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Abstract

In response to a low environmental pH and with the help of the B fragment (DTB) the catalytic domain of diphtheria toxin (DTA) crosses

the endosomal membrane to inhibit protein synthesis. In this study, we investigated the interaction of DTA with lipid membranes by

biochemical and biophysical approaches. Data obtained from proteinase K and trypsin digestion experiments of membrane-inserted DTA

suggested that residues 134–157 may adopt a transmembrane orientation and residues 77–100 could be membrane-associated, adopting

either a surface or a transmembrane orientation. Fourier transform infrared spectroscopy analysis (FTIR) was used to characterize the

secondary and tertiary structure of DTA along its pathway, from the native secreted form at pH 7.2 to the refolded structure at neutral pH after

interaction with and desorption from a lipid membrane. We found that the association of DTA with lipid membranes at low pH was

characterized by an increase of h-sheet structures and that the refolded structure at neutral pH after interaction with the membrane was

identical to the native structure at the same pH. We also investigated the desorption of DTA from the membrane at neutral pH as a function of

temperature. Although a complete desorption was observed at 37 jC, no desorption took place at 4 jC. A model of translocation involving

the possibility that DTA might insert one or several transient transmembrane domains during translocation is discussed.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Diphtheria toxin (DT) is secreted as a single polypeptide

of 58 kDa by pathogenic strains of Corynebacterium diph-

theriae. The protein has been crystallized as a monomer and

its X-ray structure determined to a 2.3 Å resolution [1]. DT

is composed of two subunits: the A chain (DTA or C

domain, 21 kDa), which carries the enzymatic activity,

and the B chain (DTB, 37 kDa), which contains the

translocation domain (T domain) and the receptor binding

domain (R domain) [1]. These two fragments are linked by a

disulfide bridge in the active form of diphtheria toxin. DT

enters the eukaryotic cell by receptor-mediated endocytosis

after binding to a specific cell surface receptor, which has

been identified as a heparin-binding EGF-like growth factor

precursor [2]. The low pH in the endosomes induces a
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conformational change of the protein that enables DT to

leave its receptor [3] and to interact with the endosomal

membrane [4–7]. The deep insertion of the DTB domain

into the lipid bilayer facilitates the translocation of the

catalytic domain to the cytosolic side of the membrane.

After reduction of the disulfide bridge, DTA is released into

the cytosol where it inhibits protein synthesis by ADP-

ribosylation of elongation factor 2 [8,9].

The translocation step, which involves the transport of

the catalytic domain through the membrane of early endo-

somes [10], remains the least understood step in DT

cytotoxic pathway. Both DTA and DTB have been shown

to deeply interact with the hydrophobic core of the mem-

brane [11–13]. The mechanism of interaction of DTB with

the lipid membrane (structure, topology, etc.) has been

highly characterized [14–22], and it involves several helices

of the T domain of DTB (TH1, TH5-7, TH8-9). Insertion of

TH8 and TH9 results in the formation of a cation selective

channel [14]. Much less is known about the process by

which DTA crosses the endosomal membrane. Recent

electrophysiology experiments showed that the T domain
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is able to translocate the entire catalytic domain (DTA)

across planar lipid membranes, which suggests that no other

parts of the toxin or cellular proteins are required for this

process [23]. At low pH, the A chain undergoes a reversible

conformational change in which it partly unfolds and

becomes hydrophobic. This unfolding is essential for effi-

cient translocation to occur [24,25]. Insertion of DTA in the

lipid membrane has been elegantly characterized by D’Silva

and Lala [13]. The full-length DTA protein was inserted into

lipid vesicles containing a photoactive and radiolabelled

probe (3H diazofluorene). By a combination of chemical

cleavages and microsequencing steps, several labelled res-

idues were identified and were then demonstrated to be in

interaction with the membrane. As far as the A fragment is

concerned, two regions were labelled: between residues 77

and 115 and all the residues extending between Val 134 and

Ala 141.

The approach that we previously developed to charac-

terize the topology of DT combines the proteolysis of DT

inserted in a lipid membrane and the structure determi-

nation by infrared spectroscopy [18]. In addition to

several domains of DTB, residues 122 to about 170 of

DTA were protected from proteolysis, most probably

because of their interaction with the membrane. However,

in these experiments, the concentration of the protected

DTA peptide was much lower than the protected peptides

arising from the B fragment [18] and it was extremely

difficult to characterize the structures specifically associ-

ated to DTA.

In this paper, we therefore used the isolated catalytic

domain of DT in order to investigate more specifically the

domains and structures of DTA involved in membrane

interaction. DTA was inserted into a lipid membrane and

proteolyzed either with proteinase K or trypsin. The pro-

tected peptides were purified, identified and their structure

was characterized by Fourier transform infrared spectrosco-

py (FTIR). We also investigated the reversal of DTA-

membrane binding. Our results suggest that in addition to

the T domain of DTB, specific regions of DTA might play

an active role in the translocation process. A model in which

DTA may insert one or several transient transmembrane

anchors while large domains are translocated across the

membrane is discussed.
2. Materials and methods

2.1. Materials

Proteinase K, trypsin (TPCK treated) and asolectin

(mixed soybean phospholipid) were from Sigma Chemical

Co. (St. Louis, MO). Phenylmethylsulfonylfluoride (PMSF)

was from Serva. Polyvinylidene difluoride (PVDF) (pro-

blott) membranes were obtained from Applied Biosystems

and acrylamide was from Biorad. The E. coli strain BL-21

pET-15b was kindly provided by Dr. R.J. Collier (Harvard
Medical School, Boston, MA). All other reagents and

products were of the highest purity.

2.2. DTA purification

The catalytic domain of DT (DTA) was purified from the

E. coli strain BL-21 containing the plasmid pET-15b which

was kindly provided by Dr. John Collier (Harvard Medical

School, Boston). This plasmid encodes DTA carrying an

additional N-terminal His-tag (6 His) and a cleavage site for

thrombin between the tag and the protein. The protein was

expressed and purified according to the procedure of Weiss

et al. [26] and stored at � 20 jC in a 20 mM Tris–HCl pH

7.2, 150 mM NaCl, 1 mM h-mercaptoethanol buffer.

2.3. Reconstitution of DTA into lipid vesicles

Large unilamellar vesicles (LUV) of asolectin were

prepared in a 20 mM Tris–HCl buffer, pH 7.2, 150 mM

NaCl as previously described [18]. DTA was mixed with

lipid vesicles in the same buffer at a lipid to protein ratio of

8 (w/w) and incubated for 1 h at 37 jC. The pH was then

lowered to 5 by addition of a 1 M sodium acetate/acetic acid

buffer, pH 5.0 at a final concentration of 100 mM. After 1

h of incubation at 37 jC, the sample was mixed with an

equal volume of sucrose 80% (w/v), and overlaid with a

30–2% linear sucrose gradient. The sucrose solutions were

prepared in a 20 mM sodium acetate/acetic acid buffer, pH

5, 150 mM NaCl. An overnight centrifugation at

100000� g in a Beckmann Optima LE-80K ultracentrifuge

with a SW 60 rotor allowed the separation of soluble DTA

from lipid-bound DTA [27]. The band formed by the

liposomes containing DTA was collected. To eliminate the

sucrose, the proteoliposomes were pelleted twice in a 20

mM sodium acetate/acetic acid buffer, pH 5, 150 mM NaCl,

by centrifugation at 100000� g for 30 min. The pellet was

eventually suspended in 50 Al of the same buffer. The

concentration of DTA associated with liposomes was deter-

mined according to Lowry et al. [28].

2.4. Proteolysis study

Proteinase K and trypsin were added, respectively, at a

2% or 20% (w/w) protease/DTA ratio to DTA proteolipo-

somes, prepared as described above, and the sample was

incubated at 37 jC. For the digestion kinetics, 50 Al aliquots
were removed after various incubation times and the reac-

tion was stopped on ice by adding PMSF at a final

concentration of 1 mM for proteinase K and 5 mM for

trypsin. The desorbed peptides and the protease were

subsequently eliminated by centrifugation on a 30–2%

linear sucrose density gradient. The isolated proteolipo-

somes were washed by a centrifugation step at

100000� g and suspended in 50 Al of a 20 mM sodium

acetate/acetic acid buffer, pH 5.0, 150 mM NaCl. A chlo-

roform/methanol (1:1) extraction [29] allowed the separa-
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tion of lipids (in the organic phase) and peptides (in the

aqueous phase and at the interface). The recovered peptides

were concentrated under a nitrogen flux and separated on a

Tris-Tricine-SDS-polyacrylamide electrophoresis gel

(16.5% combined acrylamide and bisacrylamide (T), 6%

of which is cross-linker (bisacrylamide; C)) [30]. After

migration, the peptides were electrotransferred onto a PVDF

membrane and stained with Coomassie blue. The peptide

bands were cut off the membrane, and the peptides N-

terminal sequences were determined by automated Edman

degradation using a Beckmann LF3400 protein–peptide

microsequencer equipped with an on-line Gold 126 micro-

gradient HPLC system and a Model 168 Diode Array

detector (Beckmann Instruments, Inc., Fullertown, CA) as

described in Quertenmont et al. [18].

For attenuated total reflection (ATR)-FTIR experiments

involving proteinase K digested samples, DTA and asolec-

tin vesicles were mixed in a lipid to protein ratio of 2 (w/w)

and the original Tris buffer was exchanged by dialysis for a

2 mM Hepes buffer, pH 7.2, 150 mM NaCl, prior to

reconstitution. The pH was then lowered to 5 with diluted

HCl and the proteolysis was performed as described above.

The digested sample (f 300 Al) was diluted in 4 ml of

water adjusted to pH 5.0 with a 60 mM KH2PO4 stock

solution and the membrane-associated peptides were pel-

leted by centrifugation. The sample was eventually sus-

pended in 50 Al of water adjusted to pH 5.0 with the 60

mM KH2PO4 stock solution and spread at the surface of a

germanium plate under N2 flux. Trypsin digested samples

were not analyzed by FTIR since proteolysis most probably

leads to a modification of the protein structure which

cannot be related to any step of interaction of DTA with

a lipid membrane.

2.5. Attenuated total reflection-Fourier transform infrared

spectroscopy

ATR infrared spectra (resolution 4 cm� 1) were recorded

with a Perkin-Elmer 1720X FTIR spectrophotometer as

previously described [31]. Measurements and sample deu-

teration (2 h) were carried out as described in Wang et al.

[32]: hydrogen/deuterium (H/D) exchange allows differen-

tiation of the a-helix from the random structure, which

absorbance bands shift from about 1655 to about 1642

cm� 1 [33,34]. The determination of the secondary structure

of proteins was carried out by analysis of the deuterated

amide I region (1600–1700 cm� 1) as previously described

[35]. The frequency limits for the different structures were

as follows: 1662–1645 cm� 1, a-helix; 1689–1682 cm� 1

and 1637–1613 cm� 1, h-sheet; 1645–1637 cm� 1 (random

coil) and 1682–1662 cm� 1 (h-turns) are referred as random

structures. The control spectra of the 2 mM Hepes buffer,

pH 7.2, and asolectin vesicles at both pH 7.2 and 5.0

showed no absorbance between 1700 and 1600 cm� 1 (data

not shown). All the samples are spread at the surface of a

germanium plate under N2 flux. Under these conditions the
liquid water is removed and the protein keeps its hydration

water [36].

2.6. Kinetics of deuteration

The experimental procedure was carried out at pH 5.0 or

7.2 as previously described [37]. The samples were spread

on a germanium plate as described above. The spectra at

each time point were the accumulation of 12 scans with a

resolution of 4 cm� 1. The amide I and II band areas were

measured, respectively, between 1702–1596 and 1585–

1502 cm� 1. The amide II area was divided by the amide I

area (in the absence of lipids) or the phospholipid CMO

band area (in the presence of lipids) for each spectrum to

take into account any change in the total intensity of the

spectra during the deuteration process. This ratio, which was

expressed between 0% and 100%, was plotted versus

deuteration time. The 100% value is defined by the amide

II/amide I or the amide II/CMO phospholipid ratio before

deuteration, whereas the 0% value corresponds to a zero

absorbance in the amide II region as shown in previous

studies [38,39].

2.7. Desorption experiments at neutral pH

Proteoliposomes containing DTA were pelleted during 1

h at 100000� g in a 20 mM sodium acetate/acetic acid pH

5, 150 mM NaCl buffer and suspended in 200 Al of TBS
buffer (20 mM Tris–HCl pH 7.2, 150 mM NaCl). The

samples were further incubated for 1 h at 37 or 4 jC,
adjusted to 40% (w/v) sucrose by means of a 80% (w/v)

sucrose solution prepared in TBS buffer and overlaid with a

discontinuous 30–2% (w/v) sucrose density gradient pre-

pared in the same buffer. Samples were centrifuged over-

night at 35 000 rpm (4 jC) in a Beckman LE-80K

ultracentrifuge, fractions were collected and analyzed.

For infrared spectroscopy analysis, the DTA proteolipo-

somes were suspended in a 2 mM Hepes buffer pH 7.2,

incubated for 1 h at 37 or 4 jC and the lipid vesicles were

subsequently pelleted at 100000� g during 30 min. Des-

orbed DTA at 37 jC was recovered in the supernatant

whereas for experiments carried out at 4 jC the pellet was

suspended in 2 mM Hepes pH 7.2 buffer.
3. Results

3.1. Topology of DTA in a lipid bilayer at pH 5

Proteinase K and trypsin were chosen to analyze the

topology of DTA. Proteinase K is a non-specific protease

which cleaves preferentially at the C-terminus of aliphatic

and hydrophobic residues and should allow to remove all

the extramembrane domains of DTA exposed to the enzyme.

Trypsin cleaves specifically at the C-terminus of arginine

and lysine residues and should allow to localize the Arg and



Fig. 1. Proteinase K and trypsin digestion profiles of membrane-inserted

DTA at pH 5.0. Silver staining of a Tris-Tricine-SDS-polyacrylamide gel

(16.5% T, 6% C). (A) DTA proteoliposomes were treated for various

times with 2% (w/w) proteinase K. Time 0V represents the proteolipo-

somes before addition of the protease. (B) Digestion profile of membrane-

inserted DTA by trypsin at pH 5 after separation on a sucrose density

gradient.

Fig. 2. Location of the DTA-protected peptides generated by proteinase K and tryp

presented as boxes and their respective N-terminal residues, as determined by m

were estimated according to the apparent molecular weight of the peptide bands on

The positions of arginine and lysine residues are indicated by closed and open ci

residues identified by proteolysis (N- or C-terminus of peptides) are indicated by

underlined (Lys51 and Lys59). Region 134–145 is indicated by a box.
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Lys residues exposed to the outside of the membrane. The

two enzymes are complementary and their combined use

should give reliable information about topology. To identify

the DTA peptides in interaction with the lipid membrane at

pH 5, proteolysis was performed on membrane-inserted

DTA either in the presence of 2% (w/w) proteinase K or

20% (w/w) trypsin (see Materials and methods). The reac-

tion was stopped on ice after various incubation times in the

presence of PMSF and the digested proteoliposomes were

subsequently isolated by centrifugation on a sucrose density

gradient. The membrane-associated peptides were freed

from lipids by a chloroform/methanol extraction and sepa-

rated on a Tris-Tricine-SDS-polyacrylamide gel (Fig. 1). In

the presence of proteinase K (Fig. 1A), DTA was rapidly

cleaved into low molecular weight peptides and the entire

protein at 21 kDa completely disappeared after 2 h incuba-

tion. A time-stable digestion pattern was obtained after 3 h of

proteinase K treatment and gave rise to five major bands:
sin digestion. (A) The protected regions of DTA (cf. bands from Fig. 1) are

icrosequencing, are indicated. The C-terminal boundaries of these peptides

the electrophoresis gel (Fig. 1) and should be considered as approximative.

rcles, respectively. (B) Amino acid sequence of DTA. Arginine and lysine

arrows, cleaved residues are underlined and protected residues are double
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band a (f 13 kDa), band b (f 11 kDa), band c (f 4 kDa),

band d (f 3 kDa) and band e (f 2.4 kDa). Trypsin

cleavage of membrane-inserted DTA generated, in addition

to a low amount of uncleaved DTA, nine peptide bands (B–

J) within the range of 20–4 kDa (Fig. 1B) and about 2 h of

incubation were required to obtain a stable trypsin digestion

pattern (data not shown). After purification of the digested

proteoliposomes on a sucrose density gradient the nine

peptide bands (B–J, Fig. 1B) obtained from trypsin diges-

tion and the five peptide bands (a–e, Fig. 1A) resulting from

proteinase K cleavage were transferred from an unstained

electrophoresis gel onto a PVDF membrane, excised from

the membrane, and their N-terminal amino acid sequences

were determined by microsequencing. The position of each

peptide within the amino acid chain of DTA is presented in

Fig. 2.

From the five bands obtained by proteinase K treatment,

seven different peptide sequences were identified (Table 1):

bands a and b contained single peptides extending from the

N-terminal end of DTA towards approximately residue 120

or 100, respectively. Band c was found to contain three

peptides: the first extended from Glu122 to about residue

160 (c1), the second peptide covered approximately the
Table 1

N-terminal amino acid sequences of DTA membrane-associated peptides

generated by trypsin and proteinase K digestion

Peptide band N-terminal sequence Apparent molecular

weight (kDa)

B 40SGTQGNYDDD 15.8

C 77AGGVVKVTYPG 13.7
40SGTQGNYDD
83VTYPGLTKVLA

D 77AGGVVKVTYP 10.9
91VLALKVDNAET

E 105ELGLSLTEPLME 9.8
83VTYPGLTKVLA
91VLALKVDNAET

F 83VXYPGLTK 9.1

G 40SGTQGNYDD 8.2

H 40SGTQGNY 7.0

I 77AGGVVLV 5.0
83VTYPGLTK
134VVLSLPFAEG

J 134VVLSLPFAEG 4.4
77AGGVVLV
83VTYPGLTK

a 1GADDVVDSSKS 13

b 1GADDVVDSSK 11

c1
122EFIKRFGDGA 4

c2
1GADDVVDSS

c3
66SVNENPLSG

d no residues identified 3

e1
1GADDVVDSSKSF 2.4

e2
122EFIKRFGDGA

The letters in the first column correspond to the peptide bands observed in

Fig. 1. The approximative C-terminal boundaries of the peptides were

estimated on the basis of their apparent molecular weight on the

electrophoresis gel.
first 30 amino acids (c2) and the third peptide was

calculated to extend between Ser66 and approximately

residue 100 (c3). For band d, no identifiable amino acid

derivates could be determined, which suggests that this

band might result from a staining artifact. Band e contained

two small peptides located, respectively, between residues

1–20 (e1) and 122–145 (e2). Only three different N-

terminal boundaries were identified for the seven se-

quenced peptides, located respectively at Gly1 (peptides

a, b, c2, e1), Ser66 (peptide c3) and Glu122 (peptide c1, e2).

The identification of four different peptides within the N-

terminal region of DTA, all starting at Gly1 (peptides a, b,

c2, e1), suggests that approximatively the first 20 or 30

amino acids remain inaccessible to the protease. Similarly,

residues 66 to about 100 and 122 to about 160 would also

be resistant to enzymatic cleavage.

Trypsin digestion of membrane-inserted DTA yielded 18

different peptides (Table 1). According to the N-terminal

sequences, all the peptides were generated from the cleav-

age of one of the following six residues (Fig. 2B, right

arrow): Lys39, Lys76, Lys82, Lys90, Lys104 and Arg133.

The C-terminal boundaries of these peptides, which con-

sequently should correspond to either an arginine or lysine

residue, were estimated according to their apparent molec-

ular weight on the electrophoresis gel and corresponded to

residues 103, 125–126, 157 and 170–173 (left arrow),

thus indicating that all these residues are exposed to the

outside of the membrane. No peptide was identified

between Gly1 and Lys 39, suggesting that this region

has been completely hydrolyzed at either of the four lysine

residues (Lys10, Lys24, Lys33, Lys37) leading to peptides

too small to be identified under our experimental condi-

tions (less than 1.5 kDa). In particular, Lys 10 must be

exposed because its protection would have lead to a

peptide of at least 2.5–3 kDa, detectable on a Tris-Tricine

gel. No cleavage sites were identified at Lys51 and Lys59

(cf. peptides starting at Ser40), suggesting that these two

residues are protected or, at least, much less accessible

than the other Arg/Lys residues. The proteolysis results

will be discussed in terms of topology and mechanism of

translocation in the discussion section.

3.2. Secondary structure of DTA in a lipid membrane at

pH 5

The FTIR method is based on the analysis of the

vibration bands of protein and particularly the amide I band,

r(CMO) of the peptide bond (1700–1600 cm� 1), whose

frequency of absorbance is strongly dependent upon the

secondary structure. This method has been successfully used

to investigate the structure of soluble and membrane pro-

teins [37,40–44]. Since the structural changes affecting the

DT catalytic domain during translocation are not well

understood, the purpose of this study was to investigate in

more detail the secondary structure changes affecting DTA

during membrane interaction at low pH.
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Fig. 3 shows the FTIR spectra of deuterated DTA at pH 5

in the absence and presence of lipid vesicles, before and after

digestion by proteinase K. In the absence of lipids (Fig. 3a),

the amide I band of DTA shows a maximum of absorption

around 1642 cm� 1, indicating that the protein under these

conditions presents a high degree of irregular structures

which is consistent with all published data of DTA structure

at low pH. A curve-fitting procedure [35] enabled us to

estimate that in the absence of lipids DTA contained

25F 5% a-helix, 27F 5% h-sheet, 20F 5% random coil

and 28F 5% h-turn structures (see Materials and methods).

The presence of asolectin vesicles (Fig. 3b) induces a drastic

change in the shape of the DTA amide I band and results in a

shift of its absorption maximum from 1642 to 1622 cm� 1.

To estimate the nature of the secondary structures involved in

this conformational change, we subtracted the spectrum of

DTA obtained in the absence of lipids from the membrane-

inserted protein spectrum (Fig. 3b–a). The difference spec-

trum shows that during membrane interaction, DTA

increases its content in h-sheet structures (positive peak at

f 1620 cm� 1) concomitantly with a loss of random coil and

h-turn structures (negative peaks respectively at f 1640

and f 1665 cm� 1). The secondary structure analysis agrees
Fig. 3. Infrared spectra of deuterated DTA at pH 5.0 (a) in the absence of lipids, (b

K. Spectrum (b–a) represents the difference of the corresponding spectra and a s

region. Spectrum c was enlarged by a factor of 1.3 compared to spectrum b. The re

of the lipids and the region between 1600 and 1700 cm� 1 corresponds to the rCM
rescaled for better comparison.
with this observation since we determined that membrane

interaction results in a significant increase of 26% in h-sheet
structures and a loss of about 18% in h-turn structures (Fig.

3). The variation of the content in a-helix and random coil

structures lies within the expected experimental error of

F 5% and we were therefore unable to determine whether

these structures were significantly affected during the con-

formational change.

To investigate the structure of the membrane-associated

peptides of DTA, proteoliposomes containing DTA were

prepared and treated with proteinase K (as described in

Materials and methods) and spread at the surface of a

germanium plate. The amide I band of the deuterated

spectrum (Fig. 3c) shows a maximum of absorption around

1626 cm� 1, indicating that the membrane-associated pep-

tides contained predominantly h-sheet structures. The

curve-fitting analysis gave 46% h-sheet structures, 20% of

random and 20% of a-helical structures These results

suggest that membrane interaction of DTA might be pre-

dominantly triggered by h-sheet structures.
To further characterize the conformational changes tak-

ing place upon lipid binding and insertion, we measured the

kinetics of deuteration of DTA in the absence and presence
) associated to asolectin vesicles before and (c) after digestion by proteinase

ubtraction factor of 1.7 was chosen in order to zero the area of the amide I

gion between 1700 and 1770 cm� 1 corresponds to the rCMO vibration band

O vibration band (amide I) of the protein. The spectra intensities have been
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of lipids, before and after proteinase K treatment. The

accessibility of the NH amide groups of the protein to the

solvent could be measured by exchanging the amide hydro-

gens of the sample with a D2O saturated N2 flux [37]. The

peptide hydrogen exchange of the protein was followed by

monitoring the decrease of the amide II absorbance peak

[y(N–H) in the 1596–1502 cm� 1 region], which is shifted

to the 1460 cm� 1 region [amide IIV, y(N–D)] upon deuter-

ation. The percentage of non-exchanged residues at each

time point was calculated from the ratio of amide II/amide I

(in the absence of lipids) or amide II/CMO lipids areas (in

the presence of lipids).

Fig. 4 shows the H/D exchange kinetics at pH 5 of free or

membrane-inserted DTA, before and after proteinase K

treatment. In the absence of lipids, DTA undergoes a very

fast exchange as already 50% of the residues were ex-

changed after only 3 min. This deuteration kinetic reaches a

stable value of 35% of non-exchanged residues after 100

min, indicating that under these conditions about 67 amino

acids of DTA (35% of 190 residues) are not accessible to the

solvent and thus most probably buried inside of the protein.

This suggests that although DTA is partially denaturated by

the pH, not all residues are easily exchangeable. In the

presence of asolectin vesicles, the evolution of the kinetic is

much slower and about 40 min are needed to exchange 50%

of the residues. The decrease of the exchange rate most

probably results from the conversion of unordered structures

into h-sheet observed upon membrane interaction since it

has been shown that the amide groups of h-sheet structures
Fig. 4. H/D exchange kinetics of DTA at pH5. The evolution of the

proportion of non-exchanged residues as a function of deuteration time is

shown for DTA at pH 5.0 either in the absence of lipids (o) or associated to

asolectin vesicles before (.) or after proteinase K treatment (E). The amide

II/amide I area ratio (o) or the amide II/CMO lipid area ratio (.;E) for each

spectrum, which was expressed between 0% and 100%, was reported as a

function of deuteration time. Insert: early time points are presented on a

logarithmic scale. Each curve is the average of three independent

experiments, and the error bars represent the standard deviation.
exchange a 1000-fold slower than unordered coil structures

[45]. Nevertheless, extensive deuteration (120 min) shows

that membrane-inserted DTA exchanges to the same level as

the soluble protein (35% of non-exchanged residues) indi-

cating that membrane interaction does not affect the overall

accessibility of the protein. These results suggest that either

a very low number of residues are protected by the lipid

membrane, in addition to those which are buried in the

soluble protein, or that a similar number of residues that are

buried in the soluble protein because of the folding are now

protected from the solvent because of their insertion in the

lipid membrane.

After proteinase K treatment, DTA shows a faster ex-

change than the one observed for the non-digested sample.

These results indicate that at least a part of the slow

exchanging structures such as h-sheets have been eliminat-

ed during proteolysis and suggest that these structures are

also located within extramembrane domains of DTA.

3.3. Characterization of the desorption process of DTA from

a lipid membrane at neutral pH

The binding of DTA to a lipid membrane has been shown

to be fully reversible upon exposure to neutral pH [11,46].

This process is of major importance in vivo since after

translocation across the endosomal membrane, DTA has to

refold in the cytosol to express its cytotoxic activity. The

implication of cellular proteins, such as chaperones, in the

refolding process of DTA is still a matter of debate. To get a

better understanding of the refolding mechanism of DTA,

we investigated the dissociation of DTA from the lipid

membrane at neutral pH. Although our approach does not

represent the system after translocation across the cellular

membrane, it still should allow to obtain structural infor-

mation about the reversal of the DTA conformation once it

has interacted with the lipid membrane at low pH.

DTA was inserted into lipid vesicles at pH 5 and the

desorption was subsequently induced by exposing the

proteoliposomes to neutral pH (see Materials and methods).

The membrane-dissociated protein was isolated by centri-

fugation and its conformation was investigated by FTIR.

The spectra of DTA after desorption from the lipid mem-

brane at pH 7.2 is shown in Fig. 5A. The overall shape of

the amide I region of desorbed DTA is very similar to the

one observed for native DTA at pH 7.2 (Fig. 5A, a–b).

Furthermore, the deconvoluted spectra (Fig. 5A, c–d)

clearly indicate that in both cases, DTA presents the same

secondary structure components, suggesting that dissocia-

tion of DTA from the lipid membrane at neutral pH leads to

the recovery of the native secondary structures. To investi-

gate whether the folding of desorbed DTA is also compat-

ible with its native tertiary structure, we compared the H/D

exchange kinetics of the native and the membrane-desorbed

forms of DTA at pH 7.2 (Fig. 5B). The evolution of the H/D

exchange for desorbed DTA was identical for the two

proteins and we therefore conclude that DTA regains its



Fig. 5. Structure of DTA after desorption from the lipid membrane at pH 7.2. (A) Amide I region of deuterated native DTA at pH 7.2 (a) or after desorption

from the lipid bilayer at pH 7.2 (b). The deconvoluted spectra are shown in (c) and (d), respectively. The spectra intensities have been rescaled for better

comparison. (B) H/D exchange kinetic of native DTA (o) or desorbed DTA (.) at pH 7.2. Insert: time points are presented on a logarithmic scale. Error bars

represent the standard deviation of three independent experiments.

C. Wolff et al. / Biochimica et Biophysica Acta 1661 (2004) 166–177 173
native secondary and tertiary structures after interaction with

a lipid membrane.

To further dissect the dissociation of DTA from the

membrane upon exposure to neutral pH, we investigated

the desorption process at 4 jC. This temperature should

allow us to slow down the redissociation dynamic and thus

to trap the protein in an intermediate structural state, if it

exists. For this purpose, proteoliposomes containing DTA

were pelleted by centrifugation and suspended in a 2 mM

Hepes pH 7.2 buffer and incubated during 1 h at 4 or 37 jC.
The samples were centrifuged on a sucrose density gradient

(pH 7.2, 4 jC) and the fractions were assayed for their
Fig. 6. Desorption of membrane-inserted DTA at pH 7.2 after separation on a cont

from the bottom of the tube and the content in protein (.) and lipids (o) were

phosphatidylcholine assay (Roche). Data is presented as the percentage of the tot
content in lipids and proteins (Fig. 6). When the whole

experiment was carried out at low temperature, about 70%

of DTA remained associated to the lipid membranes, where-

as it is almost fully desorbed, as expected, when the first

incubation was performed at 37 jC. Infrared spectroscopy

analysis showed that the amide I region of the membrane-

associated DTA sample incubated at 4 jC (Fig. 7A, b)

presents the structural characteristics of both the membrane-

associated (Fig. 7A, a) and the membrane-desorbed (Fig.

7A, c) forms. The amide I region is characterized by the

presence of two major maxima: one located around 1640

cm� 1, which is characteristic for the native form of DTA,
inuous 30–2% (w/v) sucrose density gradient. The fractions were collected

determined, respectively, by tryptophan fluorescence at 330 nm and by a

al amount of protein or lipids detected on the gradient.



Fig. 7. Evolution of the amide I region of DTA during dissociation from the lipid membrane at neutral pH. (A) Experimental deuterated spectra and (B)

difference spectra are shown: (a) membrane-inserted DTA at pH5 (from Fig. 3); (b) membrane-inserted DTA exposed to neutral pH (4 jC); (c) desorbed DTA at

pH 7.2 (37 jC). Difference spectra were generated by using subtractions factors of 0.3 and 0.5 for b–a and c–b, respectively, in order to zero the area of the

amide I band. The baseline is indicated by a horizontal dotted lines. The difference spectra b–a and c–b were magnified by a factor of 2.5 and 1.5, respectively.

Secondary structures limits for alpha helices (a), beta (h), random coil (r) and beta turn (ht) structures are indicated by vertical dotted lines.
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and a second around 1625 cm� 1 characteristic for the

membrane-associated form of DTA. To analyze the second-

ary structures changes affecting membrane-inserted DTA

after exposure to neutral pH at 4 jC the spectrum obtained

for membrane-inserted DTA at pH 5, which represents the

initial state, was substracted from the spectrum obtained for

DTA at neutral pH, 4 jC (termed the intermediate state)

(Fig. 7B, b–a). The transition to the intermediate state

results in a loss of h-sheet structures (negative peak at

1622 cm� 1) and an increase in a-helical and h-turn struc-

tures (positive peak). The transition from the intermediate

state of DTA to the complete desorbed state (Fig. 7B, c–b)

is characterized by a further decrease of the component at

1622 cm� 1 and an increase of other secondary structures.

The results suggest that DTA could start the refolding of

its extramembrane domains before the protein is completely

desorbed from the membrane. However, we cannot infer

from the data whether DTA is strongly or loosely associated

to the membrane when refolding starts. Therefore, how the

complete refolding is associated to the desorption from the

membrane remains to be elucidated.
2 The C-terminal end evaluations were based on the apparent

molecular mass measurement on the electrophoresis gel and should

therefore be considered as indicative in the case of proteolysis by

proteinase K. It is more accurate in the case of trypsin since the C-terminal

residue must be an arginine or a lysine.
4. Discussion

The translocation process of DTA across the endosomal

membrane remains one of the least understood steps in DT

cytotoxic pathway. The first proposed model was based on

the finding that the T domain of DTB was forming a

channel in lipid membrane: DTAwould cross the membrane
in an unfolded form, through the aqueous channel formed

by DTB [14]. However, the data showing that DTAwas able

to directly interact with the membrane have questioned this

model. The model that is currently discussed for transloca-

tion of DTA is the chaperone model which is based on the

observation that membrane-inserted T domain recognizes

and binds to hydrophobic, partly unfolded peptides. Accord-

ing to this model, the T domain plays the role of a chaperone

for a partly unfolded and hydrophobic form of the A chain.

DTA translocates through the membrane, in association with

the T domain, via a number of relatively non-specific and

transient binding events between the T domain and DTA

[47]. To further investigate the DTA translocation process,

we identified the regions of isolated DTA in interaction with

a lipid membrane and we characterized their structure by

FTIR.

The proteolysis experiments on membrane-inserted DTA

at pH 5 indicate that some restricted regions of DTA remain

specifically protected against externally added proteases and

might therefore represent membrane-associated domains

(Fig. 8). In the C-terminal region of DTA, res 122 to about

145 and res 134–1572 were protected, when proteinase K or

trypsin were respectively used. A strict overlapping of these

two regions indicate that, at least residues 134 to about 145



Fig. 8. Topological model of DTA in interaction with a lipid bilayer. The ‘‘cis’’ side is the side of the membrane to which DTA was added; the ‘‘trans’’ side

represents the interior of the liposomes. This model does not take into account the interactions between secondary structures nor the interaction with DTB

domains. The double arrow indicates the two putative conformations of the central region of DTA, a shallow insertion (above) or a deep membrane insertion

(below).

 

 

 

Fig. 9. Conformational changes associated to DTA along its pathway from

the outside of the cells (pH 7.2 native form) to the cell cytoplasm (pH 7.2

membrane-released form). Upward and downward arrows indicate,

respectively, the relative increase and decrease of the secondary structure

content of the protein. (*) The conformational changes from the native DTA

at pH 7.2 to DTA at pH 5.0 were investigated in Cabiaux et al. [35].
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might be inserted in the lipid membrane. This is in excellent

agreement with the data of D’Silva and Lala [13] showing

that in the full-length protein residues 134–141 were

strongly labelled by a membrane probe. According to the

crystal structure of DT this particular region of DTA

contains a h-hairpin structure (CB6–CB7, residues 133–

151) and we therefore suggest that this hairpin could insert

as such into the lipid membrane and adopt a transmembrane

orientation. Such an orientation is probably also observed in

the presence of the B fragment since we already demon-

strated that residues 122–170 were protected from digestion

when the whole protein was used [18]. A role for the 134–

151 region in translocation is supported by the study of

Falnes and Olsnes [48] demonstrating that the use of DT

mutants containing internal disulfide bridges (C119–C152,

C58–C146) within this C-terminal region prevented both

the interaction and translocation of DTA across the cell

membrane. The presence of disulfide bridges could block

the protein in a particular conformation and thus prevent the

insertion of the C-terminal h-hairpin structure into the target

membrane.

A second region protected from proteinase K digestion is

located from residue 66 to about residue 100. According to

the crystal structure of DTA [26], this region contains two

successive beta strands structures, CB4 and CB5 (residues

78–95). The protected peptide overlaps a region (77–115)

which according to D’Silva and Lala [13] is in interaction

with the lipid membrane: the authors observed a specific

labelling of this peptide region by a membrane probe but

they were not able to identify the labelled residues. Taking

the data together (labelling and proteolysis), it appears that

the interacting region could be restricted to residues 77–

100. However, several trypsin-accessible sites (Lys 76, 82,

90) were also identified in the 77–100 region. We therefore

suggest that the interaction of the peptide 77–100 is

characterized by an equilibrium between a transmembrane

and a surface association. The transmembrane form would

generate peptide c3 (proteinase K) and the trypsin-treated

peptides starting at residues 40, whereas the surface orien-
tation would generate all the peptides starting at residues 77,

83 and 91. Such an equilibrium has already been suggested

for the interaction of several helices of DTB with the lipid

membrane [22]. It remains anyway that CB4–CB5 and

CB6–CB7 contain several hydrophilic/charged residues

which would make the insertion of single pair of h-strands
(such as CB6–CB7) in the membrane quite unfavourable.

The co-insertion of CB4–CB5 and CB6–CB7 would facil-

itate shielding of hydrophilic/charged residues away from

the membrane interior. On the other hand, if CB4–CB5 do

indeed fluctuate from a surface to a transmembrane orien-

tation, insertion of the hydrophilic residues of CB6–CB7

could be facilitated by the oligomerization of the protein.

Such an oligomerization is supported by our FTIR analysis

of membrane-inserted DTA which indicated the presence of

low-frequency beta sheet structures (1626 cm� 1), which

could be assigned to aggregated h-strands that would be

related to the oligomerization of DTA [49,50].
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Region 40–66 contains two non-hydrolyzed lysines but is

completely digested by proteinase K, suggesting that the

lysine protection might result from a local protein secondary

structure rather than from the interaction with the membrane.

The topology of the N-terminal region of DTA (residues

1–40) is more difficult to interpret. It is protected against

proteinase K but entirely accessible to trypsin. This specific

region contains two h-strand structures (CB1 6–15 and

CB2 17–23), which could interact with the surface of the

membrane, with the hydrophobic residues inserted in the

lipid membrane and thus inaccessible to proteinase K,

whereas lysine residues would face the solvent, remaining

accessible to trypsin.

To summarize, three regions putatively in interaction

with the lipid membrane were identified:

– Region 134–151, containing CB6–CB7, with a trans-

membrane orientation.

– Region 78–95, containing CB4–CB5, which could adopt

both a surface and a transmembrane orientation.

– Region 1–23 which could associate to the surface of the

lipid membrane.

This strongly suggests that DTA might be able to insert

into the lipid membrane one or several transient transmem-

brane domains, characterized by a h-sheet structure, in

agreement with our FTIR data showing that interaction with

the membrane is mostly triggered by h-sheets (Fig. 9). The
presence of at least one transmembrane anchor is supported

by our data showing that DTA remains mostly associated to

the membrane at neutral pH, at low temperature whereas it

is desorbed at 37 jC. How the long hydrophilic domains

between the transmembrane anchors are translocated cannot

be inferred from our experiments. It is however conceivable

that they could cross the membrane through a ‘‘channel-

like’’ structure formed by both DTA and DTB regions in

interaction in the lipid membrane. How this ‘‘channel-like’’

structure is related to the well-characterized TH8–TH9

channel remains to be elucidated. The structural character-

ization of the membrane-associated form of DTA at neutral

pH and low temperature is giving some insight about how

the membrane anchor(s) could eventually be desorbed from

the membrane (Fig. 9): the intermediate state trapped at pH

7.2 and 4 jC is characterized by an increase of the a-helical

structure suggesting that the protein can start its refolding

while still bound to the membrane. This ‘‘initial’’ refolding

could then induce the desorption of the membrane anchor(s)

to go back to the native structure.

The translocation of toxins across the cell membrane is a

very complex mechanism and it is particularly difficult to

address the question of the dynamics of translocation. We

suggest here that DTA, in addition to transient binding to

DTB, as suggested by the chaperone model, might insert

transient transmembrane domains into the membrane, allow-

ing the translocation, of the main part of its sequence. The

transmembrane domain(s) would then be desorbed, perhaps
as a consequence of the refolding at pH 7.2 of the trans-

located region. Further structural and topological character-

ization will be required to confirm this hypothesis.
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