation with other toxins discussed
above, the necessity for cleavage and separation of the ST/SLT
A chains into Al and A2 is in question. Kongmuang et al. (41)
found no difference in cytotoxic activity between intact ST and
ST that was nicked between Al and A2 with trypsin. However,
those workers exposed cells to toxin for 24 h, a time that might
allow alternate enzymes to activate the toxin. Samuel and
Gordon (73) replaced either one or both of the Arg residues of
the putative furin site of SLT-IIv with His and found that
enzymatic and cytotoxic activities were unaffected. In contrast,
replacements of either Arg with Gln eliminated toxicity, sug-
gesting that this site is important. Sandvig and colleagues
deleted six residues at the cleavage site of ST, S-269-RVARM,
and found that this decreased toxicity (74). Clearly, conserva-
tion of a furin recognition site across the whole family of SLTs
suggests a potential role for furin in their activation. Perhaps
cleavage at this site by furin or other eukaryotic proteases
augments but is not essential to activity of the toxins in certain
cells or tissues. This may become evident when analysis of
mutant ST/SLTs is extended.

Clostridial binary toxins. In addition to producing the
better-known and highly potent neurotoxins, Clostridium bot-
ulinum types C and D produce a toxin designated C2 toxin.
This toxin consists of two separate proteins, I and II (67).
Subunit I ADP-ribosylates actin, leading to inhibition of cell
division and eventual cell death (2, 68). Subunit II, like the
anthrax PA, binds to the surface of target cells. Although most
isolates of C. botulinum types C and D are proteolytic, subunit
II does not appear to be efficiently nicked during production
and purification. The potency of the purified toxin is greatly
increased if subunit II is treated with trypsin (66). Trypsin
cleavage causes subunit II to aggregate and gives it the ability
to bind subunit I (66). By incubating fluorescently labelled
subunits with Vero cells, Ohishi and Yanagimoto (69) showed
that subunit I will bind to subunit II only if the latter has
undergone proteolytic processing, a situation which mimics the
pattern of interaction of the anthrax PA with LF and EF.
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TABLE 2. Toxins having cleavage sites that are not recognized by furin

Toxin Source Cleavage site' Referenceor source

Cholera toxin Vibrio cholerae NAPRSSMS 51
Tetanus toxin Clostridium tetani IRENLYNRTASL 43
Botulinum neurotoxin type A Clostridium botulinum type A TKSLDKGYNKAL 15
Perfringens iota toxin Clostridium perfringens NNFFDVRFFSAA popoffb

a The carboxyl side of the boldface residue is the preferred site of cleavage by the bacterial proteases of the producing organism.
b Probable cleavage region, deduced from the unpublished sequence provided by M. R. Popoff, Pasteur Institute.

Toxins that share with the C2 toxin a binary structure and an
ADP-ribosylating activity are produced by Clostridium spiro-
forme and Clostridium perfringens (3, 81), and it is anticipated
that these three toxins will be found to have substantial
sequence similarity. The first member of this family for which
the complete sequence has been determined is the C. perfrin-
gens iota toxin (72a). Surprisingly, the cell-binding subunit of
iota toxin, designated Ib, has extensive sequence homology to
residues 170 to 590 of anthrax toxin PA. Apparently, this is the
region in both toxins that is involved in membrane transloca-
tion and in binding of the catalytic subunit. Only a single Arg
is located in the sequence near the point in iota toxin that is
cleaved to remove the amino-terminal proregion. This site
does contain two closely spaced occurrences of a Phe-Phe
sequence. Interestingly, a Phe-Phe sequence at residues 312 to
313 in anthrax toxin PA is highly susceptible to cleavage by
chymotrypsin and by bacterial metalloproteases such as ther-
molysin. Therefore, the iota toxin may usually be activated by
clostridial proteases rather than proteases of the target eukary-
otic cells. The fact that the C2 toxin requires trypsin treatment
suggests that it may differ from the iota toxin at the protease
cleavage site, and may more closely resemble the anthrax toxin
PA in this respect. Whether C2 toxin contains a furin-suscep-
tible sequence will be known only after its sequence is deter-
mined. The fact that iota toxin and anthrax toxin PA have both
incorporated a similar translocation domain, as well as se-
quences that constitute a latent site for subunit interaction,
shows that both these features must be functionally efficient
motifs for protein toxins.

ROLE FOR ENDOGENOUS PROTEASES IN
ACTIVATION OF TOXINS

A number of other bacterial toxins exist which require
proteolytic processing for activity, but which contain cleavage
sites that are not expected to be susceptible to furin. These
toxins include cholera toxin, tetanus toxin, and the botulinum
neurotoxins. As shown in Table 2, the sequences at which these
toxins are nicked differ widely. Evidence is not yet available to
determine whether these toxins are normally activated by
bacterial or eukaryotic proteases. All of these toxins are
secreted. Bacterial proteases could cleave toxins during or
after their secretion. In the case of gram-negative bacteria,
cleavage could also occur in the periplasm. Cholera toxin, and
the closely related E. coli heat-labile enterotoxin, are assem-
bled in the periplasm and then secreted through the outer
membrane (30). In E. coli, a periplasmic protease, DegP (85),
which could nick toxins during their passage through this
compartment has been identified. Outer membrane proteins
such as the E. coli cell surface protease OmpT (26) could also
play a role in activation of secreted toxins. Other bacterial
proteases could be involved in nicking of toxins, but no direct
evidence exists that cleavage by bacterial proteases is involved
in the intoxication process in vivo.

Cholera toxin. Cholera toxin has a subunit composition like
that of ST. The A subunit is cleaved into Al and A2 peptides,
with the former having ADP-ribosylation activity for certain
GTP-binding proteins. No furin site is present. The cholera
toxin A subunit is cleaved by Vibrio cholerae hemagglutinin/
protease at a Ser-Met bond (51). Little is known about whether
cleavage can take place within target cells.
Tetanus toxin. Culture supernatants of toxigenic strains of

Clostridium tetani contain active tetanus toxin (1, 80), which
contains two disulfide-linked polypeptides, a heavy chain (105
kDa) with cell-binding activity and a light chain (55 kDa) that
is a zinc metalloprotease (77). The toxin is synthesized as a
single polypeptide of -160 kDa, and this unnicked, intracel-
lular toxin can be isolated by special procedures from within
the bacteria. Helting et al. (29) isolated a protease from C.
tetani which was able to nick the intact toxin. Extensive studies
with a purified clostridial protease and five other reagent-
quality proteases (43) showed that all these proteases cleaved
tetanus toxin within residues 445 to 461, which is part of a
disulfide loop formed by C-438 and C-466. This region contains
two Arg residues but does not contain a recognition site for
furin. The purified clostridial protease cleaved a Glu-Asn and
then an Ala-Ser bond, whereas the other proteases such as
trypsin cleaved at positions expected for their established
specificities. Studies with various animal cells and tissues
showed that eukaryotic proteases can also cleave tetanus toxin
into the heavy and light chains, thereby increasing its potency
(27). The current data clearly show that the toxin requires
activation and that this could occur in animal cells. Mutagen-
esis of residues within the disulfide loop will provide informa-
tion as to the identity of the cellular enzymes that actually
participate in activation.

Botulinum neurotoxins. The botulinum neurotoxins (1, 80),
of which eight types are now recognized, are synthesized as
single polypeptides of approximately 150 kDa. Most of the
toxin types, including types A and B, are cleaved by clostridial
proteases (14) into two polypeptide chains of -100 and -50
kDa. These are held together by a disulfide linkage (44, 87).
Type E toxin is typically obtained in an intact form and is toxic
only after being activated with trypsin (44). The heavy chains of
the botulinum neurotoxins bind to ganglioside or glycolipid
receptors on target cells (34), and the light chains are, like the
light chain of tetanus toxin, zinc metalloproteases (77, 78).
Dekleva and DasGupta (16) characterized a clostridial pro-
tease that activates botulinum type A neurotoxin. Cleavage of
type A toxin by the clostridial protease occurred first at a
Lys-Gly bond, and more slowly at a Lys-Ala bond located four
residues carboxyl terminal from the first cleavage site (15).
Activation of type E toxin by trypsin was shown to result from
cleavage at an Arg-Lys bond (24). None of the botulinum
neurotoxins has a furin site at the junction of the heavy and
light chains. As in the case of tetanus toxin, the possibility that
furin or other eukaryotic proteases are involved in activation
may be addressed most efficiently by mutagenesis of the toxins.
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PROTEOLYTIC ACTIVATION OF FUSION TOXINS
USED AS THERAPEUTIC AGENTS

Many investigators are designing immunotoxins and fusion
toxins to be used as therapeutic agents to treat cancer, immune
system diseases, and human immunodeficiency virus type 1
(HIV-1) infection. This work has been reviewed (21, 72, 86,
91). Typically, the fusion proteins contain a polypeptide that
binds to the target cell receptors, fused to the membrane
translocation and catalytic domains of a toxin. In most cases,
the proteolytic activation site derived from the toxin is present,
and this must be cleaved for the toxin to be active. For fusion
toxins containing disulfide-linked chains, the proteins can be
nicked prior to administration, although this risks dissociation
of the domains. For constructs lacking disulfide bridges, it is
important to consider whether the trafficking of the fusion
toxin will bring it to an intracellular site where proteolytic
activation can occur efficiently.

Manipulation of the protease cleavage site can potentially
enhance fusion toxin potency. O'Hare et al. (63) prepared
fusion proteins containing ricin A chain linked to staphylococ-
cal protein A. The chimeric protein was not toxic to antibody-
coated cells, as was expected froni prior work showing that
ricin A chain chemical conjugates having uncleavable linkers
are inactive. To make a cleavable fusion protein, a 30-residue
linker containing the disulfide loop and cleavage site from DT
was inserted between the two functional domains. The ricin
A-protein A fusion with the linker killed antibody-coated
Daudi cells with a 50% effective concentration of 100 pM.
Trypsin treatment increased toxicity by a further fourfold. The
high potency without trypsin treatment showed that cellular
proteases, possibly furin, were cleaving the DT linker during
internalization and intracellular trafficking.
A different approach to dealing with the requirement for

proteolytic activation was taken in designing a fusion toxin of
PE and transforming growth factor alpha (TGF-a). The 37-
kDa fragment that is normally generated from PE by intracel-
lular cleavage after R-279 in the sequence R-274-HRQPRG-
280 was fused to TGF-o (89). The strategy of making Gly-280
the amino terminus of the fusion protein created a transloca-
tion-competent fragment, eliminating the requirement for
proteolytic activation. The conjugate was highly toxic to cells
having abundant epidermal growth factor receptors (to which
TGF-a binds), and it was 20-fold more toxic than the analo-
gous construct having the complete PE sequence, which re-

quires proteolytic activation. The authors concluded that pro-
teolytic cleavage of PE within the cell is normally rate limiting,
and that the increased potency resulted from eliminating the
need for this processing step.

In a conceptually similar approach, we have designed fusion
toxins specific for HIV-1-infected cells by exploiting the abso-
lute requirement that PA be cleaved to be active. The furin site
in PA was replaced by a sequence of eight amino acids
recognized by HIV-1 protease (48). This mutant PA was shown
to be cleaved appropriately by purified HIV-1 protease. It is
anticipated that when this altered PA is administered in vivo, it
will be activated only after being internalized by HIV-1-
infected cells. The activated toxin will then bind and internalize
LF or fusions of LF to ADP-ribosylating domains of PE or DT
(6), causing specific killing of the HIV-1-infected cells.

FUTURE PROSPECTS AND APPROACHES FOR STUDY
OF TOXIN ACTIVATION

Although the evidence for involvement of furin in activation
of toxins is compelling, recent evidence has shown that other

proteases may contribute to toxin activation in certain circum-
stances. Two of the toxins discussed above, DT and anthrax
PA, have sites containing more than the two Arg residues that
constitute the minimal furin recognition sequence. These two
toxins may have evolved to be targets for cleavage by several
proteases. This could be a safeguard for the toxin to ensure
activation by any cell that possesses the toxin receptor. Klimpel
et al. (39) found that the PA mutant PA31 having the cleavage
site sequence AKKR retained some residual toxicity for mac-
rophages, and subsequent work has shown that PA mutants
containing the sequences XXRR are also quite active, while
those with XXXR are not (24a). The AKKR and XXRR
mutants are evidently being activated by a protease other than
furin, perhaps one specific for paired basic residues. The
presence of alternate proteases able to activate toxins is also
suggested by the fact that selection of somatic cell mutants
resistant to DT by a number of different groups never yielded
mutants having a phenotype expected for deficiency in furin or
other proteases (17, 55). Furin-deficient mutants were ob-
tained only when selection was done with intact PE having the
normal cleavage site, RQPR, which can be viewed as a pure
furin substrate, i.e., one not susceptible to cleavage by alter-
nate proteases.

Further progress in identifying and characterizing the eu-
karyotic proteases that activate protein toxins will depend on
methods that modulate protease activity in target cells. Meth-
ods available include use of sequence-specific protease inhib-
itors (84), intracellular expression of furin or specific peptide
inhibitors of furin (8, 53, 93), and protease gene knockouts
(10). One of the most powerful and accessible methods, and
one that has already proven invaluable, is the selection of
toxin-resistant somatic cell mutants, as discussed above for the
PE-resistant CHO cell mutant RPE.40 (54). Methods for
selection of CHO cell mutants are well established, and the
functionally haploid behavior of many genes in CHO cells
makes it possible to obtain mutations at certain sites at
frequencies of 10-'. We have recently selected six indepen-
dent CHO cell mutants that are cross-resistant to PE and to
the PA mutant, PA33, having the cleavage site sequence
RAAR (39), but remain sensitive to the wild-type PA having
the normal sequence RKKR (24a). These mutants are believed
to be deficient in furin and are presumed to be similar to
RPE.40. Subsequently, we have obtained other CHO cell
mutants resistant to a PA protein having the cleavage site
sequence XXRR. These mutant CHO cells are highly resistant
to the XXRR toxin, but only slightly increased in resistance to
native PA, suggesting that they are deficient in enzymes or
trafficking mechanisms distinct from those involved in activa-
tion by furin.

It is of interest to consider why so many bacterial toxins
require proteolytic activation. One answer may be inferred
from the fact that this requirement is characteristic of toxins
that act catalytically inside cells, but not of those that act in
extracellular spaces (staphylococcal enterotoxins, etc.) or on
cell surfaces (hemolysins, etc.). The toxins of the former type
necessarily contain domains involved in receptor binding and
internalization, and distinct domains having catalytic activity.
These domains must initially be linked and then later sepa-
rated. The catalytic domain can only enter target cells success-
fully if physically attached to the receptor-recognition and
translocation domains, but it must then become detached to
express its full enzymatic activity. The toxins must have evolved
through recombination events that fused domains having the
separate functions, and then selective pressures would have
favored mutation to produce sites that allow their proteolytic
separation. The role of proteolytic activation is less clear for
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anthrax toxin and the clostridial binary toxins (C2, iota, and
spiroforme). The amino-terminal domain removed by proteol-
ysis has no role in toxin binding or internalization. It may be
needed for proper secretion and folding of the protein, as
shown for many proteins secreted by gram-positive bacteria
(92), or it could serve to shield the surface involved in
interaction with the second toxin component (EF and LF in
the case of anthrax) until binding to the receptor has occurred
and capture of the second toxin component is needed.

Continued analysis of the pathways for activation of bacte-
rial toxins may point to ways to block the action of the toxins,
and thus to prevent bacterial infections and/or the resulting
damage caused by the toxins. There is already evidence that
furin inhibitors can slow the rate of HIV-1 infection of T cells
by blocking the essential cleavage of the envelope gp160 (28).
Although furin would seem to be an essential enzyme, the
CHO cell mutants deficient in furin discussed above grow at
nearly normal rates, suggesting that it may be feasible to use
specific furin inhibitors in vivo without causing overt toxicity. A
particularly promising approach to inhibition of furin in vivo is
the recent construction of a mutant human o1-antitrypsin
inhibitor in which the recognition sequence AIPM-358 is
changed to RIPR (5). This protein inhibits furin with a Ki of 30
ng/ml. Because it is only slightly altered from an endogenous
human protein, this inhibitor will have a long half-life in
plasma and be of low immunogenicity. In addition to helping to
explain the virulence properties of pathogenic bacteria, the
continuing analysis of proteolytic activation of toxins will
undoubtedly aid in the design of improved protein fusion
toxins for therapeutic purposes.
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