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Penetration of protein toxins into cells

Pal @ Falnes* and Kirsten Sandvig?

AB toxins deliver their enzymatically active A domain to the
cytosol. Some AB-toxins are able to penetrate cellular
membranes from endosomes where the low pH triggers their
translocation. One such toxin is diphtheria toon and important
features of its translocation mechaniam have been unraveled
during the last year. Other toxins depend on retrograde
tran=port through the secretory pathway to the ER before
transkocation, and recent findings suggest that thess toxins take
advantage of the ER translocation machinery nommally used for
tran=port of cellular proteins. In addition, the intracelular targets
of many of theae toxing have been identified recenthy.

Addresses

Department of Biochemistry, inst@ute for Cancer Resaarch,

The Morwegian Radum Hospital, Montebello, 0310 Oslo, Monway
sp-mal prainesiiabmed uio.no

Vo-mail: kirsten. sandwigidiiabmed vio.no

Current Opanion in Cell Biology 2000, 122407413

0BS5-0874/00/% — soe front matier
0 2000 Elsevier Science Ltd. All nghts reserved.

Abbreviations

CHF1 Cytotowic necsotizing Tactor 1

EF edema factor

GPI ghycosylphosphatidylinasitol

LF lethal facior

Pa protective antigen

SNAP-25 synapiosomal-xssociated membrane proden of 23 kDa
TGN trans Gokgl network

VAMP vosicie-associated membrane prodein
Introduction

A number of proteins from plants and bactena are highly
toxie too mammalan cells because of thewr almhity to enter
the cytosol and attack essential constituents (for a review
sce [1]). The majonty of these toxins are referred to as
AB-toxins because of their structural organpzation (sum-
manzcd i Figure 1) [1]. The A mokety gencrally has
enzymatic acovity and modifics a cellular target upon
entry nto the cyeosol (lable 1) 1), which leads to cell
death or other effects on cellular physiology. The B mion-
ety, consisting of one or more subumits, binds the toxin to
cell-surface receptors and can also play a mole in the
translocation of the A moiety to the cytosol. Examples of
intracellular targets are nbosomes, actn, small GTP-bind-
ing proteins ke Rho, and heterotnmence G-proteins | 1]. A
recent discovery 15 the finding that the anthrax toxin
lethal factor cleaves mitogen-activated protem kinase

kinase (MAPKK) 23]

Commonly, an AB-toxin 15 synthesised i an mnactive form
that 15 activated by proteolvtic processing (Figure 1, [4])
Some toxins are cleaved by the producing onganism

{c.g. cholera tosan, noin, clostndial neurotoxins) at a region
between two cysteine residoes [4). In other cases {eg

diphthena tooon, Shiga toxin and Peesslomonar exotoxin A),
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Structural arganization of AB-toxins. Protealytic cleavage of the: toxin is
required, in many cases, lor actvty, and swuch oftan ooCurs n
the region betwaen the A (black) and the B (gray) subunits. Either the
tomin has boen cleared by a protease from the plant or the bacterum
thiat produces the toxin (indicated by open armows) or a protease
fusweally furin) from the target cell cleawes the toxin (ndicated by closed
amowsy. Proteclytic dieavage offen resulis i a toxin with an
ergymeatically active part inked 1o the rest of the molecule by a
disultide bond. Howewar, the cloavage of the anthrax toxn B moiety by
furin beads 1o the dissocation of part of the molecule and axposure of 2
site: whare the A maiety binds. In the cases where no cleavage is
indicated, it is possible that cleavage takes place.

such processing 15 performed by funin, which s expressed
by the target cell [4). Other toxins (e.g. anthrax toxins and
Clostradnam borwlmmuns (G2 toxin) depend on proteolytic pro-
cessing of the B motety to expose a site that then binds the
A moicty non-covalently |4). In this article, we desenbe
strategies emploved by AB-toxins when entenng cells,
emphaspang recent discovenes in the field.
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Table 1

Mode of action of some AB toxins.

Toxin Encymatic actiity Callular targat(s)
Diphthena toxin ADPibosyl transtorase EF-2

Peeudomonas eE0iogn A ADP-ribosyl transtorase EF-2

Anthrax edema tooin Adenylate cyclase cAMP-modulated protoins
Anthrax lathal toxin Zinc endoprotesse MAPEEK

Clostridium bofubnum G2 10X ADP-ribosyl transtorase 5 actin

Shaga fomn M-glycosylxse 285 riEMA

Chaolora b ADPibosyl transtorase Haterotrimeric G-protein
Pertussis tomn ADP-ibosyl transtorase Hateratmeric G-protein
Clostndial neuroioxins Zinc endoprotesse VAMPreynapéobresin, SHAP-25, syniaxn 1
Plant toxins (ricin, abrin eic) M-glycosylase 285 rRMA

Clostridium difficil= foxins A and B Glucosyl transfoerase Rho prodeins

Cytotomc necrotizing tactor 1 (CHF1) Desmidase Rho prodeins

Toxin receptors at the cell surface and their role
in penetration and intoxication

The AB-toxins, in many cases, band to specific receptor
miclecules at the cell surface. For instance, the receptor for
diphthena toxin s the uncleaved precursor of the hepann-
binding EGE-like growth factor |3 the receptor for
Peendomonas cxotoxin A 15 the aZ-macroglobulin recep-
tor |6); Shiga toxn binds to the glycolipid Gh3 7] and
cholera toxin binds to GM 1 5], In the case of plant toxins,
like ncin, they usually bind to carbohydrates [9), regandless
of whether they are attached to ipads or proteins.

The receptor, in addition to providing binding sites at the
cell surface, has several other funcoions in the intoxication
process. Firstly, if the receptor s internalized efficiently,
for instance from clathnn-coated pits (see below), the
toxin 15 also rapadly taken up. Ilmportantly, receptor
expression  might be under regulation by growth
factorsfeytokimnes. This 15 the case for the Shiga tocan
receptor (Gh3) |9, and it seems to play an important role
in hemolytic uremic syndrome (HUS) caused by
Fsoherichia eolr that synthesize Shiga-like toxins and cause
food posoming | 10]. Secondly, the toxin receptor 15 impaor-
tant for targeting of the toxin to the orpanclle before it
enters the cveosol. An example 15 the Shiga-toxin receptor,
where the lipid composition of the receptor 15 essential for
recrograde toxin transport [9,11). A third point s that the
receptor may play a direct role in toxin penctration
through the membrane. In the case of diphthena toxin,
the intact receptor scems to play an important rale in effi-
cient translocation across bological membranes. 1T the
transmembrane or cyvtoplasmic domain of the receptor 15
replaced by a GPI (glycosylphosphatdylinositol) anchor,
the efficicney of toan translocation across the membrane
15 considerably reduced [12). Point mutations 1in the
receptor also appear to inhibit translocation | 13).

Endocytosis and intracellular transport of protein
toxins

Although exceptions exist where a toxin scems to penc-
trate directly from the cell surface into the cvtosol

(c.g. Bordeella periusss invasive adenvlate cvclase) |14,
most toxins are endocyvtosed, although by different mech-
anisms |9, 15], before translocation to the covtosol. Uptake
from the ccll surface can take place through clathnn-
dependent and -independent mechanisms. For example,
cells expressing a mutant form of dynamin, which blocks
uptake from clathnn-coated pits and caveolae, are protect-
ed against diphthena toxin bound to the wild-type
receptor |16,17] but are not protected against diphthena
toxin bound to an engineered, GPl-anchored form of the

receptor |17 ] This result, in combination with other data,
sugeests that clathnn-dependent endocytosis 15 essential

for efficient intoxication by diphthena toxin bound to the
wild-tvpe receptor | 16,17].

In contrast to mcin, which 1s endocyoosed by all available
mechamisms |15), Shiga toxin (despite being bound to a
glvcolipd receptor |2)) and Presdemonas exotoxin A | 18],
are mtermalized from clathnn-coated pits. Also, a fraction
of cholera toxin 15 mtermnalized by dus pathway |19).
Although most toxins need to be endocytosed before
translocation to the cytosol, in many cases the mechanism

by which this occurs has not been investigated.

Several toxins are able to enter the eveosol from acidic
endosomes, whereas others seem to be transported to the
Golg apparatus and the ER, before translocation takes
place (Figure 2). These toxins, from both acidic endo-
somes and the Golgm and ER, might circomvent late
endosomes and use a more direct pathway to the Golm
apparatus. The exact pathway 15 not known | 15,20,21],
but it seems oo be dependent on the GTP-binding protein
dynamin |22].

However, retrograde transport of toxins through the Golm
apparatus to the ER may take place through more than one
mechanmism. Some toxins have a KDEL sequence
{c.g. cholera toxin, Psesdlomonas exotoxin A), which might
bind to KDEL receptors and facilitates retrograde trans-
port by a COPl-dependent mechamism [9,23). However,
other toxans do not have such a sequence (e.g. non, Shiga
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Intracellular transport of proten todns. The
tomn binds 1o a cell surace recepéor

(Y shaped) throwgh it= B moiely (grayl. The
tomn A mosety {black) is, in some cases (a),
transiocated to the cytosol from andosomes,
wherneas in other cases (b), further transport,
mist perokably all the way to the ER, &=
required for transkocation. The tate of the toxn
recepior has not been addressed in this
cartocin.
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toxin, modeccin) |9) and may wse a different, perhaps
Rabs-dependent, retrograde pathway to the ER |20°,21).

The translocation process

How soluble, hydrophilc proteins are able to cross the bar-
ner presented by the hydrophobic membrane 15 a
fundamental problem in biology, and the protein toxins
have developed different strategies to solve 1t Some pro-
tein toxins appear to carry with them the machinery
requured for translocation, whercas others are stnetly
dependent on cellular components.

Diphtharia toxin - a paradigm for toxin translocation
The mechanism of toxin penetration of a cellular mem-
brane 15 best understood in the case of diphthena toxin,
which requires low endosomal pH for translocation. Both
the A and the B mmeties of the toxin unfold ac low
pH |24], leading to the exposure of hydrophobic domains
and an imcreased tendency to interace with membrane
lipads |25,26). Also, when diphthena toxin s bound to the
cell surface, and subsequently exposed o low pH (there-
by mimicking the conditions in the endosome), an
immediate translocation of the A molety to the cytosol 1=
induced |27,28). Thus, the low pH encountered by diph-
thena toxin in the endosome tnggers the translocaton of
the A moicty to the coytosol. Introduction of disulfide
bonds at several locations in the A fragment blocked thas
translocation |29), indicating that unfolding 15 a preregu-
site for penctration into the cytosol. However, although
the translocation of the mutant A moieties was blocked,
the disulfide bond connecting the A and the B chains was
still reduced upon exposure of the tooan to acidic pH.
This indicates that reduction takes place at an carly stage
in the translocation process |30), most hkely through

exposure of the interfragment disulfide bond to the reduc-
ing mileu of the eytosol (Figure 3L

It has been suggested that diphthena-toan entry imvolves a
synchronous release of a larpe quantity of A chain molecules
into the cyvtosol, possibly through mpture of endosomes,
which results in the immediate inhibrion of protein syn-
thesis [31). However, recent studies indicate that at low
toxin concentrations a single ooxon molecule can enter a cell
and optimal protein synthesis inhibition requires prolonged
action of the toxn in the ovtosal |32,33%).

Ihphthena toxin s able to form cation-selective channels at
low pH both in the plasma membrane of cells [34,35) and
in lipid membranes |36). The toxin B moety consists of an
amino-terminal, o-helical transmembrancftranslocation (1)
domain and a carboxy-terminal receptor-binding  (R)
domain with a g-sheet structure. A part of the I domain,
compnsing two helices (denoted THE and "THY) and the
loop connecoing them, can form a cation channel wach the
samc charactenstics as that formed by the entire 1" domain
in planar lipid lavers |37] (Figure 3). Although the effi-
ciency of channel formaoon by the 'THEM helical hairpin
alone was low, this observation indicates that "THE# com-
prises the mimimal channel-forming entity. The exact role,
if any, of channel formation in translocation of the A moety
to the cvtosol remains unclear, as Lanzrein & af |12] pre-
sented evidence that channel formation may not be strctly
required. An important step i l-domam insertion s the
low pH-induced protonation of residues Glu349 and
Asp352 at the tp of the THS/ helical hairpin, thereby new-
traleeing the charge of these residues and facilitating their
translocation across the hipad bilayer, concomitant with the
membrane insertion of the two helices |38) (Figure 30 A



