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ABSTRACT: The isolated T domain of diphtheria toxin was mutated by cysteine-scanning mutagenesis at
28 consecutive sites (residues 328-355) that comprise the TH8 helix and the TL5 interhelical loop in the
native toxin. After derivatizing the mutant proteins with a sulfhydryl-selective nitroxide reagent, we
examined the mobility of each nitroxide and its accessibility to polar and nonpolar paramagnetic reagents,
before and after insertion into phospholipid bilayers. The data obtained with the proteins in solution at
pH 8 are generally consistent with predictions from the crystal structure of the toxin. Upon membrane
binding at pH 4.6, a major structural reorganization of the domain was seen, which dramatically reduced
the accessibility of most residues in this region to the polar reagent nickel(II)-ethylenediaminediacetate
complex (NiEDDA). Many of these residues also showed reduced accessibility to the nonpolar reagent
O2. Periodic accessibility of the nitroxide side chains along the sequence to these reagents shows that
TH8 remains largely helical in the membrane-bound state, with one surface associated with protein and
the other facing the hydrophobic interior of the bilayer. In addition, the TL5 loop also appears to become
R-helical in the membrane, with one surface in contact with protein and the other in contact with the
bilayer interior. These findings provide a structural framework for understanding how the T domain forms
a transmembrane channel and mediates translocation of diphtheria toxin’s enzymic moiety across a
membrane.

Diphtheria toxin (DT)1 (1-3) belongs to a class of toxic
proteins that act by enzymically modifying cytosolic sub-
strates within eukaryotic cells (4). The process by which the
catalytic moiety is transferred across a membrane to enter
the cytosol is not understood for any such toxin. For DT,
translocation occurs only after the toxin has bound to its
receptor at the cell surface and been delivered by receptor-
mediated endocytosis to the endosomal compartment (5, 6).
Under the influence of the low pH within that compartment,
the toxin undergoes a conformational rearrangement that
causes its transmembrane (T) domain to insert into the

endosomal membrane (7-13). This insertion event induces
the toxin’s catalytic domain to cross the membrane to the
cytosolic compartment (14-18), where it catalyzes the ADP-
ribosylation of elongation factor 2, causing inhibition of
protein synthesis and cell death (19, 20).

The T domain (Figure 1), situated between the toxin’s
N-terminal catalytic and C-terminal receptor-binding do-
mains, is composed of 10R-helices (24-26). Two long
hydrophobic helices, TH8 and TH9, form the core of the T
domain and are covered by two other “layers” of helices
(26). Both the holotoxin and the isolated T domain form
voltage-dependent channels in planar bilayers at low pH (pH
∼ 5) (27). A T domain fragment, consisting of TH8, TH9,
and the interhelical TL5 loop, is apparently sufficient for
channel formation (28), and various mutations in TL5 and
TH9 have been shown to have a major effect on channel
formation and toxicity (26, 29-32). These results imply that
the DT channel is formed by insertion of this helical hairpin
into the membrane (16, 25, 26, 33-38).

The method of site-directed spin labeling (SDSL) has
emerged as a powerful tool to probe the structure of proteins
both in solution and in membranes (39, 40). In earlier studies,
we applied SDSL to the TH9 helix of the T domain and
showed that TH9 retains its helicity upon membrane binding
(21). Here we extend the SDSL studies in the hairpin to cover
the TH8 helix and the TL5 interconnecting loop (Figure 1).
The data indicate that most of TH8 retains its helicity after
binding of T domain to membranes at low pH and that the
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TL5 loop is converted into a new helical structure under these
conditions.

MATERIALS AND METHODS

Expression of the T Domain as a Hexahistidine-Tagged
Fusion Protein.Twenty-eight T domain mutants with a
single-cysteine substitution were prepared according to the
procedures described earlier (34, 41; see Figure 1) or by an
alternative method described below. Briefly, the expression
host,Escherichia coliBL21(DE3) strain, was transformed
with pET15b expression vectors (Novagen) harboring genes
for single-cysteine T domain mutants with an N-terminal
hexahistidine tail. The T domain was expressed by induction
with IPTG and purified with a Ni2+ affinity column, and
the N-terminal hexahistidine tail was cleaved with thrombin.
The T domain mutants prepared this way have four additional
residues at the N-terminus: Gly-Ser-His-Met. Purified T
domains were stored at-80 °C in the presence of DTT (5-
10 mM). All the cysteine mutants used in this study, except
S336C2 and M339C, were prepared by the method described
above.

Expression of the T Domain as a Fusion to Glutathione
S-Transferase.We made new single-cysteine substitution
mutants S336C and M339C using an alternative procedure
due to additional mutations found in the above pET15b
constructs of the mutants. The T domain was cloned into
the pGEX-4T-1 vector (Amersham Pharmacia), which results
in the T domain fused to the C-terminal end of glutathione
S-transferase. Briefly, a DNA fragment encoding the T
domain (residues 202-378 of DT) was amplified by PCR

reactions with the following two primers containingBamHI
andEcoRI restriction sites (boldface), respectively: 5′-CCG
CGC GGA TCC CAT ATG ATA AAT CTT GAT TGG
and 5′-GTC TTC AAG AAT TC A TCA GGG ACG. The
template for the PCR reaction was pET15b-T (41). The
amplified DNA fragments were digested with restriction
enzymesBamHI and EcoRI and purified by agarose gel
electrophoresis. The resulting DNA fragments were ligated
into pGEX-4T-1 vector (Amersham Pharmacia) by use of
the two restriction sites. The ligated plasmids were introduced
into E. coli XL1 Blue competent cells. The plasmid contain-
ing the T domain gene was isolated and subjected to
sequencing to verify the nucleotide sequence of the entire T
domain gene and its junctions. The resulting pGEX vector
harboring the T domain gene was designated as pGT.
Mutants S336C and M339C were prepared from pGT by
replacing the DNA fragment flanked betweenClaI and
EcoRI restriction sites with the corresponding fragments in
pET15b-T mutant plasmids. The DNA fragments in the
original pET15b-T plasmids coding for these mutants did
not have any error in the sequence between the two restriction
sites. The entire sequences of the mutant T domain genes
and their junctions were verified by sequencing for the two
single cysteine mutants.

Plasmids prepared as described above were used to
transformE. coli BL21, and the T domain mutants were
expressed cytoplasmically as a fusion protein to GST. Briefly,
protein expression was induced in cultures ofA600 ∼ 1.0 by
adding IPTG to a final concentration of 1 mM. After 1 h at
37 °C or 2 h at 28°C, cells were harvested by centrifugation
and stored at-20 °C. Typically, cell pellets from 4 L were
thawed and resuspended in∼40 mL of phosphate-buffered
saline (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and
1.8 mM KH2PO4) by brief sonication. The cells were
disrupted by French press. Cell debris was removed by
centrifugation at 12000g for 20 min at 4°C. The supernatant
was filtered through a 0.2µm filter and loaded onto a column
packed with 2 mL of glutathione-Sepharose 4B (Amersham
Pharmacia), which was prepared according to the manufac-
turer’s manual. After the column was washed with 10 bed
volumes of phosphate-buffered saline, the GST-T fusion
protein was eluted with 5 bed volumes of 10 mM glutathione
in 50 mM Tris-HCl, pH 8.0, in 1 mL fractions. The fractions
containing the protein were combined and concentrated with
a centrifugal concentrator Centriprep-10 (Amicon). The
GST-T fusion protein was cleaved by treating the fusion
protein with thrombin protease (Novagen) for 8 h at room
temperature. The T domain was separated from the GST on
a column packed with glutathione-Sepharose 4B (Amer-
sham Pharmacia) by eluting with phosphate-buffered saline.
Collected T domain fractions were concentrated by centrifu-
gal concentrator. T domains were stored at-80 °C in the
presence of 15% (v/v) glycerol and 5-10 mM DTT. The T
domain mutants prepared this way also have four additional
residues at the N-terminus: Gly-Ser-His-Met.

Spin Labeling of the Monomer and Dimer Fractions of T
Domain Cysteine Mutants.T domain cysteine mutants were
purified by gel-filtration chromatography (Superdex75, Am-
ersham Pharmacia), eluting with 20 mM Tris (pH 8), 150
mM NaCl, 1 mM EDTA, and 0.02% (w/v) NaN3 (buffer
A). Immediately following purification, fractions containing
T domain were reacted for 16 h at room temperature with a

2 To designate the amino acid substitution mutants, we specify, in
order, the original residue, the sequence position, and the substituted
residue. For example, S336C is a mutant in which the serine at 336
was replaced by cysteine.

FIGURE 1: Structure of the diphtheria toxin T domain (residues
202-378). The locations of 28 residues (residues 328-355),
selected for mutation to cysteine and attachment of spin labels, are
identified by large black spheres. The locations of residues spin-
labeled in previous studies (21, 22) are shown as small black
spheres. The numbering of the mutant residues is that of the native
DT. This Molscript representation (23) was generated from the
coordinates of diphtheria toxin provided by M. J. Bennett and D.
Eisenberg (24).
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10-fold excess of spin label (I) to generate the spin-labeled
side chain designated as R1 (Figure 2). Unreacted spin label
was removed by gel-filtration chromatography (Superdex 75)
or, in the case of small samples, by dialysis against buffer
A. The labeled protein was concentrated with a Microsep
centrifugal concentrator (Filtron Technology Corp., North-
borough, MA), and the final concentration was determined
by a modified Lowry assay (42) with bovine serum albumin
as standard. The molecular weight of the T domain was
estimated by gel filtration (Superdex 75).

Preparation of LUVs and Membrane-Bound T Domain.
POPG (20 mg) and POPC (100 mg) (both from Avanti,
Birmingham, AL) were suspended in 1.2 mL of 100 mM
sodium acetate buffer, pH 4.6, and vortexed briefly. The lipid
suspension was subjected to 5 cycles of freezing and thawing.
LUVs were prepared by extruding the resulting multilamellar
vesicles 10-15 times through two sheets of polycarbonate
membrane with pores 100 nm in diameter (43, Avestin,
Ottawa, Canada).

Membrane-bound T domain was prepared as described
(41). Briefly, the pH of the LUV suspension was raised to
pH 7-8 with 1 N NaOH just prior to protein addition. T
domain was added to the vesicles with an approximate 1:500
molar ratio of protein to phospholipid. To induce binding, a
predetermined amount of 100 mM sodium acetate solution
was slowly added to the protein-vesicle mixture to a final
pH of 4.6. The binding was allowed to proceed for about 30
min. The membrane-bound T domain was pelleted by
centrifugation at 15000g for 3 min at room temperature.

In two cases, A330R1 and A334R1, the soluble protein
precipitated during the spin-labeling reaction, and labeling
was carried out in the membrane-bound state. For this
purpose, the proteins were allowed to bind to the vesicles
as described above. The pH of the protein-vesicle aggregates
were then brought back to pH∼ 6.5 by addition of NaOH.
Equimolar spin label was added to the solution and allowed
to react overnight at room temperature. The protein-vesicle
mixture was washed repeatedly through Microcon centrifugal
concentrators to remove unreacted spin labels. After washing,
the protein-vesicle solution was titrated back to pH 8 or to
pH 4.6 for EPR studies.

EPR Measurements and Depth Calibration.Samples were
contained in TPX capillaries and EPR spectra were recorded
on a Varian E-109 EPR spectrometer fitted with a loop-
gap resonator (44). Power saturation measurements and data
analysis to obtain the accessibility parametersΠ(O2) and
Π(NiEDDA) were carried out as previously described (45).
The parameterΦ, defined as

has been shown to be a linear function of the depth of a
nitroxide in the bilayer interior measured from the membrane/
aqueous interface (46). Thus

where d is the depth of immersion in angstroms. To
determine the constantsa and b for bilayers containing
POPC, POPG, and bound T domain in a 415:85:1 molar ratio
at pH) 4.6,Φ values were obtained for nitroxides positioned
at known depths in the bilayer on the 2-acyl chain of
phosphatidylcholine spin labels. For this purpose, 7-doxyl,

10-doxyl, and 12-doxyl phosphatidylcholines were employed
(Avati Polar Lipids, Birmingham, AL), the nitroxides of
which reside at estimated depths of 10.5, 14, and 16 Å,
respectively (45).

In all cases,Π(O2) was obtained at the concentration of
O2 in equilibrium with air at room temperature. For
Π(NiEDDA), the NiEDDA concentration was 20 mM,
except for depth estimation in the membrane, where 200 mM
was used.

RESULTS

Monomeric and Dimeric Forms of T Domain in Solution.
Size-exclusion chromatography of wild-type and mutant T
domains revealed the existence of two aggregation states in
solution at pH 8 (see also ref41), with molecular masses
estimated to be 25 and 40 kDa. Given the calculated
molecular mass of 19.2 kDa for the T domain monomer, we
infer that the two states correspond to monomer and dimer.
Both forms had the same electrophoretic mobility on SDS-
PAGE under reducing or nonreducing conditions, excluding
the possibility that dimerization of the Cys-containing mutant
forms involves disulfide bond formation.

Spin labels in close proximity within a dimer would have
spin-spin interaction, giving rise to a broadening or possibly
resolved splittings in the EPR spectrum (47-50); and a
strong spin-spin interaction was in fact detected in the dimer
of one mutant, I353R1. Figure 3 shows a comparison of the
EPR spectra for the monomer and dimer forms of I353R1,
obtained by separately spin-labeling the monomer and dimer
fractions obtained from gel filtration. The first-derivative EPR
spectrum of the monomer fraction corresponds to that of a
single population of a highly mobile nitroxide, whereas the
spectrum of the dimer fraction has an additional spectral
component with a splitting of∼105 G arising from strong
spin-spin interactions (Figure 3A). The corresponding
absorption spectrum (Figure 3B) clearly reveals that the broad
component is the dominant population. The sharper com-
ponent likely arises from a small amount of monomer in
equilibrium with the dimer. Interaction strengths of this
magnitude require that the interspin distance be on the order
of 10 Å or less (49; K. J. Oh and W. L. Hubbell, unpublished
observation).

In the membrane-bound state, both monomeric and dimeric
forms gave essentially identical spectra without indication
of strong spin-spin interaction (Figure 3C). This implies
that the T domain adopts the same conformation in the
membrane regardless of its aggregation state in solution and
that the I353R1 residues of the dimer separate during
membrane insertion. For most of the mutants, the mixture
of monomer and dimer was used for membrane binding
studies.

Structure of the Spin-Labeled T Domain in Solution at pH
8. Figure 4 shows the EPR spectra for the R1 side chains in

Φ ) ln [Π(O2)/Π(NiEDDA)] (1)

d ) aΦ + b (2)

FIGURE 2: Reaction of spin label (I ) to generate nitroxide side chain
R1.
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solution at pH 8 (dotted traces), and Figure 5 shows the
corresponding accessibility parameters for O2 and NiEDDA.
Qualitatively, the R1 side chains at residues 328-340 show
restricted mobility, judging from the generally well-resolved
outer hyperfine extrema, characteristic of sites buried in a
protein interior (51). The accessibility of R1 residues in this
sequence is correspondingly low, except at sites 328 and 335.
Residue 328 has slightly higher accessibilities to O2 and
NiEDDA than others in the region, consistent with its
partially exposed location at the N-terminal end of the TH8
helix. The nitroxide residue at 335 is expected to be buried
in the interior of the protein but apparently has a high solvent
accessibility. Moreover, the R1 side chains at 334, 335, and
338 have distinctly higher mobility than others in the 328-
340 region, evident in the poorly resolved high-field hyper-
fine extrema (Figure 4, dotted trace). These three residues
are clustered together on one face of the TH8 helix, and the
data suggest a more loosely packed structure in this region,
although a local perturbation due to the nitroxide at these
buried sites is possible.

Spectra for the R1 residue at sites 341-348 are typically
multicomponent and may be qualitatively characterized as
having intermediate mobility, except at 343 and 344, which
are relatively immobilized. As expected, the mobilities are
reflected in the accessibilities measured byΠ values (Figure
5). Thus R1 at each site in the sequence has partial to high
accessibility, except at 343 and 344, which are inaccessible,
consistent with their low mobility. These results are in accord
with the crystal structure, wherein the sequence 341-348
lies at the C-terminal end of helix TH8, one face of which
projects out of the core of the molecule and is exposed to
solvent (Figure 1). Residues 342 and 345-348 are all

predicted to have partial solvent exposure, consistent with
the experimental accessibility and mobility data. Residues
343 and 344 are buried in the structure, and each is expected
to have low mobility and accessibility. The buried residues
343 and 344 are correctly identified by the EPR data.

R1 residues at sites 349-355 have dominant sharp spectral
features, indicating high nitroxide mobility (Figure 4), and
have high accessibilities, consistent with their location in the
solvent-exposed loop structure of TL5 (Figure 5).

A plot of Π(O2) versusΠ(NiEDDA) (Figure 6A) resolves
the various residues in the water-soluble protein (solid

3 The EPR spectra and the accessibility parameters of S332R1 and
V351R1 were reported previously (see ref41). These were incorporated
in this report for the continuity of the data.

FIGURE 3: EPR spectra of the monomer (left panel) and dimer (right
panel) fractions of I353R1 T domain. (A) First-derivative absorption
spectra in solution at pH 8.0; (B) absorption spectra in solution at
pH 8.0; (C) first-derivative absorption spectra bound to vesicles at
pH 4.6. The magnetic field scan range for spectra A and B is 245
G, and for spectra C, 98 G. In spectra A, the vertical gain is 3.75×
higher for the dimer relative to the monomer for the same amount
of protein.

FIGURE 4: EPR spectra3 of T domain mutants. The dotted traces
are the EPR spectra of T domain mutants in solution at pH 8. The
solid traces are EPR spectra of T domains bound to 17% POPG/
POPC (mol/mol) vesicles at pH 4.6. The vertical dashed lines mark
the locations of the largest outer hyperfine extrema.

FIGURE 5: Accessibility parametersΠ (O2) andΠ(NiEDDA) for
R1 residues in the T domain in solution, pH 8.
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symbols) into specific topographical domains within the
structure and succinctly summarizes the data on accessibility.
Thus buried, partially solvent-exposed, and loop residues
each cluster together in regions of low, intermediate, and
high accessibility, respectively. The overall agreement
between the features of the plot and the location of residues
in the crystal structure is good, except for 335R1, as noted
above.

The contrast parameterΦ ) ln [Π(O2)/Π(NiEDDA)] was
introduced earlier as an empirical measure of depth for
nitroxides in phospholipid bilayers (46). A basic assumption
underlying this application is that all sites exposed to a
homogeneous medium should have similar values forΦ; that
is, bothΠ(O2) andΠ(NiEDDA) should be similar measures
of solvent accessibility in a given medium. The data of Figure
6A show thatΠ(O2) andΠ(NiEDDA) are roughly linearly

correlated for the T domain in solution, thereby supporting
this assumption. Figure 6B analyzes this point in more detail
with a plot of Φ as a function of residue accessibility, as
measured byΠ(NiEDDA). Φ does indeed approach a con-
stant value for the highly exposed loop residues [Π(NiED-
DA) g 2] but increases dramatically for more buried sites
[Π(NiEDDA) e 0.5]. This is likely due to a size-exclusion
effect that limits the diffusion of the larger NiEDDA complex
in the protein interior relative to O2 (46). For this reason,
only highly solvent-exposed residues are used in the estima-
tion of residue depth in bilayers (see below).

Structure of the Sequence 328-355 in the Membrane-
Bound State.A plot of Π(O2) versus Π(NiEDDA) for
membrane-bound T domain mutants (open symbols in Figure
6A) shows that most residues experience a dramatic diminu-
tion in Π(NiEDDA) in the membrane-bound state relative
to the solution form at pH 8. Major changes inΠ(O2) as
well are seen at many sites. The pattern seen in the
membrane-bound T domain consists of two clusters: (i)
residues with low accessibility to both O2 and NiEDDA,
identified as buried sites, and (ii) residues with highΠ(O2)
and low Π(NiEDDA) values, identified as sites directly
solvated by the hydrophobic interior of the lipid bilayer (40).

Insights into the local secondary structure of the membrane-
inserted T domain are obtained by plotting the sequence
dependence of accessibility. As shown in Figure 7A,Π(O2)
is a periodic function of position throughout the entire
sequence, with a period corresponding to that of anR-helix.
These data strongly suggest that theR-helical structure of
TH8 is conserved in the membrane-bound state and in fact
is extended to include residues belonging to the TL5 region
of the solution structure (residues 348-355). Note that the
residues atΠ(O2) maxima (329, 333, 336, 339, 343, 347,
350, and 353) and minima (330, 334, 338, 342, 345, 348,
352, and 355) correspond to the lipid-facing and buried
clusters of Figure 6A, respectively (see also Figure 7C,D).
This reveals that the helical structure has one face solvated
directly by the bilayer, with the opposing face in direct
interaction with the other portions of the protein.

The mobilities of the R1 side chains inferred from the line
shapes support this interpretation (solid trace in Figure 4).
EPR spectral line shapes reflecting immobilized R1 residues,
characteristic of buried sites, occur periodically along the
sequence every third or fourth residue and correspond to the
minima in Π(O2). Figure 7 panels C and D summarize the
mobility and accessibility data in the sequence 328-355 on
two helical wheel diagrams; one for the TH8 helix sequence
(328-347) and the other for the TL5 sequence (348-355).
This representation clearly shows the close correspondence
between the experimental accessibility and mobility data and
a structural model consisting of a regular helix in an
asymmetric protein/lipid environment.

For a helix in contact on one face with the lipid bilayer
and on the other with protein, all values ofΠ(NiEDDA) are
expected to be very small due to the limited partition of the
NiEDDA from the aqueous phase to both buried sites and
the membrane interior. The data of Figure 6A, obtained with
20 mM NiEDDA, are clearly in accord with this expecta-
tion, and many of the values are near the lower limit of
reliable measurement. At 200 mM NiEDDA, values of
Π(NiEDDA) are significantly larger and can be reliably
determined at most sites (Figure 7A). In the sequence 328-

FIGURE 6: (A) Π (O2) vs Π(NiEDDA) plot for R1 residues in
solution state at pH 8 (solid symbols) and in the membrane-bound
state, pH 4.6 (open symbols). The shapes of the solid symbols
identify the topographical locations of R1 residues predicted from
the crystal structure. (b) Buried sites; (2) partially solvent-exposed
sites; (9) loop sites. For open symbols referring to the membrane-
bound state, (O) identifies buried sites and (4) lipid-exposed sites.
(B) Plot of the parameterΦ as a function of residue accessibility
measured byΠ(NiEDDA).
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345, each of the maxima inΠ(O2) (lipid-exposed residues)
has a corresponding local maximum inΠ(NiEDDA). Beyond
this point, there is no clear correlation betweenΠ(NiEDDA)
andΠ(O2).

Topography of the Sequence 328-355 in the Membrane.
A helix with one surface solvated by the lipid bilayer and
the other interacting with protein could, as two extremes,
either lie parallel to the bilayer surface or adopt a trans-
membrane orientation. In principle, these topographies can
be distinguished on the basis of the depth of the nitroxide
side chains from the membrane-solution interface (21). For
the parallel orientation, all side chains facing the bilayer
would be expected to lie within a narrow depth range. For
the transmembrane orientation, the maximum depth occurs
near the center of the membrane, and depth decreases as the
nitroxide moves away from this position toward either bilayer
surface.

Figure 7B shows the depth of immersion calculated for
the residues on the lipid-exposed face of the helix (residues
marked by the vertical dashed lines in Figure 7A). These
are the most highly exposed sites, where steric exclusion of
NiEDDA relative to O2 should be minimal. In addition, we
have included sites 328, 332, 337, 340, 346, and 354 in the
measurement, because R1 residues at these sites are also
relatively exposed, judging from their high mobility and O2

accessibility. The overall depth profile of the 328-355 region
is not consistent with either a continuous transmembrane or
a continuous surface-adsorbed helix. For the sequence of
328-343, one sees an apparent increase in depth from 328
to a maximum at residue 336, followed by a decrease in
depth to residue 343. From 347 to 354, the depths, however,

remain within an approximately 7 Å range centered about a
depth of 15 Å.

DISCUSSION

The nitroxide side-chain mobility (Figure 4) and acces-
sibility (Figures 5 and 6A) in the spin-labeled T domain
mutants in solution are in excellent agreement with expecta-
tions based on the crystal structure of the protein (Figure
1). This result contributes to a growing body of evidence
that the R1 nitroxide side chain produces little perturbation
of protein structure at the level of the backbone fold (51,
52).

Upon membrane binding, a dramatic reorganization in
tertiary structure takes place, as illustrated by the changes
in R1 side-chain mobility (Figure 4) and topography (Figure
6A). A striking feature of the membrane-bound state is that
all R1 residues in the sequence 328-355 are essentially
inaccessible to the polar reagent NiEDDA at 20 mM. Thus,
none of the residues is exposed to the aqueous solution in
the membrane-bound state, even though half the sites are
partially or fully solvated in the solution structure. Low
values ofΠ(NiEDDA) are characteristic of both buried and
lipid-exposed sites, due in the latter case to the low solubility
of the reagent in the membrane interior. Buried sites can be
distinguished from lipid-exposed sites by a second acces-
sibility dimension,Π(O2), as shown in Figure 6A. Roughly
half the sites are found in each category for the membrane-
bound T domain.

The secondary structure of the sequence 328-355 appears
to beR-helical in the membrane-bound state, but the residue

FIGURE 7: (A) Accessibility parametersΠ (O2) andΠ(NiEDDA) for R1 residues in the membrane-bound T domain, pH 4.6. (B) Immersion
depth of R1 chains in the bilayer relative to the membrane/aqueous boundary vs residue number. The immersion depth was calculated from
eq 2 witha ) 4.81 andb ) 11.6 as determined from the calibration described in Materials and Methods. (C, D) Helical wheel plots of
spin-labeled residues of the TH8 helix sequence and the TL5 sequence, respectively. Squares indicate sites of immobilized residues. Dotted
circles and solid circles denote residues at the maxima ofΠ(O2) and minima ofΠ(O2), respectively. Residues 345-347 are included in
both wheels to show the relative positions of these with respect to the other residues.
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depth profile (Figure 7B) is not compatible with a single
continuous helix. The data may be consistent with a model
in which residues 328-355 form two helical segments of
different orientation in the membrane. One helical segment
includes residues 328-343 in a transmembrane orientation,
with residue 336 lying near the center of the bilayer at a
depth of about 20 Å from the plane of the lipid phosphate
groups. This configuration is supported by the depth profile
data (Figure 7B). The heavy dashed lines in Figure 7B are
drawn with a slope of 1.5 Å/residue, the expected profile
for a transmembrane helix. A more definitive orientation of
this helix might be obtained with additional data points
upstream of residue 328.

The depth pattern for residues 346-355 is difficult to
interpret due to the smaller number of residues suitable for
depth determination and the irregular pattern of the depths.
One model consistent with the data assumes that residues
347-355 form a second helix, lying more or less parallel to
the membrane surface. To be consistent with the maximum
depth recorded for residues 347 and 354 (Figure 7B), one
surface of the helix containing these residues must lie near
the center of the bilayer. Although the opposite surface of
the helix would lie near the aqueous interface, it must interact
with other portions of the protein, to satisfy the requirement
of residue immobility and inaccessibility at that surface
(Figure 7D). Presumably, this helical segment would be
located on the inner leaflet of the bilayer (opposite to the
leaflet from which insertion occurred).

Finally, the overall model for the 328-355 structure is
consistent with the pattern ofΠ(NiEDDA) at 200 mM in
the membrane-bound state (Figure 7A). From 328 to 338,
Π(NiEDDA) is low but has local maxima that are in phase
with those ofΠ(O2), as expected for sites on a helix that is
exposed to a bilayer interior on one side and faces protein
on the opposite side. The value ofΠ(NiEDDA) is very low
at 336 due to its depth in the bilayer, and the expected local
maximum is not well resolved. The values at 339 and 343
are relatively high, presumably due to their closer location
to the membrane surface. In the sequence 344-355, distinct
local maxima ofΠ(NiEDDA) occur periodically at 346, 349,
and 353. They are clustered on one side of the helical wheel
at the lipid/protein interface, which would be near the
membrane/aqueous interface in the putative helical confor-
mation (Figure 7D).

Because proline 345 is critical in the insertion of T domain
into bilayers (53), mutant P345R1 might have not behaved
in our experiments as the wild-type or other mutant forms
of T domain. This may invalidate the EPR data for this
residue in our study, but our overall conclusions are not
affected by omitting data obtained with P345R1.

Our results concerning the conformation of the TH8-TH9
region of DT in the membrane relate to the larger question
of the mechanism by which T domain insertion promotes
translocation of the C-domain. Senzel et al. (17) have shown
that the N-terminal region of T domain translocates to the
opposite side of the membrane when the isolated domain
inserts into and forms a transmembrane channel in planar
lipid bilayers. This suggests that the T domain contains the
entire molecular machinery for mediating transfer of the
C-domain across membrane and that translocation of the
N-terminus of the T domain initiates translocation of the
enzymic C-domain of the toxin. The structure that the TH8-

TH9 region adopts in the membrane may represent the key
to understanding the translocation process.

Fluorescence measurements with three, bimane-labeled,
single-Cys T domains (with Cys at positions 322, near the
amino-terminal end of helix TH8; 333, in helix TH8; and
356, near the amino-terminal end of helix TH9) have shown
that the domain can adopt two forms in the membranesa
deep form and a shallow form (35). There is increasing
preference for the deep form as the bilayer thickness is
decreased and the protein-to-lipid ratio is increased (35).
Also, it has recently been reported that addition of heter-
ologous proteins in a molten globule-like conformation
induces transition of T domain from a shallow membrane-
inserted form to its deeply inserted form (18). The deep form
was suggested to be consistent with a transmembrane helical
model (36, 37). The average chain length of the lipids in
vesicles and the ratio of protein to lipid used in our study
are comparable to those conditions in which the majority of
T domain was in the deep form (18, 35-37). Thus it is likely
that the structure described by the SDSL experiments
presented here corresponds to the deep form (18, 35-37).

Depth estimates from EPR measurements on TH8 reported
here and on TH9 reported earlier (21, 22) suggest a
transmembrane configuration of this region in our system.
Although our data from EPR measurements will be useful
in the long term in defining a model of this region in the
membrane, many aspects of this structure remain poorly
defined, and it would be speculative at this point to propose
a specific model. Major unknowns include the following:

(i) The aggregation state of the T domain. There are
suggestions from planar bilayer studies that the channel may
be unimolecular (34). We have not seen any evidence of
strong spin-spin interactions in our studies of membrane-
bound T domain, but such interactions are only observed
when spin labels are within∼10 Å (49). The absence of
strong spin-spin interactions, thus, does not necessarily
support the monomeric channel.

(ii) Residue-residue contacts. The restricted side-chain
mobility observed in certain regions of TH8-TH9 may
reflect contacts solely within the TH8-TH9 region but could
also involve other regions. If the N-terminus of the T domain
is translocated across the membrane to the opposite side of
insertion (17) and the TH8-TH9 region adopts a transmem-
brane configuration, with the N-terminus of TH8 and the
C-terminus of TH9 at the same side of protein insertion (36),
at least one additional segment of the protein must cross the
membrane. This segment might therefore be involved in
contacts with TH8-TH9.

(iii) Residues in contact with the aqueous phase. Channel
conductance measurements have been performed in a planar
bilayer system with single-cysteine T domains throughout
the TH8-TH9 hairpin to determine the accessibility of those
residues in the membrane to water-soluble, charged, sulf-
hydryl-specific methanethiosulfonate reagents (34). Conduc-
tance changes were seen in large segments of TH8, almost
all of TL5, and the amino-terminal region of TH9. However,
the nature of the approach does not permit conclusions to
be drawn about the accessibility of sites where no conduc-
tance change was seen. It is therefore difficult to correlate
these results with those of NiEDDA accessibility in EPR
measurements.
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Although the structure of the TH8-TH9 region in the
membrane remains elusive, the recent rapid pace of advances
makes it likely that a model consistent with the data from
diverse methods will soon emerge.
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