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ABSTRACT. Shiga toxin is a bacterial protein composed of one A and five B subunits. Its A chain possesses
a protease sensitive loop (Cys-24Rys-261) that is cleaved to produce an enzymatically activédoiain

and an A fragment associated with its B subunit pentamer. The proposed mode of action of the toxin
is linked to its retrograde transport to the ER lumen followed by the translocation of its catalytiah

to the cytoplasmic side of the ER membrane. A signal sequence-like domain (residueziB2@vhich
constitutes the C-terminus of the Bhain precedes a region within the protease sensitive loop (residues
247—258) that contains known and putative cleavage sites. Two peptides corresponding to this C-terminus
(residues 226246) were chemically synthesized to investigate if this signal sequence-like domain can
interact with membranes. Such a property may provide a clue to the mechanism of translocation of the
A; domain across the ER membrane. The first peptide represented the native sequence, which includes
a naturally occurring cysteine at position 242 and provided a thiol moiety for the attachment of a spin-
label. A second peptide was designed to contain a single tryptophan residue (11e232Trp) located within
the hydrophobic core of the sequence which served as an intrinsic fluorescence probe. The interactions
of both peptides with lipid vesicles were analyzed by circular dichroism, fluorescence, and EPR
spectroscopy. The peptides lack structure in aqueous buffers and adopteldetioal geometry when

bound to negatively charged lipid vesicles. The addition of lipid vesicles to a solution of the tryptophan-
containing peptide results in a blue shift in the wavelength of its fluorescence maxima as well as an
increase in fluorescence intensity at 335 nm, suggesting that the hydrophobic core of freptile
relocated to a nonpolar environment. EPR measurements of a proxyl-labeled analog of the peptide
(introduced at Cys-242) indicated a decreased mobility of a fraction of the proxyl probe in the presence
of lipid vesicles. At pH 7, the membrane-bound probe was completely reduced by ascorbate trapped
inside vesicles but only partially reduced by ascorbate added outside the vesicles, suggesting that the
C-terminal region of the peptide traversed the membrane bilayer or relocated close to the surface of its
inner lipid leaflet. Finally, the peptide was shown to insert into lipid vesicles, causing the release of
calcein at a high peptide:lipid ratio. These results suggest that the C-terminal tail of tfeaih may

anchor this domain into the ER membrane.

Shiga toxin (ShT},produced byShigella dysenteriag/pe receptor binding domain which are encoded by separate
1, and Shiga-like toxin (SLT), produced by pathogenic strains subunits.
of Escherichia coliare closely related bipartite protein toxins ShT binds to cells expressing the glycolipid receptor,
(O'Brien et al., 1987). These toxins share structural and g|ohotriosyl ceramide (GhJacewicz et al., 1986; Lindberg
functional properties with other plant and bacterial toxins et al,, 1987). Following receptor binding, ShT is internalized
such as diphtheria toxifbseudomonasxotoxin A, and ricin - yja receptor-mediated endocytosis. A protease sensitive loop
[for review, see Merritt and Hol (1995)]. All members of  has been identified near the C-terminal region of the A
these toxin families possess an enzymatic domain and asybunit and is delimited by a disulfide bond between Cys-
242 and Cys-261. During intracellular localization events,
T This work was supported by Grant MT-11218 from the Medical the 31 kDa A chain is reduced and cleaved to y'e"?' two
Research Council of Canada. fragments (Garred et al., 1995a), namely a 27 kddmain
* Correspondence should be addressed to this author. Telephonewhich possesses &l-glycosidase activity and a 4 kDa
416-946-2967. Fax: 416-946-6529. E-mall: gariepy@oci.utoronto.ca. _tarminal A fragment partly inserted into the central pore
* University of Toronto and the Ontario Cancer Institute. . .
§ University of Toronto and the Hospital for Sick Children. of a B subunit pentamer (Fraser et al., 1994). A fraction of
® Abstract published ifhdvance ACS Abstractguly 1, 1996. the processed toxin is rerouted by retrograde transport
_*Abbreviations: DMPC, dimyristoylphosphatidylcholine; DMPG,  thrggh the Golgi cisternae, the endoplasmic reticulum (ER)
dimyristoylphosphatidylglycerol; EPR, electron paramagnetic resonance; ' . '
ShT, Shiga toxin; SLT, Shiga-like toxin; ShTA(22@46), 27-amino and the nuclear membrane (Sandvig et al., 1991, 1992). The
acid long S)é?tlee;tic peptide representing residues-22® of the ShT blockage of retrograde transport with brefeldin A protects
A chain; WeA22ShTA(220-246), peptide analog of ShTA(22@46)  cells sensitive to the action of ShT and suggests that the toxin
with an lle — Trp substitution at position 232 and a Cys Ala .
substitution at position 242; SUV, small unilamellar vesicles; TFE, Must reach the lumenal compartments of the Golgi network
trifluoroethanol. and the ER before its Asubunit can be effectively
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translocated near ribosomal subunits (Garred et al., 1995b).from Amersham Life Sciences (Arlington Heights, IL).
Since the target site for tHé-glycosidase activity of the A Calcein was purchased from Molecular Probes Inc. (Eugene,
chain is a single adenine base of 28S rRNA (Endo et al., OR). Morpholinoethanesulfonic acid (MES) was purchased
1988; Saxena et al., 1989), tha Aubunit must possess a from Fluka Chemical Corp. (St. Louis, MO).
mechanism to translocate to the cytoplasmic side of the ER Peptide Synthesis and PurificatioriThe peptides were
membrane. In the case of diphtheria toxin, there is evidenceassembled by solid phase synthesis on an Applied Biosystems
that the toxin exploits the acidification of the endosomal 431 peptide synthesizer using FMOC chemistry. The
compartment to undergo a conformational change andfollowing peptides were synthesized: ShTA(2Z6),
exposes a hydrophobic domain that enables it to translocatd'*C]Ac-RVGRISFGSINAILGSVALILNCHHHA, which
across membranes (Donovan et al., 1981; Hu et al., 1984;represents residues 22046 in the native toxin and
Blewitt et al., 1985; Rolf et al., 1993). A similar effect has W?3?A242ShTA(220-246), [“C]Ac-RVGRISFGSINAWLGS-
been observed in the caseRfeudomonasxotoxin A where VALILNAHHHA, which contains two substitutions, namely
low pH alters its structure to reveal a membrane binding 1232W and C242A. The N-terminus of each peptide was
domain (Farahbakhsh & Wisnieski, 1989). Other toxins such acetylated by reacting 100 mg of peptide-resin suspended
as ShT and ricin appear to lack a response to endosomal pHn dichloromethane with 25@Ci of [1-14C]acetic anhydride
and may have developed an alternate mechanism for relocatovernight at room temperature. The acetylation step was
ing their enzymatic domain to the cytosol. One possible completed by further treating the sample with 10% (v/v) cold
mechanism is the exposure of a hydrophobic domain during acetic anhydride in dichloromethane for 30 min prior to
relocation of such toxins to the ER. ShT contains a segmentcleaving the peptides from the resin. The peptides were
(residues 24+258) within a protease sensitive loop (residues purified by reverse phase HPLC on g€olumn [Beckman
242—261) which includes a well-defined furin sensitive motif ODS; 1 cm outside diametex 25 cm; column was pre-
RXXR (Gordon & Leppla, 1994) as well as putative equilibrated in water/0.1% (v/v) TFA] and eluted with a
cathepsins B and D cleavage sites. Proteolytic cleavage atinear gradient of acetonitrile (AcN)/0.08% (v/v) TFA. The
multiple sites within this segment takes place during the steepness of the elution gradient was 1% AcN/min. Both
intravesicular trafficking of the toxin (Takao et al., 1988; peptides typically eluted from the column when the composi-
Blum et al., 1991; Burgess & Roberts, 1993; Garred et al., tion of the mobile phase reached 60% acetonitrile. The
1995a,b). An inspection of the A chain sequence of ShT column flow rate was 1 mL/min. The composition of each
and related toxins reveals the presence of a hydrophobicpurified peptide was confirmed by amino acid analysis and
signal- sequence-like domain between residues 220 and 246nass spectrometry. The molar absorption coefficient of
(this report; Figure 1). This region contains residues usually W?3?A242ShTA(220-246) at 280 nm was calculated to be
found in signal peptides and transmembrane protein segment$700 Mt cm . The concentration of the melittin stock
(Perlman & Havorson, 1983; Briggs & Gierash, 1986) and solution was calculated using the Trp molar absorption
constitutes the C-terminus of the;Aragment since it  coefficient of 5570 Mt cmt at 280 nm (Wetlaufer, 1962).
immediately precedes the start of the protease sensitive loopThe specific activity of thé“C-labeled peptides was calcu-
(Cys-242-Cys-261). The crystal structure of native Shiga lated to be 8.6< 10? cpmjug for W232A242ShTA(220-246)
toxin shows that this hydrophobic segment of the A subunit and 9.8x 10? cpmj«g for ShTA(220-246).
is hidden at the interface between the A subunit and the B Circular Dichroism. CD spectra were recorded at room
subunit pentamer (Fraser et al., 1994). In the case of ricin, temperature using an AVIV CD spectrometer model 62A
the isolated A subunit shows higher avidity for membranes DS. A 15uL aliquot of a 2-4 mM stock solution of either
than the holotoxin, indicating the exposure of a hydrophobic peptide dissolved in 50% (v/v) TFE was diluted to a final
domain upon dissociation from the B subunit (Ishida et al., volume of 2.8 mL in either 5 mM phosphate (pH 7.0) or 5
1983; Utsumi et al., 1984, 1989; Yamasaki et al., 1988; Bilge mM acetate (pH 5.0) and dispensed into a 1 cm path length
et al., 1995). We therefore hypothesize that the reduction cuvette. The final peptide concentration was typically
of the single disulfide bond of the A chain of ShT and its between 10 and 2@M. Spectra were collected with an
limited proteolysis may facilitate the release of the A averaging time period of 10 s per point. Each point
fragment from the holotoxin and/or expose its hydrophobic represents the averaged ellipticity value recorded over a 0.5
C-terminus, thus favoring its interaction with membranes. nm spectral interval. When spectra were recorded in the
In an effort to study the potential of the C-terminus tail presence of lipids, the peptide was added directly to a cuvette
of the Ay domain to interact with membranes, we have containing lipid vesicles suspended in a constantly stirring
synthesized peptides corresponding to residues-226 of solution. Estimates of the helical fraction of the peptide were
the ShT A subunit and characterized their interaction with calculated by the method of Greenfield and Fasman (1969)
small unilamellar vesicles (SUV). We report spectroscopic using the following equation:
results which demonstrate that this region of theddmain

inserts into negatively charged membranes and assumes an [6]222°bs— [9]zzzcoiI
o-helical structure with a large fraction of the bound peptide Freix = ol poT
spanning the width of a negatively charged lipid bilayer at (0102, — [0]220
neutral pH.

where the value offf],,*™ for a 27-amino acid long peptide

EXPERIMENTAL PROCEDURES was calculated to be 35 740 deg crhdmol~! and the value
Materials. Dimyristoylphosphatidylglycerol (DMPG), for [0]5°! was determined from a peptide solution prepared

dimyristoylphosphatidylcholine (DMPC), 3-maleimido- in 6 M guanidine hydrochloride.

proxyl, and melittin were purchased from Sigma Chemical Fluorescence Spectroscopileasurements were collected

Co. (St. Louis, MO). Acetic anhydride €) was obtained  on a Photon Technology International (PTI) fluorometer.
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Titration experiments were performed by adding A5 Preparation of Small Unilamellar VesiclesDMPG or
aliquots of preformed vesicles (5 mg/mL) suspended in either DMPC was dispensed from a lipid stock solution (500
5 mM phosphate (pH 7.0) or 5 mM acetate (pH 5.0) to a 1 of a 20 mg/mL solution) prepared in chloroform/methanol
cm path length cuvette containing the peptid&32*°ShTA- (1:1) into a 16x 125 mm borosilicate test tube and dried
(220-246) (3uM) dissolved in 2.8 mL of the same buffer. under a stream of nitrogen. Residual solvents were removed
The resulting solution was continuously stirred while spectra under vacuum for 3 h. The lipid films were then resuspended
were acquired. The excitation wavelength was set at 280and hydrated in 2 mL of either 5 mM phosphate (pH 7.0) or
nm, and tryptophan emission spectra were recorded from 3005 mM acetate (pH 5.0) using 10 cycles of fast freetteaw
to 420 nm. In the case of experiments involving calcein (Mayer etal., 1985). The large multilamellar vesicles formed
leakage from lipid vesicles, the excitation wavelength used were then subjected to sonication in a bath sonicator to visual
was 490 nm and the emission signal was monitored at 520clarity. The small unilamellar vesicles (SUV) produced by
nm. this procedure were used directly in the experiments. For
Proxyl Labeling of ShTA(226246) Peptide. Purified calcein leakage experime_nts, the vegicles were formeq in the
peptide (1.0 mg) dissolved in 166 of 8 M urea and 40 presence of 20 mM calcein, after which the free calcein was

L of 3-maleimido-proxyl (10 mg/mL in methanol) were removed by gel filtration on a Sephadex G15 .CO'“”.‘” (1.5
lrtnixed together topgivg g 5-f0£|Jd molar excess) of the €M Xx 40 cm) and eluted using the same buffer in which the

maleimido-proxyl group over the reactive thiol side chain vesicles were prepared.

. N Binding of Radiolabeled Peptide to Lipid Vesicles.
Cys-242) of ShTA(226-246). Fifty microliters of 0.25 M : e
|(v|és buff)er (pH 6.2() was th()an adged to the mixture and the WEAZShTA(220-246) samples [42g dissolved in either

reaction left to proceed overnight at room temperature. > MM phosphate (pH 7.0) or 5 mM acetate (pH 5.0); specific

Excess proxyl label was removed by reverse phase HPLC2CHVitY, 8.6 10? cpmjug] were dispensed into centrifuge

; ; ; ) tubes (13x 51 mm; Beckman, polyallomer). Increasing
using a semipreparative;£column (Beckman ODS; 1 cm .
outs?de diameptekp25 cm)% The colu(mn was developed with amounts of preformed DMPG or DMPC vesicles suspended

a linear gradient from 0 to 100% acetonitrile/0.08% TFA. in the same buffer were then added to the tubes to reach a

: . final volume of 4.0 mL. The tubes were then centrifuged at
The steepness of the gradient was 1% AcN/min, and the : o
proxyl-labeled peptide eluted from the column when the 17500@ for 5 h, and the radioactivity of the supernatant

- . ..~ was measured (Wang et al., 1993). Lipid concentrations
composition of the mobile phase reached 60% acetonitrile. .
. . were determined by the phosphorus assay (Rouser et al.,
The column flow rate was 1 mL/min. The concentration of

. . 1975). The fraction of peptide bound to vesicles was
proxyl-ShTA(220-246) samples was determined by inte- e B
grating the EPR spectra and comparing the spectral signalscalcmated as 1= Spi/Sow, Where Sy represents the

to that of a free maleimido-proxyl standard dissolved in 5 radioactivity (in counts per minute) associated with the
mM phosphate (pH 7.0). From this analysis, the molar ratio supernatant recovered from centrifuging samples containing

£ oroxvl ar led t tide was determined to b the “C-labeled peptide in the presence of lipid vesicles at a
88%0 ylgroup coupied to peptide was dete ed o be peptide:lipid molar ratio of 1:50. The terf. represents

the radioactivity (in counts per minute) recorded for control

EPR Measurements Spectra were collected using a supernatants (radiolabeled peptide in the absence of lipid
Varian E-104B EPR spectrometer operated in continuous vesicles).

wave mode and equipped with a Varian variable-temperature
module. Samples were contained in a sealed:b@lass ~ RESULTS AND DISCUSSION

micropipette. The peptide concentrations used were typically The A; chain of Shiga and related toxins must transit from
20—30uM, and the peptide:lipid molar ratio was maintained the lumenal side of the endoplasmic reticulum to the
constant at 1:120. Ascorbic acid causes the reduction of thecytoplasmic side to be able to effectively interact with
spin-label free radical, thus abolishing its EPR spectrum. In rinosomal subunits and block protein synthesis. This trans-
the case of ascorbate reduction experimentd, 2f 1.0 M location event may be initiated by a specific domain of the
sodium ascorbate prepared in either 5 mM phosphate (pHtoxin as in the case of other bacterial toxifséudomonas
7.0) or 5 mM acetate (pH 5.0) buffers was added to 2P0 exotoxin A, diphtheria toxin). Such a domain has not been
of the peptide/vesicle mixture immediately before data identified in bacterial toxins such as Shiga and Shiga-like
collection. In some reduction experiments, ascorbate ionstoxins. We propose that the C-terminus created as a result
were entrapped into SUV during vesicle formation and the of proteolysis and reduction of the A chain in this toxin
loaded vesicles purified from free ascorbate ions by gel family may represent a functional domain triggering mem-
filtration chromatography as described below for calcein. brane translocation. Recently, a proline mutation (Pro250Ala)
Peptide solutions were then mixed with loaded SUV just in a 12-residue hydrophobic segment located near the
prior to data acquisition. For fast, nearly isotropic motion, C-terminus of the A chain of ricin has been shown to affect
the motional parametet, was obtained as described the ability of ricin to intoxicate Vero cells but did not affect
elsewhere (Eletr & Keith, 1972). In the case of spectra its N-glycosidase activity (Simpson et al., 1995). This
reflecting slower motion, relative changes in motion were finding was interpreted as suggesting that this hydrophobic
determined from the maximum hyperfine splittin@max. domain may be involved in membrane translocation. A
However, due to the low amplitude of the spectra and representation of the A chain of Shiga toxin in Figure 1
broadness of the outer high-field peak, this value was (panels A and B) highlights the presence of a proteolytic
measured as the separation of the outer low-field line from loop (Cys-242-Cys-261) flanked on its amino terminus by
the midpoint of the center peak where it crossed the baseline,a 27-amino acid long signal sequence-like domain (residues
rather than ad/, the separation of the outer low-field line 220-246). This domain represents the C-terminus of the
from the outer high-field line. A1 subunit created as the result of transcytosis modifications.
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Ficure 1: (a) Hydrophobicity profile of the A subunit of Shiga toxin (ShT) using the Goldman, Engelman, and Steitz (GES) scale (Engelman
et al., 1986). The A chain of Shiga toxin is proteolytically cleaved into two domains, namely a catalytarm#ain and a short Adomain
associated with the binding subunit of the toxin. The shaded area in the hydrophobicity profile identifies the sequence from residues 225
to 242 as representing the most dominant hydrophobic region of theha@in. (b) Schematic representation of ShT subunit organization
showing the relative location of the hydrophobic region in relation to the known protease sensitive loop (€E¥384%51). Established

(a) and putative (cathepsins B and )cleavage sites within the loop are highlighted on the amino acid sequence. (c) Sequence alignment
of the C-terminus of ShT Awith regions of other ribosome-inhibiting toxins. Abbreviations and sequences listed in this panel are associated
with the following toxins: SLTIlv, residues 21251 of the A subunit of the Shiga-like toxin Il variant; RTA, residues 2268 of the

A chain of ricin; AbA, residues 217249 of the A subunit of abrin; and DT, residues 34880 of diphtheria toxin. Several protein toxins
possess a stretch of hydrophobic amino acids (boxed sequences) flanked by positively charged amino acids (bold, underlined) at neutral
pH.

The hydrophobicity profile of the A chain [Figure 1A; into phospholipid membranes. Two peptides representing
derived using the method of Engelman et al. (1986)] further residues 226246 of the A domain were assembled by solid
suggests that this domain (darkened area) may represent phase peptide synthesis. Their amino terminus was acetyl-
transmembrane region. Sequence alignments of Shiga andited with acetic anhydride to ensure the absence of an
related toxins (Figure 1C) with a segment of the A chain of unnatural positive charge. The peptide ShTA(22d@6)
ricin implicated in membrane translocation (Simpson et al., includes a naturally occurring cysteine residue at position
1995) illustrate the existence of a common hydrophobic 242 which provided a unique site for the subsequent
region within these molecules. Ricin and Shiga toxins have incorporation of a paramagnetic probe (proxyl group) to
A chains with homologous functions. The crystal structure monitor the insertion and orientation of the peptide into
of Shiga toxin shows that there are a limited number of unilamellar vesicles. The peptide analog?¥%24°ShTA-
interactions between its ;Adomain and the B subunit (220-246), included two mutations, namely Cys242Ala and
pentamer. In particular, residues 22542 are buried under  11e232Trp, to monitor its interaction with membranes by
most of the A subunit, in close proximity to the B pentamer, fluorescence spectroscopy. Spectroscopic experiments were
but making no contact with the pentamer (Fraser et al., 1994).performed at two pH values, namely 5.0 and 7.0, to mimic
Thus, most of the C-terminus of the hain is not initially representative pH conditions observed in endosomal and ER
accessible to solvent as part of the intact toxin. We compartments, respectively.
hypothesize that this domain becomes exposed after cleaving ShTA(226-246) Adopts a Partially Helical Structure in
the protease sensitive loop at one or more sites and reducinghe Presence of Nega#ly Charged Lipid VesiclesThe
the disulfide bridge between Cys-242 and Cys-261. The circular dichroism spectrum of ShTA(22@46) dissolved
newly created signal sequence-like C-terminus may thenin 5 mM phosphate (pH 7.0) suggests that this peptide lacks
possess membrane active properties that would facilitate thestructure (random coil) in aqueous solutions (Figure 2). The
A: chain insertion from the lumenal side of the Golgi or ER mean residue ellipticity (MRE) at 222 nm was experimentally
membranes. determined to be-5000 + 600 deg cri dmol?®. The

In this study, peptides were synthesized to investigate thepropensity of ShTA(226246) to adopt a partiallg-helical
ability of this region of the Adomain to interact and insert  conformation in hydrophobic environments was demonstrated
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Ficure 2: Circular dichroism spectra of the peptide ShTA(220  FiGure 4: Circular dichroism spectra of the peptide ShTA(220
246) dissolved either in 5 mM phosphate (pH 7.0) (- --), in 10% 246) in the presence of small unilamellar vesicles composed of
(w/v) SDS ( —), or in 50% (v/v) TFE ). The peptide DMPC lipids. The spectrum of the peptide dissolved in 5 mM

concentration was 15M. phosphate buffer (pH 7.0) (- - -) is compared to that of the peptide
exposed to DMPC vesicles at pH 7:8)and pH 5.0 ¢ —). The
80 T T T T peptide concentration was 18M.

vesicles at pH 7.0. Similar circular dichroism results were
recorded for the peptide analog?#A242ShTA(220-246)
(data not shown).

Changes in the Fluorescence Spectrum 6F284°ShTA-
(220-246) in the Presence of Lipid Vesicles Suggest That
This Hydrophobic Region of the;ADomain Partitions
Readily into a Lipid Bilayer. Substituting isoleucine with
tryptophan at position 232 provided us with an intrinsic probe
to monitor the environment of the hydrophobic core of the
peptide. The Trp emission spectra of the peptide in solution
showed a maximum at 354 nm, indicating that the tryptophan

) ) ) ) side chain was exposed to the aqueous environment. As
Ficure 3: Circular dichroism spectra of the peptide ShTA(220

: A " DMPG vesicles were added to the peptide solution at pH
246) in the presence of small unilamellar vesicles composed of 70. abl hift (354 to 335 in th . . f
DMPG lipids. The spectrum of the peptide dissolved in 5 mmM /-0: @ blue shift ( 0 nm) in the emission maxima o

phosphate buffer (pH 7.0) (- - -) is compared to that of the peptide the peptide was observed (Figure 5A), indicating that the
exposed to DMPG vesicles at pH 7:8)and pH 5.0 £ —). The Trp side chain had migrated to a hydrophobic environment
peptide concentration was 18/. (Lakowicz, 1983). Changes in the fluorescence intensity at
in the presence of SDS micelles (MRE 6118 000+ 900 335 nm E/F,) were also monitored as a function of lipid
deg cnt dmol! at 222 nm). This finding was further concentration (Figure 5B). The increase in fluorescence
supported by recording the spectrum of the peptide in 50% intensity correlated with the observed spectral shift to 335
(v/v) TFE, where the ellipticity maximum at 222 nm reached nm (Figure 5A). Both measurements support the concept
a value of—22 000+ 1100 deg craidmol®. The peptide  that the indole ring has relocated to a hydrophobic environ-
also assumed a partialty-helical structure in the presence ment (Wharton et al., 1988). Similar spectral characteristics
of vesicles constructed with negatively charged lipids were observed at pH 5.0 in the presence of DMPG vesicles.
(DMPG,; Figure 3). Similar CD spectra were recorded at Changes in the spectra of A¥A2*2ShTA(220-246) in the

pH 5.0 and 7.0, with a negative maximum at 222 nm of presence of DMPC vesicles at pH 7.0 were comparable to
16 7504 1200 deg cridmol™ at a peptide:lipid ratio of  those observed in the presence of DMPG vesicles. However,
1:50. This ellipticity value translates to an approximate these changes occurred at higher lipid:peptide ratios. These
helical content of 4550%. This finding indicates that the  results were not observed for the peptide mixed with DMPC
membrane-bound peptide is mostiyhelical in structure at  vesicles at pH 5.0. Mixtures of acidic and zwitterionic lipids
pH 7.0 and to a lesser extent at pH 5.0. In the presence ofwere also used to mimic physiological conditions expected
vesicles composed of neutral lipids such as DMPC, the on the inner leaflet of the ER membrane. The composition
peptide appears to possess significantly lesselical of the inner leaflet of rat liver rough endoplasmic reticulum
character with a MRE2 "™ of —11 000+ 850 deg crh is dominated by zwitterionic (neutral) lipids such as phos-
dmol! at pH 7.0 and half that value at pH 5.0 (Figure 4). A phatidylcholine and phosphatidylethanolamine (Bollen &
broad negative maximum centered at 218 nm was observedHiggins, 1980; Zachowski, 1993). However, acidic lipids
in the spectrum of ShTA(226246) exposed to DMPC  such as phosphatidylserine, phosphatidylinositol, and phos-
vesicles at pH 7.0 and suggests the existence of one or morghatidylglycerol account for-#25% of the rough ER inner
peptide conformations that would incluflesheet-containing  leaflet composition (Bollen & Higgins, 1980). This lipid
structures. ShTA(226246) tends to slowly aggregate in leaflet is thus negatively charged. The association of
agueous buffers (hours), giving rise to a circular dichroism W?23?2A24ShTA(220-246) with such membranes was as-
spectrum showing a minimum between 213 and 218 nm, asessed using DMPC vesicles containing a level of DMPG
characteristic feature gf-sheet structure (data not shown). (20:80 ratio, DMPG/DMPC) representative of the proportion
Aggregation may be nucleated by the presence of DMPC of negatively charged lipid present in the rat liver ER inner

(61 x 10°% deg.cm?.dmoi™!

200 210 220 230 240 250
Wavelength (nm)
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Ficure 5: Effect of lipid concentration and composition on the ; ;
tryptophan fluorescence emission spectra GFAZ42ShTA(220- of peptide bound to DMPC vesicles. These results suggest

246). The fluorescence spectra ofWAZ2ShTA(220-246) were  that W?A#2ShTA(220-246) partitions more favorably into
recorded in the presence of increasing amounts of vesicles contain@ membrane containing negatively charged lipids such as
ing either DMPG, DMPC, or a 20:80 DMPG/DMPC mixture at DMPG than in neutral lipids exemplified by DMPC. In
pH 7.0 and 5.0. The peptide concentration was\& (A) Effect addition, the reduced fraction of peptide bound to vesicles

g;gifngpiggp\fvgt;ggggﬂg Ao(g;g?ZtLyep;t:o%kjaB'\f/lll;)cge?;ﬁngeleo;r:i,ssion containing a zwitterionic lipid (DMPC) at pH 5.0 suggests

DMPG (pH. 5.0):@, DMPC (pH 7.0);0, DMPC (pH 5.0);a., 20 that the protonation of the three C-terminal histidines of
80 DMPG/DMPC (pH 7.0); and, 20:80 DMPG/DMPC (pH 5.0).  WZ?A2*ShTA(220-246) may accentuate its partitioning into
(B) Effect of the lipid:peptide ratio on the tryptophan fluorescence the aqueous phase.

intensity of W2A242ShTA(220-246). The excitation wavelength Since the helical content of the peptide in the presence of

was set at 280 nm, and tHe€F, ratio was determined from the . .
emission signal recorded at 335 nio; DMPG (pH 7.0) 8, DMPG DMPG vesicles at both pH 5.0 and 7.0 was estimated to be

(pH. 5.0); ®, DMPC (pH 7.0):0, DMPC (pH 5.0): a, 20:80 approximately 50% and that the CD spectrum of the peptide
DMPG/DMPC (pH 7.0); andx, 20:80 DMPG/DMPC (pH 5.0). free in solution (Figures 24) lacks helical character, one
can conclude that the population of membrane-bound peptide
lipid leaflet. The effects on both the fluorescence intensity must adopt a mostlg-helical structure.
and shift in wavelength emission maximum of?¥A242 Monitoring the Interaction of ShTA(22246) with Mem-
ShTA(220-246) were similar to those observed for the pranes by EPR.The naturally occurring cysteine residue
peptide interacting with vesicles composed of DMPG lipids |ocated near the C-terminus of ShTA(22P46) provided a
only (Figure 5A,B). When vesicles were constructed with yseful site to insert a paramagnetic proxyl group in the
a 5:95 ratio of DMPG to DMPC, the changes observed were peptide. As monitored by EPR spectroscopy, the covalently
intermediate to those recorded wherfX¥2*>ShTA(220- attached proxyl probe displayed its expected isotropic
246) was added to either pure DMPG or DMPC vesicles mobility when the peptide was dissolved in an aqueous
alone (data not shown). The influence of mixed lipid vesicles environment. The spectrum of the proxyeptide conjugate
on the fluorescence spectral properties of the peptide suggesthighlights the anticipated triplet of narrow spectral lines
that the presence of low levels of negatively charged lipids (Figure 6A). The value of the proxyl's motional parameter
(such as DMPG) in membranes can strongly dictate the r, was significantly increased (Table 1, 0.30 ns) when
association of \RP?A242ShTA(220-246) with lipid vesicles.  compared to that of the free spin-label (0.02 ns), reflecting
Binding of Radiolabeled ¥¥A?*2ShTA(226-246) to Lipid the fact that the probe is less mobile when bound to the
Vesicles. A [*“Clacetyl group was initially introduced atthe peptide. When the labeled peptide was mixed with vesicles
N-terminus of WB?A242ShTA(220-246) during synthesis.  composed of the neutral lipid, DMPC, there was little effect
The radiolabeled peptide was shown by centrifugation to on the spectrum of the probe except for a small increase in
interact directly with small unilamellar vesicles. The fraction 1z, values (Table 1), suggesting that there was little interaction
of bound peptide was determined to be 048.09 at pH of the peptide with DMPC vesicles at pH 7.0. One or more
7.0 and 0.51+ 0.07 at pH 5.0 in the presence of DMPG monomers of DMPC may bind to the peptide in solution
vesicles, while values of 0.3% 0.07 at pH 7.0 and 0.& and decrease its motion. The circular dichroism spectrum
0.05 at pH 5.0, respectively, were calculated for the fraction of ShTA(220-246) observed in the presence of DMPC
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Table 1: EPR Parameters Derived from Spectra of Spin-Labeled significant changes in line shape when the temperature of

ShTA(220-246) in Different Environments the peptide in solution was varied, indicating that the
temperature observed changes in the spectra with temperature in the
sample pH (°C) Tmax(G)  7o(NS) presence of DMPG vesicles were not due to changes in the
free spin-label 70 26.5 0.02 conforr_ngtlorj of the free peptlde,_but rathgr duetoits t_)lndlng
spin-labeled peptide in buffer 7.0 6.5 045 tothe lipid bilayer. The change in mobility as a function of
26.5 0.30 temperature was greater at pH 7 than at pH 5, suggesting
_ _ 37.5 0.23 that the spin-label on the peptide was more sensitive to the
Sp'lg;\'/la;’g'ed F’elp"de 70 65 0.57 DMPG gel to liquid crystalline phase transition at pH 7 than
vesicles 26.5 0.36 at pH 5 (Table 1).

375 0.29 The preceding results demonstrate that the C-terminus of
spin-labeled peptide- 7.0 6.5 26.3 the peptide associates with DMPG membranes. This conclu-
DMPG vesicles 6.5 3.4 sion is supported by the motional restriction of the proxyl

375 201 group and its sensitivity to the lipid phase transition.
5.0 6.5 25.9 However, motional restriction could occur as a result of either
26.5 24.4 peptide binding to the bilayer surface or peptide insertion
37.5 23.4 into the bilayer. Addition of ascorbic acid (@0 mM) to
@ Experimental conditions and the derivationTofax and 7, values the outside of DMPG vesicles almost completely reduced
are described in Experimental Procedures. the mobile spectral component (sharp lines) as shown in

Figure 6C. Interestingly, only a partial reduction (at most
50%) of the immobilized component was observed at pH
7.0 (Figure 6C), indicating that only a fraction of the bound
peptide C-terminus is accessible to ascorbic acid from the
outside of vesicles. At pH 5;-70% of the immobilized
component was reduced by externally added ascorbic acid
(data not shown), suggesting a greater access of ascorbic
acid to the probe. Ascorbic acid completely reduced the
spectrum of the labeled peptide in the presence of DMPC
vesicles, indicating that the spin-label is completely acces-
sible to the aqueous phase in the presence of this neutral
lipid.

FiIGURe 7: Reduction of only the immobilized EPR spectral Use.c.)f this peptide with aSpm_Iabel.ConIUQated tQ CysFelne
component by entrapped ascorbic acid. Superimposed EPR spectré‘t position 242 enabled us to determine the directionality of

of the proxyl-labeled peptide in the presence of DMPG vesicles at membrane insertion. To monitor if the C-terminus of the
pH 7.0 (part A, solid line spectrum) and of the labeled peptide peptide could penetrate the bilayer of DMPG vesicles, the
interacting with DMPG vesicles loaded with ascorbic acid, at pH spin-labeled peptide was added to ascorbic acid-loaded
7.0 (part A, dotted line spectrum). Superimposed EPR spectra of eqjcles at pH 7.0. In contrast to the effect of ascorbic acid
the proxyl-labeled peptide in the presence of DMPG vesicles at . . . .
pH 5.0 (part B, solid line spectrum) and of the labeled peptide added to the outside of the vesicles, the ascorbic acid (12
interacting with DMPG vesicles loaded with ascorbic acid, at pH MM) trapped inside the vesicles caused an almost complete
5.0 (part B, dotted line spectrum). reduction of only the immobilized component of the spec-
trum, leaving the mobile component unaffected (Figure 7A).
vesicles at pH 7.0 (Figure 4) suggests the existence of peptideThe addition of the spin-labeled peptide to vesicles containing
conformers containing-sheet structure and indirectly sup- ascorbic acid at pH 5.0 did not alter any components of the
ports the presence of microaggregates of the peptide on thespin-label spectrum (Figure 7B). These results suggest that
surface of DMPC vesicles. Such an event would explain at pH 7 the C-terminus of the bound peptide is accessible to
our binding results where 31% of the peptide population was intravesicular ascorbic acid and may thus insert through the
found to be associated with DMPC vesicles at a peptide: lipid bilayer. At pH 5, the proxyl group must reside mostly
lipid ratio of 1:50. In the presence of negatively charged near the surface of the SUV outer leaflet (Figure 7B and
DMPG vesicles, the spectrum at 26°8 contained two preceding paragraph) where it is more accessible to ascorbate
spectral components (Figure 6B). One component (mobile added outside the vesicles. The partial or complete proto-
component), representing the free peptide, was defined bynation of the three C-terminal histidines (positions 243
the set of sharp lines previously observed in the spectrum245) at pH 5.0 may contribute to the lack of penetration of
of the proxytpeptide in solution (Figure 6A). The other the peptide into the lipid bilayer, thus favoring the orientation
spectral component (immobilized component) was broader of ShTA(220-246) along the surface of the membrane at
with greater hyperfine splitting and reflected the more endosomal/lysosomal pHs (pH 4:5.0).
restricted motion of the spin-labeled peptide bound to DMPG  ShTA(226-246) Causes Leakage of Calcein Trapped
vesicles. The amount of immobilized component was greaterinside DMPG VesiclesThe C-terminus of the Adomain
at pH 5 than at pH 7 (parts A and B of Figure 7). The may possess membrane active properties. The addition of
mobility of the spin-labeled peptide bound to DMPG rose ShTA(220-246) to DMPG SUV at pH 7.0 containing self-
with increasing temperatures, as indicated by a decrease irguenching concentrations of calcein resulted in a rapid
the value of the maximum hyperfine splitting parametggx increase in fluorescence intensity at 520 nm, indicating the
(Table 1). The lipid exists in the gel phase at 85and in release of the calcein fluorophore. Similar results were
the liquid crystalline phase at 37.8C. There were no  recorded at pH 5.0 (data not shown). The release of calcein
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FiIGURE 8: Peptide-induced leakage of calcein from DMPG vesicles FiIGURE9: Schematic model depicting possible modes of interaction
as a function of time and peptide:lipid ratio. The peptide ShTA- of peptide ShTA(226246) with the lipid bilayer of DMPG
(220-246) was added to a cuvette containing 5 mM phosphate vesicles. At pH 5, the dominant interaction is depicted by conformer
buffer (pH 7.0) and calcein-loaded DMPG vesicles. The fluores- A, where the peptide adopts a partiadiyhelical conformation and
cence excitation wavelength was set at 490 nm, and the increasgoartitions within the bilayer with the helix axis being parallel to
in the emission signal due to the release of calcein was monitoredthe normal axis of the membrane. At pH 7, a population of the
at 520 nm. The molar ratio of ShTA(22@46):DMPG lipid was peptide inserts and traverses the lipid bilayer (conformer B).
either 1:4 @), 1:17 (), or 1:50 ©). As a positive control, the Populations of both conformers A and B may exist at pH 7. The
peptide melittin was used at a melittin:lipid molar ratio of 1:17 open star represents the position of the proxyl probe within the
(2). A curve ) representing the background leakage of calcein peptide, while the letter N indicates the location of its amino
from DMPG vesicles observed in the absence of peptide is also terminus. Open rectangles depict the length of the putatikelical
shown. The fluorescence signal corresponding to 100% release ofregion within the peptide. The dotted line as part of the rectangle
calcein from DMPG vesicles was determined by adding Triton- in conformer B represents an extension of the helical region beyond
X100 [1% (v/v) final concentration] to each peptide/lipid mixture. residue 242 (the site of incorporation of the proxyl label).

was observed at peptide:lipid molar ratios of 1:2 and 1:4 burying of the tryptophan side chain (fluorescence spectro-
(1:4 ratio is shown in Figure 8). No significant leakage was scopy) and to the observation of a peptide adopting a mostly
observed at lower peptide:lipid ratios (1:17 or 1:50; Figure a-helical structure (circular dichroism). Only the EPR results
8). Melittin, a pore-forming peptide used as a positive presented in this study allow us to differentiate between such
control, required peptide:lipid ratios on the order of 1:20 to conformers. Most of the peptide population must traverse
achieve effects on vesicles loaded with calcein similar to the DMPG bilayer with the C-terminus facing the interior
those observed for ShTA(22@46) (Figure 8). of the vesicles since the C-terminus proxyl group (A) can
When DMPG vesicles were added to clear solutions of be readily reduced by ascorbate entrapped inside vesicles
ShTA(220-246), the resulting mixtures became turbid at and (B) is reduced to a much greater extent under such
high peptide:lipid ratios, suggesting that the vesicles were conditions than as a result of ascorbate being present on the
starting to aggregate and fuse under such conditions. If theoutside of the vesicles. The putative transmembrane segment
lipid vesicles were added to the peptide solution such that could include residues 22246 (starting after Arg-224),
the peptide:lipid ratio was low (1:50), no turbidity was suggesting that the resulting helix could incorporate up to
observed. Consistent with our calcein leakage experiments,22 amino acids, a length sufficient to span most lipid bilayers
this result indicates that leakage of calcein seen at a high(Persson & Argos, 1994; Rost et al., 1995). This hypothesis
peptide:lipid ratio may be the result of membrane insertion would imply that up to 81% (22 of 27 amino acids) of the
and disruption (detergent-like property) rather than channel peptide residues would have to adopteahelical conforma-
formation. tion for the proxyl probe (Cys-242) to be located near the
Model Summarizing the Interaction of ShTA(22016) surface of the inner leaflet of a bilayer. Circular dichroism
with a Negatiely Charged Lipid Bilayer.The results inthis  results and binding measurements of peptide to lipid vesicles
study indicate that the peptide representing the C-terminuspredict that most of the residues in ShTA(22846) bound
of the A fragment of ShT inserts into DMPG vesicles. Three to DMPG vesicles assume axhelical geometry. More
possible types of interaction of ShTA(22Q246) with a precisely, approximately half of the peptide is free in solution
DMPG lipid bilayer are presented in Figure 9, which explain in equilibrium with the remaining peptide population existing
the restricted motion of the bound peptide and its sensitivity as one or more-helical membrane-bound conformers (as
to the lipid phase transition. At pH 7, the N-terminus of demonstrated by binding experiments, circular dichroism, and
ShT(220-246) is positively charged (Arg-220 and Arg-224) EPR results; Figures 3 and 6). In summary, the dominant
while its C-terminus remains mostly electrically neutral. ShTA(22G-246) conformer bound to DMPG vesicles at pH
Interactions of the peptide N-terminus with lipid head groups 7.0 would be conformer B (Figure 9).
present on the outer leaflet of the vesicles are thus favored. At pH 5.0, both the N- and C-termini are positively
The remaining segment of the peptide (residues—22&) charged (Arg-220 and -224; His-243, -244, and -245).
either may insert into the bilayer in an orientation parallel Reduction experiments with ascorbic acid indicate that the
to the surface of the membrane (Figure 9, conformer A) or C-terminus of ShTA(226246) is only accessible from the
may traverse the lipid bilayer (Figure 9, conformer B). outer surface of the lipid vesicles, suggesting that the peptide
Results from fluorescence and circular dichroism spec- does not traverse the bilayer at pH 5.0. The association of
troscopies cannot distinguish between conformers A and B ShTA(220-246) with lipid vesicles at pH 5.0 was confirmed
since both membrane conformations would lead to the by circular dichroism, fluorescence, and binding experiments
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with radiolabeled peptide. Thus, the hydrophobic core of Finally, the involvement of various ER protein factors linked
the peptide probably inserts into the lipid bilayer in an to the folding of proteins such as the protein disulfide
orientation best depicted by conformer A (parallel to the isomerase, p88 or calnexin, HSP47, GRP94, and BiP
surface of the bilayer) with its charged termini bound to (Gething & Sambrook, 1992; Gaut & Hendershot, 1993;
negatively charged lipid head groups (Figure 9). Since the Simon, 1993) may be crucial for the export process to occur.
toxin must travel through acidic compartments (pH& The relocation of proteins from the ER lumen to the
prior to reaching the ER lumen (neutral pH), the insertion cytoplasmic side of the ER membrane (in the opposite
of the Ay C-terminus into negatively charged membranes direction to the classically described pathway of protein
may be restricted to a particular orientation during the transit import into the ER) remains to be investigated. Although
stage. the proposed mechanism is highly speculative, its appeal

Finally, oriented CD measurements of magainins, a family resides in the fact that a machinery provided by the host
of 23-residue frog peptides with antimicrobial properties, cell at the level of the ER membrane (A) can recognize a
demonstrated that they adopt@+helical conformation with broad array of sequences similar to ShTA(22d6) and (B)
two distinct orientations in relation to a lipid membrane can transport large proteins across this membrane barrier in
(inserted either parallel or perpendicular to the lipid bilayer) association with ribosomes which (C) are the target site for
(Ludtke et al., 1994). This report supports our results that the action of the catalytic Adomain.
membrane-bound ShTA(22@246) can insert into a lipid The ShT A subunit lacks any ER retention sequences
bilayer in the two proposed orientations. (RDEL/KDEL) found in other toxins and is presumably not

Domains Analogous to ShTA(22046) Are Present on  responsible for the ER localization of the holotoxin. This
Other Proteins. Amino acid sequences similar to our peptide is evident from experiments with FITC-labeled SLT-1 B
sequence can be found in a number of proteins. In particular,subunit, where the internalized B subunit was found to be
the fusion of a related peptide present in the sequence oftransported to the same compartments as the holotoxin
the human asialoglycoprotein (ASGP) receptor H1 (residues(Khine & Lingwood, 1994). There is also the observation
38—-65) to the C-terminal domain of rat-tubulin resulted that acidic pH does not dissociate the B subunit from the
in the membrane insertion and translocation of the resulting receptor in a solid phase binding assay (Saleh & ®arie
protein construct (Spiess & Lodish, 1986). The presence of 1993). It is therefore apparent that localization of ShT is
such a hydrophobic segment is also seen in the C-terminuscoupled to the movement of the receptor to the ER, the site
of polyomavirus middle-T antigen (residues 33%21) which of biosynthesis of ceramide [short review by Dawidowicz
is involved in membrane binding (Markland et al., 1986). (1993)]. The B subunit may thus bring the &kagment in
In the case of diphtheria toxin, the hydrophobic sequence close proximity to the ER membrane, as it remains bound
shown in Figure 1 is located within the putative membrane to the receptor. In the context of membrane insertion of the
translocation domain (Moskaug et al., 1991; Choe et al., A; fragment of ShT, our results show that it is possible for
1992). Point mutation studies on this domain have revealedthe C-terminus to play a role in the insertion/translocation
that substituting glutamic acid at position 362 with lysine of the A; fragment across the ER membrane.
allowed the toxin to translocate at a higher pH than the wild
type (Falnes et al., 1992). More recently, spin-labeled ACKNOWLEDGMENT
analogs of the isolated transmembrane domain of diphtheria
toxin have been shown to insert into and permeabilize large
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