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Insertion and translocation of soluble proteins into and across biological
membranes are involved in many physiological and pathological processes,
but remain poorly understood. Here, we describe the pH-dependent
membrane insertion of the diphtheria toxin T domain in lipid bilayers by
specular neutron reflectometry and solid-state NMR spectroscopy. We
gained unprecedented structural resolution using contrast-variation techni-
ques that allow us to propose a sequential model of the membrane-insertion
process at angstrom resolution along the perpendicular axis of the
membrane. At pH 6, the native tertiary structure of the T domain unfolds,
allowing its binding to the membrane. The membrane-bound state is
characterized by a localization of the C-terminal hydrophobic helices within
the outer third of the cis fatty acyl-chain region, and these helices are
oriented predominantly parallel to the plane of the membrane. In contrast,
the amphiphilic N-terminal helices remain in the buffer, above the polar
headgroups due to repulsive electrostatic interactions. At pH 4, repulsive
interactions vanish; the N-terminal helices penetrate the headgroup region
and are oriented parallel to the plane of the membrane. The C-terminal
helices penetrate deeper into the bilayer and occupy about two thirds of the
acyl-chain region. These helices do not adopt a transmembrane orientation.
Interestingly, the T domain induces disorder in the surrounding phospho-
lipids and creates a continuum of water molecules spanning the membrane.
We propose that this local destabilization permeabilizes the lipid bilayer and
facilitates the translocation of the catalytic domain across the membrane.
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Introduction
Diphtheria toxin (DT) is a 58-kDa protein secreted
by lysogenic strains of Corynebacterium diphtheriae,
the causative agent of diphtheria (see Ref. 1 for a
review). It consists of three functional domains.
During cell intoxication, the receptor-binding (R)
domain enables binding of DT to the cell-surface
receptor heparin-binding epidermal growth factor.
The toxin–receptor complex is internalized into
endosomes. Acidification triggers the insertion of
the translocation (T) domain into the membrane,
which assists the translocation of the catalytic (C)
domain across the endosomal membrane. The C
domain is released into the cytoplasm with the help
of cell proteins,2,3 where it ADP-ribosylates the
elongation factor 2, blocking protein synthesis. DT is
used for many medical and biotechnological
applications,4 and a DT–interleukin 2 fusion toxin
has been approved for the treatment of lymphomas
(see Ref. 5 for review). Deciphering the mechanism
of translocation of DT may help to improve the
efficiency and safety of fusion toxins, to design
strategies aiming at blocking toxin translocation, or
to increase the scope of passenger proteins that can
be targeted into cells.
The membrane-insertion process of the T domain

is one of the most documented among bacterial
toxins. However, many conflicting models of the
structure of this domain interacting with a mem-
brane have been published (reviewed in Refs. 1 and
6). In solution, the T domain is composed of 10 α-
helices, named TH1 to TH9 and TH5′, which are
organized in a globular shape.7 The hydrophobic
helices TH8 and TH9 are sandwiched by two layers
of amphiphilic helices, TH1 to TH4 and TH5 to TH7.
The T domain penetrates membranes via a pH-
dependent, two-step process.8–10 As the pH
decreases, the protonation of histidine side chains11

destabilizes the native state of T, which adopts a
partially folded, molten-globule state.9,10,12–14 Dur-
ing the first step of membrane interaction, from
pH 7 to pH 6, the solvent-exposed hydrophobic
surfaces of the molten-globule state allow interac-
tion and association with the membrane leading
to the membrane-bound state.8–10,14,15 This first step
is mainly driven by hydrophobic effects. During
the second step, from pH 6 to pH 4, the con-
formation of the T domain is reorganized, leading
to a membrane-inserted state. This step involves a
combination of hydrophobic and attractive electro-
static interactions between the T domain and the
negatively charged membrane surface.10,14 The
helical content of the T domain is mainly pre-
served throughout the process.10 Once in the lipid
bilayer, the T domain remains monomeric,16

permeabilizes the membrane,10,17 and enables the
passage of its N-terminal region from the cis to the
trans side of the membrane.18 However, despite
the wealth of functional data, the details on the
pH-dependent membrane structures of DT remain
largely unknown.
Neutron reflectivity (NR) is an in situ nondestruc-
tive tool to extract structural information with
angstrom (Å) precision at interfaces.19–22 The judi-
cious use of samples organized in a single phospho-
lipid bilayer and of the contrast-variation technique
has led to the determination of new structural
details on the interaction of polypeptides with
membranes.23–30 In particular, NR is a unique
technique to study the distribution of mass along
the axis perpendicular to the membrane plane. It
allows one to identify the successive layers of
chemicals composing the lipid bilayer (lipid head-
groups and acyl chains), as well as the compounds
embedded in the membrane and located in its
vicinity (polypeptide and water molecules, for
instance; see Fig. 1). In the present study, we took
advantage of both the contrast-variation technique
and the partial deuterium labeling of the bilayers
and of the T domain to simultaneously refine a set of
NR profiles, providing unprecedented accuracy and
detail on the protein–membrane interactions. Never-
theless, as NR cannot provide information on the
secondary structure orientation changes of the
membrane-bound proteins, we combined specular
NR with solid-state NMR investigations. Solid-state
NMR spectroscopy has proved to be a valuable tool
for the structural analysis of proteins that are
associated with extended lipid bilayers (reviewed,
e.g., in Refs. 31–36). In particular, the proton-
decoupled 15N solid-state NMR spectra reflect in a
direct manner the orientation of polypeptide helices
with respect to the plane of the lipid bilayer (see
Fig. 1).37,38 Moreover, solid-state NMR allows
probing of the changes of the lipid polar headgroup
orientation induced by the interacting protein.39,40
Here, a structural model of the pH-dependent

T-domain membrane-insertion process is developed
from specular NR and solid-state NMR data. We
also describe the structural perturbation and
hydration changes of the membrane, induced by
T-domain insertion. Finally, the implication for the
translocation of the C domain during cell intoxica-
tion is discussed.
Results

Specular neutron reflectometry

The model membranes, a single phospholipid
bilayer composed of 80% dipalmitoyl-phosphati-
dyl-choline (DPPC) and 20% negatively charged
dipalmitoyl-phosphatidyl-acid (DPPA) lipids, were
prepared on a silicon substrate, as described in
Supplementary Data. At each pH investigated,
hydrogen/deuterium (1H/2H) contrast-variation
techniques were used to produce a set of specular
NR profiles (Fig. 2). To this aim,membrane bilayers
were prepared with acyl chains of three different
hydrogen isotopic compositions: membranemade of
lipids with (i) only hydrogenated acyl chains (1H
only), (ii) only deuterated acyl chains (2H only), and



Fig. 1. Schematic representation of the experimental contributions of neutron specular reflectometry and solid-state
NMR. Neutron scattering provides information on the mass distribution along the perpendicular axis of the membrane
plane. The structural parameters correspond to the layer thickness and hydration, interlayer roughness, and scattering
length density (SLD), which is specific of the chemical composition of the layer. Solid-state NMR spectroscopy provides
information on the orientations of both the helices (15N spectrum) and lipid polar headgroups (31P spectrum) with respect
to the plane of the membrane. The orientation of the helices depends directly on the chemical shift of the 15N resonances,
ranging around 200 ppm (transmembrane helices), between 200 and 100 ppm (tilted helices), and below 100 ppm (helices
parallel to the membrane surface).
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(iii) deuterated acyl chains in the trans leaflet and
hydrogenated acyl chains in the cis leaflet (2Htrans:

1-

Hcis). The membranes, made of the three different
isotopic compositions, were each studied at four dif-
ferent contrast-matching conditions of water sub-
phases by varying the D2O/H2O ratio (Tables 2 and
3). We first characterized the pure lipid bilayers at
pH 7.4, pH 6, and pH 4. The pH of the free-subphase
volume (7mL) of themeasuring cell was equilibrated
by injections of 20 mL of phosphate-buffered saline
adjusted at the targeted pH with acetate buffer (see
Supplementary Data for details). All NR experi-
ments were performed at 43 °C (under the control of
a temperature bath) to ensure a fluid state of the
membrane. All buffer and protein solutions were
preheated at 43 °C prior to in situ injection in the
aqueous subphase of the measurement cell (Fig. 1).
Specular NR intensity curves arose from con-

structive interferences of the reflected beams from
the surface and the interfaces of the successive layers
composing the sample (see Supplementary Data
Part II.2 for details). The momentum transfer Q
being in reciprocal space, the structural parameters
and the scattering length density (SLD; defined
below) of each layer of the sample were fitted in the
framework of a five-layer model to the reflectivity
profiles obtained for membranes made of 1H or 2H
acyl chains and in the framework of a six-layer
model for a membrane made of 2Htrans:

1Hcis acyl
chains. The distribution of compounds in the multi-
layer framework is illustrated in Fig. 1 and Fig. S5.
A layer is defined as a homogeneous region (acyl

chain or lipid headgroup, for instance) characterized
by a set of four parameters (i.e., three structural
parameters and its SLD): (i) the layer thickness
corresponds to the average length of a layer; (ii) the
layer roughness is the width of the interface between
two adjacent layers; (iii) the water content is the
volume fraction occupied by water (Fig. 1; see
Supplementary Data Part II.2). The SLD, which can
be considered as a neutron refractive index, is
determined by the chemical composition of the
layer. It is noteworthy that the SLD is mainly
sensitive to hydrogen isotopes (1H and 2H; see the
atomic coherent neutron-scattering length values in
the legend to Table 2). Hence, buffers prepared with
different ratios of D2O/H2O, as well as the chemical
compositions of the lipid acyl chains (1H or 2H) and
of the polar lipid headgroups regions, in the
presence or not of polypeptide, give specific SLD
values [see Supplementary Eq. (6) and Tables 2 and
3]. The parameters used to model the reflectivity



Fig. 2. Specular neutron reflec-
tivity profiles of the T domain in
membrane. (a) NR profiles of pure
(in the absence of T) membrane
bilayers made of DPPC/DPPA 8:2
lipids prepared with a distribution
of 2Htrans:1Hcis acyl chains (red and
blue) and with lipids made of 1H
acyl chains only (black) are shown
as examples. Phosphate-buffered
saline was prepared in D2O (red
and black) and H2O (blue). (b) NR
profiles of membranes made of 1H
acyl chains in the presence of T at
neutral pH. Contrast-matching con-
ditions were achieved using D2O/
H2O ratios of 100:0 (black), 69:31
(red), 38:62 (blue), and 0:100
(green). (c) NR profiles of phospho-
lipid bilayers in the presence of T at
pH 6 using H2O as solvent. Mem-
branes were prepared with lipids

made of 2Htrans:
1Hcis (blue), only 2H (red), and only 1H (black) acyl chains. (d) NR profiles of membranes made of

2Htrans:
1Hcis acyl chains at pH 4. NR profiles in the presence of T (blue and dark) and in its absence (red and green), in H2O

(black and red), and in D2O (blue and green).
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profiles are shown in Table 1 and Table S4. For a
given pH, the SLD of a layer is different due to
various contrast-matching conditions, but the struc-
tural parameters are the same because NR profiles
arise from the same biophysical state. 1H/2H
contrast variations based on D2O/H2O ratio (Fig.
2a, b, and d) and acyl-chain composition (Fig. 2c) are
illustrated in Fig. 2. Hence, the use of contrast-
matching conditions constrains the fits, allowing the
assembly of a unique multilayer model of the
membrane bilayer derived from a coherent set of
NR profiles (Table 1).24 In the data analysis process
and choice of model that best fitted the data, the
parts of the NR profiles measured with better sta-
tistics (Qb0.2 Å−1) were given a higher weight than
data with poor statistics (typically at low reflec-
tivities/high Q, i.e., for QN0.2 Å−1).

Structure of the pure lipid bilayer membrane
from neutron data

In the absence of protein, the system consisted of
the silicon oxide (SiO2) layer from the silicon
substrate, the adsorbed lipid bilayer, and aqueous
buffer (Fig. 2a and Table 1). The silicon oxide layer
was found to be a single layer of 10±2-Å thickness
and a roughness of 4 Å. Awater layer separating the
lipid bilayer from the polar silicon oxide layer
constituted a thin but distinguishable layer of 5±
2-Å thickness. The lipid bilayer was divided into
three layers: a trans and a cis lipid headgroup
region of 9±2 Å each, with a hydration comprised
between 5% and 8%, separated by a hydrophobic
acyl-chain region of 32±2 Å, composed of two
leaflets of 16±1 Å (see illustration in Fig. 1). These
results are in agreement with data published
previously.41,42 We showed that the structural
parameters of the DPPC/DPPA membranes were
independent of the pH of the medium (data not
shown). The structural parameters of the phospho-
lipid bilayers were then used as references to
investigate the conformation of the T domain at
each step of the membrane-insertion process.

Conformational changes of the T domain during
the membrane-insertion process

For all neutron-scattering experiments described
below, we produced and used a T domain labeled
uniformly with 2H with the exception of 1H lysine,
called the 1HLys 2HT domain. The asymmetrical
distribution of lysines along the T-domain sequence
allows to distinguish the N-terminal (containing
12/13 lysines) from the C-terminal part (see
Table 3). Seven milliliters of a T-domain solution
was injected at 7 nM in the free subphase of the
measuring cell. This corresponded to 50 pmol
injected and to a lipid/protein mol/mol ratio of
660 (see Supplementary Data for details). The NR
profiles of 1HLys 2HT domain in the presence of
membranes composed of 1H, 2H, and 2Htrans:

1Hcis
acyl chains were recorded at pH 7.4, pH 6, and pH 4,
at various water contrast-matching conditions,
adjusted by varying the D2O/H2O ratio (Fig. 2b



Table 1. Averaged structural parameters [thickness (Å),
roughness (Å), and water content (%)] determined from
the neutron reflectivity profiles of membranes alone and in
the presence of the T domain at pH 7.4, pH 6, and pH 4
fitted to the multilayer framework model

Layer Composition Thickness Roughness Water

Membrane without protein
1 SiO2 10 4 0
2 Water 5 6 100
3 trans PH 9 6 5
4 HC 32 6 2
5 cis PH 9 6 8

Membrane in the presence of T at pH 7.4
1 SiO2 10 3 0
2 Water 5 7 100
3 trans PH 9 7 5
4 HC 32 4 7
5 cis PH 9 7 17

Membrane in the presence of T at pH 6
1 SiO2 11 4 0
2 Water 6 6 100
3 trans PH 8 7 5
4 HC 24 8 11
5 HC+ T 9 6 12
6 cis PH 9 5 40

Membrane in the presence of T at pH 4
1 SiO2 10 5 0
2 Water 6 5 100
3 trans PH 9 5 16
4 HC 15 6 12
5 HC+ T 21 8 23
6 cis PH+ T 8 6 47

PH, polar headgroups, HC, hydrophobic core; T, T domain; HC+
T, layer containing both acyl chains and part of the T domain. SDs
of thickness, roughness, and hydration are ±2 Å, ±2 Å, and ±5%,
respectively.
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and d). The NR curves were analyzed as stacked
multilayers and progressively refined from pH 7.4 to
pH 4 by introducing realistic modifications in the
structural parameters determined for the pure lipid
bilayers described above. Hence, the interactions of
the T domain with the lipid bilayer were detected by
the perturbations it induced on the SLD and the
structural parameters of each layer of the membrane
(Fig. 1). NRprofiles of the T domain at neutral pH are
shown in Fig. 2b. The results presented in Table 1
indicate that the T domain induced only minor
modifications of the structural parameters. Indeed,
only the hydration of the cis polar headgroup
exhibited a detectable increase of 10%. Hence, at
neutral pH, the T domain is likely not to be tightly
bound to themembrane, in agreement with previous
results,10,13,14 although it resided in the vicinity of the
lipid polar headgroups, as revealed by the hydration
increase of this region.
The pH was then lowered to 6 by addition of

acetate buffer in the free subphase of the measuring
cells. The NR curves were recorded and the
structural parameters were fitted in the same
multilayer framework model as in the absence of
T (Table 1 and Table S4). The effects of T on the
three membranes for the same buffer are shown in
Fig. 2c. The first three layers—silicon oxide, water
layer, and trans lipid polar headgroups—showed
similar structural parameters as in the absence of
the protein, indicating that they were insensitive to
the presence of the T domain at pH 6 (Table 1). For
each reflectivity curve, an additional layer was
introduced in the multilayer framework to fit to the
data: the acyl-chain region had to be separated into
two layers to match the SLD changes (see Fig. S5).
The fourth layer, 24±2 Å thick, corresponded to
pure acyl chains alone, as shown by the preserva-
tion of the molecular SLD of pure acyl chains for
the three 1H, 2H, and 2Htrans:

1Hcis acyl-chain isotopic
compositions investigated (Table S4). The fifth layer
corresponded to a combination of acyl chains and
protein of 9±2-Å thickness (Table 1). The contribu-
tion of the T domain to this SLD layer fitted, for the 12
contrast conditions studied, to the TH5–TH9 mole-
cular SLD, which contained only one 1H lysine (see
Table 3). The thickness of this layer (9 Å) is
incompatible with a transmembrane orientation of
the T-domain helices. It is noteworthy that the
presence of the T domain induced a weak increase
of hydration of the pure acyl-chain layer, although
the protein was clearly absent from this region.
Finally, the last layer, corresponding to the cis lipid

headgroup region, exhibited a thickness similar to
that in the absence of the T domain. The SLD was
only weakly affected by the presence of the T
domain (Table S4). Interestingly, this indicated that
the T domain (particularly its N-terminal part with a
high molecular SLD due to the 12 1HLys residues)
did not reside in this region of the membrane.
Hence, the N-terminal part of the T domain should
be localized beyond the cis lipid headgroup region,
i.e., in the buffer, where the helices are too hydrated
and too dynamic to be detected by neutron reflecto-
metry. Moreover, it was noteworthy that the presence
of the N-terminal part of the T domain close to the cis
lipid headgroup area induced a strong increase of
hydration of this layer to 40%, compared to 8% for
pure membrane and 17% in the presence of the T at
neutral pH. The hydration increase may also arise
from the segment(s) of T that penetrated this region,
linking the N- and C-terminal parts of the protein.
Taken together, the results showed that the trans

polar headgroups and two thirds of the hydropho-
bic core were not affected by the presence of the T
domain at pH 6. Its C-terminal part penetrated the
membrane among the first methylene groups of the
cis acyl-chain region. The cis lipid headgroup region
was mostly free of protein and highly solvated. This
is probably due to the proximity of the N-terminal
part of the T domain that remained solvent exposed
outside the membrane.
The pH of the sample cells was then decreased to 4

to investigate the membrane-inserted state of the T
domain. The NR profiles were measured and the
structural parameters fitted using the multilayer
framework model described above. The comparison
of NR profiles of the membrane alone or in the
presence of the protein at pH 4 showed profound
modifications of the system (Fig. 2d). Similarly, the
NR profiles clearly indicated that the effect of T on



Table 2. Scattering length densities of lipids used in this
study (in H2O buffer)

Lipid parts
Chemical
structure

SLDa

(×10−6 Å−2)
Experimental

SLD

Polar headgroup
of DPPC

C10H18NO8P 1.25 —

Polar headgroup
of DPPA

C5H6O8P 1.3 —

Polar headgroups
mixing (CH chains)

DPPC/
DPPA 8:2

1.26 1.29

Polar headgroups
mixing (CD chains)

DPPC/
DPPA 8:2

1.26 2.3b

Deuterated
hydrophobic tails

C30D62 6.1 6.4

Hydrogenated
hydrophobic tails

C30H62 −0.32 −0.29

a The SLD values were calculated by dividing the molecular
coherent neutron scattering length Bmol by the molecular volume
VM. The Bmol was calculated using the atomic coherent neutron
scattering length values of 1H (−3.74×10−5 Å), 2H (6.67×10−5 Å),
C (6.65×10− 5 Å), N (9.36 ×10− 5 Å), O (5.80 ×10−5 Å), S
(2.85×10−5 Å), and P (5.13×10−5 Å). VM of polar headgroups
and hydrophobic tails were 480 and 1000 Å3, respectively. The
experimental SLD values were determined with the neutron
reflectivity curves of membranes in the absence of protein (see
Materials and Methods).

b The SLD layer of 2.3×10−6 Å−2 is due to the occurrence of a
fraction of 0.2 deuterated carbons (CD) from acyl chain in the
polar headgroup [see Supplementary Eqs. (5) and (6) for details].

Table 3. Calculated scattering length densities of water,
the T domain, and the N-terminal (TH1–TH4) and the C-
terminal (TH5–TH9) parts of the T domain

Water
composition

Scattering length densitiesa (×10−6 Å−2)

Whole T
domain

TH1–
TH4

TH5–
TH9 Subphase water

D2O 3.14 3.80 2.72 6.36
H2O 2.39 3.08 1.94 −0.56
38% D2O 2.72 3.35 2.24 2.07
69% D2O 2.91 3.57 2.49 4.21

a The SLD values were calculated by dividing the molecular
coherent neutron scattering length Bmol by the molecular volume
VM. The Bmol was calculated using the atomic coherent neutron
scattering lengths given in Table 2.
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the membrane increased as the pH decreased, as
shown in Fig. S6. At pH 4, only the silicon substrate
and its hydration layer were not affected (Table 1).
The trans polar headgroup region (layer 3) became
highly solvated but there was no evidence of the
presence of the T domain crossing the lipid bilayer.
Indeed, the SLD of this layer was characteristic of a
pure lipid headgroup composition.
The structural parameters deduced from the 2H-

only and the 2Htrans:
1Hcis acyl-chain isotopic compo-

sitions of themembranes indicated that the acyl-chain
region was heterogeneous. Layer 4 was composed of
pure acyl chains. Its thickness (15 Å) was thinner than
at pH 6 (24 Å). Layer 5 contained a combination of
acyl chains and T domain (reflected by the SLD of the
layer). Its thickness (21 Å) was larger than at pH 6
(9 Å). The data showed the progressive pH-depen-
dentmembrane insertion of the C-terminal part of the
T domain, which induced a swelling of the acyl-chain
region. Indeed, the hydrophobic core thickness was
32 Å in the absence of T, 33 Å in its presence at pH 6,
and 36 Å in its presence at pH 4.
Layer 6, corresponding to the polar lipid head-

groups, was the most hydrated region of the mem-
brane. It is noteworthy that the layer's SLD allowed
us to assign the N-terminal part of the T domain to
this region. This observation is supported by the
following facts. The expected SLD for pure lipid
headgroups in D2O was 2.3×10−6 Å−2 and the expe-
rimental SLD was 3×10−6 Å−2 (see Tables 2 and 3
and Table S4). The only way to increase the SLD was
(i) the densification of the layer by compaction of the
lipid headgroups induced by the insertion of mole-
cules and/or (ii) the mixing of lipid headgroups with
materials of higher SLD. The N-terminal part of the
1HLys T domain had a SLD higher than 3×10−6 Å−2

whatever the contrast-matching conditions, while the
SLD of the C-terminal part was below 3×10−6 Å−2

(Table 3). Hence, only the insertion of the N-terminal
part of the T domain in the polar lipid headgroup
region may explain the observed variation of the
SLD. Finally, a common feature of all layers at pH 4
was the dramatic increase of the water content
throughout the lipid bilayer induced by the insertion
of the T domain. This increase of water content was
clearly pH dependent.
Overall, the results showed that the T domain

progressively penetrated the membrane as the pH
decreased. The membrane-bound state at pH 6 was
characterized by a 9-Å-deep insertion of the C-
terminal part of the protein into the cis acyl-chain
region, while its N-terminal part remained solvent
exposed beyond the polar lipid headgroups. The C-
terminal part of the protein penetrated deeper (21 Å)
the hydrocarbon core at pH 4. Meanwhile, the N-
terminal part of T partitioned from the solvent to the
polar headgroup region. The insertion of the T
domain induced a swelling of more than 10% of the
hydrocarbon core and an increase of membrane
hydration spanning the bilayer from side to side.

Solid-state NMR spectroscopy

The T domain was labeled uniformly with 15N and
reconstituted into uniaxially oriented phospholipid
membranes, composed of palmitoyl-oleoyl phospha-
tidyl-choline (POPC)/palmitoyl-oleoyl phosphatidyl-
glycerol (POPG) at a 8:2 molar ratio at either pH 6 or
pH 4 (see Supplementary Data Part 2). We showed
that the Tdomain behaved similarly in the presence of
phosphatidyl-glycerol or phosphatidic acid as anionic
lipids (see Supplementary text and Fig. S7). At each
pH investigated, samples were equilibrated at 100%
relative humidity (r.h.) to optimize the comparison
with the NR data, which were obtained with a semi-
infinite free-subphase volume.
In a first step, the oriented samples were investi-

gated by proton-decoupled 31P NMR spectroscopy
as this approach provides an estimate of the
alignment order of the phospholipid headgroups.43

Whereas liquid crystalline phosphatidylcholine
bilayers with their long axis oriented parallel to the
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magnetic field direction exhibit resonances at about
30 ppm, signals below 30 ppm arise from phospho-
lipid headgroups with orientations deviating from
this alignment. At the other extreme, a signal at
−15 ppm corresponds to phosphatidylcholines with
their long axis perpendicular to the magnetic field
direction.
The 31P solid-state NMR spectra of the pure

membranes showed a peak in the 30-ppm region,
which arose from the overlapping resonances of
POPC and POPG aligned with their long axes
perpendicular to the glass plates (Fig. 3a). This
peak position is indicative of well-oriented phos-
pholipid membranes in their liquid crystalline state.
In the presence of the protein and at pH 4, a fraction
of the phospholipid resonance, probably the signal
arising from POPG, is shifted to 19 ppm (Fig. 3b).
This observation suggested that electrostatic effects
between POPG lipids and the T domain affected the
lipid polar headgroup conformation and/or pack-
ing. Furthermore, depending on the detailed experi-
mental conditions, the presence of the T domain
caused additional 31P NMR intensities between 30
and −15 ppm, indicative of a more heterogeneous
alignment of the headgroup region relative to the
glass-plate normal (Fig. S8).
In a second step, the samples were investigated by

proton-decoupled 15N solid-state NMR spectro-
scopy, which monitors the topology and dynamics
of the 15N-labeled sites of the protein (Fig. 3c–f). As
the T domain was labeled uniformly with 15N, this
signal arose from 199 amide bonds as well as
contributions from the lysine, arginine, asparagine,
histidine, and tryptophan side chains.44 Whereas
side chains that undergo fast reorientational dyna-
mics are, to a great extent, filtered out by the cross-
polarization sequence, backbone amides that are
immobilized by interactions with the membrane
exhibit orientation-dependent 15N chemical-shift
values.38 Whereas α-helical domains with align-
ments parallel to the membrane surface resonate
below 100 ppm, transmembrane helices exhibit
chemical shifts in the 200-ppm region (see Fig. 1).
The technique has therefore been used to monitor
the helix alignment of peptides and proteins.37,45

The proton-decoupled cross-polarization 15N
solid-state NMR spectrum of the T domain bound
to POPC/POPG 8:2 (wt/wt) membranes at pH 6
and at 100% or 93% r.h. showed that the main
signal intensities were in the 120–60 ppm region
(Fig. 3c and e), indicative of a distribution of align-
ments of the NH vectors. The proton-decoupled
15N solid-state NMR spectra were deconvoluted
into Gaussian functions to estimate the contribution
from in-plane, tilted/transmembrane orientations.
The envelope of NH resonances above 120 ppm
was low, covering only 30% of the transmembrane
signal intensity at 93% r.h. (Fig. 3e), and about 20–
25% of the total signal intensity was centered
around 135 ppm at full hydration (Fig. 3c). The
strong intensities below 120 ppm indicated that the
membrane-bound helices of the T domain adopted
an orientation predominantly parallel to the lipid
bilayer plane (Fig. 3c and e). A spectrum of the
sample at full hydration was then recorded at pH 6
using a Hahn-echo pulse sequence to detect in a more
quantitative manner the resonances from nitrogen
atoms undergoing a high degree of motion. Under
these experimental conditions (100% r.h. and pH 6),
the peak located at 125 ppm was considerably more
pronounced and corresponded to the resonance of
amide residues and some of the side chains evolving
in an isotropic environment (i.e., in the aqueous phase
between the membrane layers of the sample; Fig. S9
andRef. 46). Consequently, suchmobile residueswere
not constrained in the anisotropic membrane milieu,
suggesting that large parts of the protein reoriented in
the aqueous environment as they were only loosely
bound to the lipid bilayers. In a similar manner, the
Hahn-echo pulse sequence strongly enhanced signal
intensities at 175 and 37 ppm, where the isotropic
histidine and lysine side-chain intensities are expected
(Fig. S9 and Ref. 44).
Proton-decoupled 15N solid-state NMR spectra

of the membrane-inserted T domain at pH 4 and
at 100% r.h. (Fig. 3d) exhibited a line shape with
about 20% of the total signal intensity occurring
in the spectral region around 165 ppm, thereby
indicating a more stable insertion of tilted protein
helices into the membranewhen compared to that at
pH 6 (Fig. 3c). Nevertheless, the strong intensity of
the chemical shifts centered around 90 ppm at pH 4
indicated that most helices (about 80% of the total
intensity) still adopted an orientation in the plane of
the lipid bilayer (Fig. 3d). The spectra of the samples
at pH 6 and pH 4 equilibrated at 93% r.h. are shown
in Fig. 3e and f. Under these conditions, the predo-
minantly in-plane alignment of helices was retained.
At pH 4 and 93% r.h., resonances indicative of trans-
membrane and tilted helices increased to about 40%
of the total signal intensities (Fig. 3f) and are therefore
considerably augmented when compared to that at
pH 6 (Fig. 3e) or at full hydration (Fig. 3c and d).
Together, the solid-state NMR data showed that

parts of the protein were loosely bound to the
membrane at pH 6 at 100% r.h. (Fig. S9) and that the
membrane-interacting helices were organized predo-
minantly parallel to the bilayer surface. At full
hydration, a strong peak around 125 ppm indicated
important isotropic motions of a fraction of the T-
domain backbone. Moreover, the alignment of the
lipid polar headgroups was affected in the mem-
brane-bound state. At acidic pH, the helices remained
mostly in the plane of the lipid bilayer, although an
augmentation in the ratio of transmembrane or
oblique helix alignments is observed (chemical shifts
between 100 and 200 ppm). Hence, it is noteworthy
that a large fraction of helices was organized in the
plane of the bilayer whatever the pH investigated.
Discussion

We have investigated the pH-dependent mem-
brane-insertion process of the isolated T domain of
the DT in order to gain new insights in the



Fig. 3. Proton-decoupled 31P
solid-state NMR spectra of (a)
POPC/POPG (8:2 mol/mol) mem-
branes at pH 6 oriented with their
membrane normal parallel to the
magnetic field direction and (b) of a
sample prepared in a similar man-
ner containing the DT T domain at a
protein-to-lipid ratio of 1:40 (wt/wt)
at pH 4. Panels c–f show proton-
decoupled cross-polarization 15N
spectra of the T domain at pH 6 (c
and e) and pH 4 (d and f) recon-
stituted into oriented POPC/POPG
(8:2 mol/mol) membrane at a pro-
tein-to-lipid ratio of 1:40 (wt/wt)
and equilibrated at 100% r.h. (a–d)
or 93% r.h. (e and f) before the NMR
measurements.
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mechanism leading to the translocation of the C
domain of the toxin across the endosomal mem-
brane. In this study, we resorted to two different
methods: (i) specular neutron reflectometry, which
allows one to obtain information on the structural
parameters (thickness, roughness, and hydration) of
the membrane and on the location of polypeptide
segments inserted in the lipid headgroup and acyl-
chain regions of the membrane, and (ii) solid-state
NMR spectroscopy, which provides information on
the orientation of helices of the protein with respect
to the membrane plane (Fig. 1). Our results allow us
to propose a structural model of the conformational
changes of the T domain from its soluble state to its
membrane-bound state and finally to its membrane-
inserted state. Furthermore, we describe the struc-
tural, dynamic, and hydration changes of the lipid
bilayer induced by the interaction with the T
domain. From these data, we propose a model that
summarizes our findings (Fig. 4).
At neutral pH, the native state of T in solution is

characterized by stable secondary and tertiary
structures.10,13 In the presence of a membrane,
the T domain remains in the aqueous buffer but is
transiently close to the membrane surface, as
revealed by the weak increase of hydration of
the cis lipid polar headgroups detected by neutron
scattering. At pH 6, the T domain is accumulated
in the membrane-bound state. Specular NR experi-
ments show that the protein–membrane interaction
involves the anchoring of the C-terminal part of T,
which occupies the first 9 Å of the cis acyl-chain
region (i.e., below the cis polar headgroups). The
results suggest that the C-terminal helices are
those detected parallel to the bilayer surface by
solid-state NMR spectroscopy. The N-terminal part
of T remains solvent exposed beyond the cis lipid
polar headgroups: it is too dynamic to be observed
by neutron scattering and may correspond to the
loosely membrane-bound fraction, which exhibits
dynamic movements in aqueous buffer revealed
by the isotropic intensities observed in Hahn-echo
solid-state NMR spectra. Accordingly, previous
experiments suggested that the N-terminal part
of the T domain is exposed to the aqueous buffer
in the membrane-bound state.14 Moreover, Erwin
London's group showed that the N-terminal
helices form an autonomous region that does not
deeply penetrate the membrane,47 in contrast to
the C-terminal part of the T domain that is located
in the hydrocarbon core of the membrane.48 Our
observation that the C-terminal helices reside in-
plane at the depth of the first methylene groups of
the cis monolayer, while the N-terminal helices
move freely in solution, clearly indicates that the T
domain undergoes a large unfolding upon mem-
brane binding. We propose that two opposing
effects drive this profound tertiary structure dis-
ruption. First, hydrophobic forces between the C-
terminal part of T and the acyl chains drive
protein–membrane partitioning. Second, the repul-
sive electrostatic interactions between the anionic
polar headgroups and the negatively charged N-
terminal part of T preclude membrane insertion of
this region. Moreover, these repulsive electrostatic
interactions reorganize the lipid polar headgroups
and increase their hydration, as measured by 31P
NMR and neutron reflectivity, respectively.
At pH 4, dramatic changes occur. Neutron

reflectivity experiments provide direct evidence
that the C-terminal part of T penetrates deeply the
hydrocarbon core and inserts into the upper two
thirds of the hydrophobic region, while its N-
terminal helices penetrate the polar headgroup
region. Interestingly, the helices remain mostly
parallel to the membrane surface, an orientation
similar to that found at pH 6. Indeed, the NMR data
clearly indicate that at 100% r.h., only a small
fraction of the 15N NMR signal intensities corre-
sponds to helices that adopt an oblique orientation
(Fig. 3d). Furthermore, 15N NMR signal intensities
that agree with a transmembrane conformation are
observed only at 93% r.h. (Fig. 3f). This observation
highlights the propensity of the T domain to switch
between conformational states in the membrane in
reaction to subtle environmental changes, such as
relative humidity, lipid composition of the mem-
brane, or ionic strength.8,10,14,49 This is in agreement



Fig. 4. Scheme of the pH-depen-
dent membrane-insertion process of
the DT T domain. From left to right:
membrane at pH 7 in the absence of
T, membrane at the same pH in the
presence of T, the membrane-bound
state of T at pH 6, and the mem-
brane-inserted state of T at pH 4.
Membrane layers, the T domain,
andwater molecules are scaled. The
water molecules correspond to the
water content determined for each
layer from neutron experiments.

Red and blue cylinders represent the helical backbone of TH1–TH4 and TH5–TH9, respectively. Acyl chains and polar
headgroups are yellow and green, respectively. The vertical scale bar represents 1 nm.
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with results showing that shallowly and deeply
inserted states of the T domain are regulated by the
physico-chemical properties of the lipid bilayer.6,8

We propose the following folding pathway to
describe the transition from the membrane-bound
state to the membrane-inserted state. The repulsive
electrostatic interactions, keeping the N-terminal
part of T away from the membrane surface at pH 6,
may prevent deep insertion of the C-terminal helices,
which reside in-plane within the first 9 Å of the cis
acyl-chain region. The protonation of acidic residues,
induced by the drop of pH from 6 to 4, abolishes
repulsive electrostatic interactions between the nega-
tively chargedmembrane and the N-terminal helices
of T. These helices then start to partition from the
aqueous buffer to the polar headgroup region
through hydrophobic effects and attractive electro-
static interactions between basic amino-acid side
chains and the anionic polar headgroups. This allows
the C-terminal part of T to reach a deeper position in
the hydrophobic milieu, where it finally reaches 21 Å
below the cis polar headgroups. The membrane-
inserted state we describe here might be the
conformation accumulated before the N-terminal
helices cross the membrane18 and help the transloca-
tion of the Cdomain.50,51 It is noteworthy thatwe did
not show the accumulation of the N-terminal helices
in the trans side of the membrane. This could be due
to several factors, such as steric hindrance in the
trans side, the absence of a pH gradient,52,53 or the
lack of proteins contributing to the translocation
process.2,54,55
The membrane-inserted state of the T domain

induces a swelling of 4 Å of the acyl-chain region.
This swelling probably reflects the increase of the
membrane volume induced by the insertion of T and
the additional presence of water molecules. Indeed, an
unexpected observation of this study is the progressive
increase of membrane hydration as the pH decreases
in the presence of the T domain. These results strongly
suggest that membrane impermeability is locally
disrupted by the presence of T at acidic pH. In
addition, this probably reflects the pH-dependent
ability of T to permeabilize the membrane.10,17
These data provide new insights into the events

preceding the translocation of the C domain of DT
during cell intoxication. We showed that the mem-
brane-insertion process of T induces rearrangements
in polar headgroups and hydration increase
throughout the lipid bilayer, leading to local mem-
brane destabilization. Nevertheless, our results
indicate that T does not materially form a proteinac-
eous pore from the cis to the trans side of the lipid
bilayer. We propose that the membrane-destabiliz-
ing effect of T produces a continuum of water
molecules across the membrane, comparable to
observations made with antimicrobial40,56 or cell-
penetrating peptides.57,58 In the physiological con-
text, the membrane-inserted state of the T domain
might create a water-filled pathway across the
membrane of the endosome. Once the N-terminal
helices of T reach the cytosol, due to the pH gradient
across the endosomal membrane,10,18 cytosolic pro-
teins (such as HSP90 and COP proteins) bind helix
TH1.2,3,59,60 These TH1-bound proteins might pre-
vent any backwardmovement of theN-terminal part
of T into the endosome. Such cytosolic complex
might contribute to complete the translocation by a
molecular ratchet process by extruding C from the
membrane. We propose that the membrane-inserted
T domain favors the passage of the C domain from
the endosome to the cytoplasm because the energy
required for a partially folded domain to cross a
locally destabilized membrane should be lower than
that necessary to cross a stable lipid bilayer barrier. In
other words, the T domain might facilitate the
translocation of C by coupling membrane insertion
to membrane destabilization.

Materials and Methods

Protein production and purification

The recombinant isolated T domain of the DT used in
this study has been described elsewhere.10 Lipids were
purchased from Avanti Polar Lipids and used as received.

Specular neutron reflectometry

The measurements were performed on the D17 reflect-
ometer at the Institut Laue Langevin (Grenoble, France).
The reflectometer was set up in time-of-flight mode using
a spread of wavelengths between 2 and 20 Å with two
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incoming angles of 0.7° and 2.4°. The NR profiles were
model fitted to obtain the structural parameters.29

NMR spectroscopy

Samples were investigated using flat-coil solid-state
NMR probe heads introduced into the magnetic field of a
Bruker Advance wide-bore NMR spectrometer operating
at 9.4 T. 31P and 15N solid-state NMR spectra were
obtained following the protocols described elsewhere.37,43

All experimental procedures are described in detail in
Supplementary Data.
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