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Diphtheria toxin (DT) is a disulfide linked AB-toxin
consisting of a catalytic domain (C), a membrane-insert-
ing domain (T), and a receptor-binding domain (R). It
gains entry into cells by receptor-mediated endocytosis.
The low pH (;5.5) inside the endosomes induces a con-
formational change in the toxin leading to insertion of
the toxin in the membrane and subsequent transloca-
tion of the C domain into the cell, where it inactivates
protein synthesis ultimately leading to cell death. We
have used a highly reactive hydrophobic photoactivable
reagent, DAF, to identify the segments of DT that inter-
act with the membrane at pH 5.2. This reagent readily
partitions into membranes and, on photolysis, indis-
criminately inserts into lipids and membrane-inserted
domains of proteins. Subsequent chemical and/or enzy-
matic fragmentation followed by peptide sequencing al-
lows for identification of the modified residues. Using
this approach it was observed that T domain helices,
TH1, TH8, and TH9 insert into the membrane. Further-
more, the disulfide link was found on the trans side
leaving part of the C domain on the trans side. This
domain then comes out to the cis side via a highly hy-
drophobic patch corresponding to residues 134–141,
originally corresponding to a b-strand in the solution
structure of DT. It appears that the three helices of the
T domain could participate in the formation of a chan-
nel from a DT-oligomer, thus providing the transport
route to the C domain after the disulfide reductase sep-
arates the two chains.

There are several bacterial toxins that act by modification of
intracellular substrates. Despite the fact that the structure of
many of these toxins is now known, the mechanism of entry of
these toxins into cells is far from clear (1–3). One of the major
problems associated with getting an insight into the mecha-
nism of entry is the very limited availability of information on
the structure of membrane-bound toxins. Therefore, although
diphtheria toxin (DT)1 is an extensively studied protein toxin,

a detailed mechanism of entry still eludes us. DT consists of
two chains, A and B, that are joined by a disulfide link and is
composed of three structural domains: the NH2-terminal cata-
lytic domain C (residues 1–193), transmembrane domain T
(residues 205–378), and receptor-binding domain R (residues
386–535) (4, 5). DT enters cells by moving into the endosomal
compartment using receptor-mediated endocytosis. The lower-
ing of pH in the endosomes results in insertion of the toxin into
the membrane and subsequent translocation of the A-chain
into the cytosol, where it ADP-ribosylates the elongation fac-
tor-2, leading to inhibition of protein synthesis and eventual
cell death (6–11). The T domain of DT is said to be primarily
responsible for membrane insertion, though other domains, C
and R, have also been shown to be associated with membranes
(12–21). The T domain, comprised of three layers of helices
with the innermost layer consisting of two hydrophobic helices
TH8 and TH9, has been a subject of a number of studies
involving interaction of this domain with single-bilayer vesicles
at low pH (22–28). Although results obtained from these stud-
ies have been useful in pointing to pH-dependent insertion of
TH8 and TH9 helices in membranes and location of the inter-
helical loop on the trans face of the membrane, many of these
studies have been conducted with the T domain isolated (13,
29–32).

Hydrophobic photolabeling provides a promising approach to
identification of membrane-associated segments of soluble pro-
teins that enter membranes. This approach involves the use of
a hydrophobic photoactivable reagent that partitions into
membranes and on photolysis labels the membrane-spanning
domains of transmembrane proteins. However, in the absence
of any membrane, i.e. in solution, they can also be used to map
hydrophobic surfaces in proteins. We report here our results on
hydrophobic photolabeling of diphtheria toxin when it is bound
to membranes with diazofluorene (DAF). This reagent readily
partitions into membranes and on photolysis generates a
highly reactive carbene, which labels the membrane-spanning
domains of transmembrane proteins (33, 34). Analysis of pho-
tolabeled DT led to identification of membrane-associated seg-
ments of DT, thus permitting us to build a model of membrane-
associated DT. Our results indicate that, besides the TH8 and
TH9 helices, other parts of the T and C domains, namely, the
TH1 helix of the T domain and the CB6 b-strand of the C
domain, are associated with the membrane. Finally, the intra-
chain disulfide bond was observed to be on the trans side.

MATERIALS AND METHODS

Spectral grade water was obtained using Milli-Q Plus (Water Milli-
pore, Bedford, MA). Tritiated fluorenone was obtained by catalytic
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tritium exchange of 2-iodofluoren-9-one, at BRIT (Bombay). [2-3H]DAF
(specific activity, 570 mCi/mmol) was prepared from [2-3H]fluorenone
according to the procedure reported earlier (35, 36). Mutated diphtheria
toxin strain (pET.15bc WTDT in BL-21) with a single E148S mutation
was purified essentially according to a reported procedure (37). The
concentration of DT was estimated according to the procedure of Lowry
et al. (38). Dioleoylphosphatidylcholine (DOPC) and dioleoylphosphati-
dylglycerol (DOPG) was synthesized according to reported procedure
(39, 40) and stored as chloroform solution at 220 °C. The phospholipid
content was measured by phosphate assay (41). 20 mM Tris buffer (pH
7.4), containing 20 mM sodium acetate, or ammonium acetate buffer (pH
5.2), containing 150 mM NaCl, were used for all experiments unless
specified otherwise. Automated Edman degradation of photolabeled
peptides was carried out using a Shimadzu gas-phase protein sequencer
(PPSQ10) connected to an on-line phenylthiohydantoin analyzer. The
samples were loaded either as electroblots on a polyvinylidene difluo-
ride (PVDF) membrane or on glass fiber disks. High performance liquid
chromatography (HPLC) analysis was carried out on a Shimadzu LC-
10A system. Sonicated SUVs (single unilamellar vesicles) were used in
all experiments. To prepare sonicated SUVs, appropriate concentra-
tions of stock solution of 30% DOPG and 70% DOPC in CHCl3 were
added to a glass tube, dried under argon or nitrogen gas, and then
further dried under high vacuum for 8 h. The dried film was hydrated
in 1 mL of degassed buffer with vortexing. The suspension was soni-
cated on ice using a sonifier (Branson Model B-30) until nearly optically
clear. The resulting clear solution was spun at 15,850 3 g to remove any
titanium particles shed from the microtip during sonication. The SUVs
were freshly prepared for all experiments.

CNBr Fragmentation of Membrane-bound Photolabeled DT and
Analysis of Fragments—5 nmol of membrane-bound photolabeled-DT
was subjected to CNBr fragmentation in 70% formic acid. The CNBr
digest of photolabeled DT was run on a 16.5% Tris-Tricine gel system
(42) and immediately electroblotted onto a PVDF membrane using 10
mM CAPS containing 30% methanol in transfer buffer (43). The PVDF
membrane was stained for 1 min in 0.1% Coomassie Blue and destained
in 50% methanol/water. Five bands corresponding to the molecular
masses of the fragments CN-2, CN-3, CN-5, CN-8, and CN-9 were
clearly visible on the PVDF membrane. The radioactive bands were
excised and analyzed by sequencing in an automated gas-phase protein
sequencer. Similarly 60 mg (1 nmol) of photolabeled vesicle-bound DT
was analyzed on 12% SDS-polyacrylamide gel electrophoresis (PAGE)
to separate A and B chains followed by electroblotting as described
above. The B-chain was subjected to Edman degradation.

Isolation of the CN-7 Fragment (315–339) by Reverse Phase-HPLC—
The CNBr digest of membrane-bound photolabeled DT (120 mg, 2 nmol)
was dissolved in 20% formic acid and separated by reversed phase
(RP)-HPLC on a Vydac C4 column (4.6 3 150 mm). A gradient of
acetonitrile containing 0.1% (v/v) trifluoroacetic acid from 0 to 15% in 5
min, 15 min (15–30%), 45 min (30–60%), 55 min (60–80%), and finally
80% acetonitrile for 10 min, was used. The flow rate was kept at 0.8
mL/min, the eluate was monitored at 216 nm, and fractions were at
1-min interval were collected. The fractions eluting between 19 and 21
min were pooled and concentrated. This fraction, which was identified
as the CN-7 fragment by sequencing in an independent experiment,
was dot-blotted on a methanol-treated PVDF membrane (washed with
methanol for 5 s and then washed with water for 1 min) and dried
completely for 4 min at 50 °C. The dot blot was thoroughly washed with
water to remove acetic acid and subjected to sequencing in an auto-
mated gas-phase protein sequencer.

Endoproteinase Glu-C Digestion—180 mg (3 nmol) of membrane-
bound photolabeled DT, isolated by gel-permeation column chromatog-
raphy as described in the legend to Fig. 1, was subjected to endopro-
teinase Glu-C digestion. The proteolysis was performed in 20 mM

ammonium acetate buffer, containing 150 mM NaCl, pH 5.2. Freshly
prepared endoproteinase Glu-C (25% w/w) was added, and the whole
preparation was incubated at 37 °C for 6 h. After 6-h digestion, addi-
tional protease (25% w/w) was added and incubated for the next 20 h.
The released peptides and vesicle-bound residual toxin were separated
by passing once again over a gel-permeation HPLC column. The void
volume fraction corresponding to vesicle-bound proteolyzed toxin was
concentrated and subjected to delipidation followed by trichloroacetic
acid precipitation as mentioned in the legend to Fig. 1. The membrane-
bound fragments so isolated were then analyzed on 16.5% Tris-Tricine
gel and electroblotted on a PVDF membrane. There were large numbers
of membrane-bound fragments that could be visualized on staining with
Coomassie Blue and, based on their molecular masses, were found to be
similar to that reported earlier (44). Many of these bands, which were
blotted onto the PVDF membrane, were identified by peptide sequenc-

ing. The band corresponding to approximately 14 kDa was subjected to
the Edman degradation. A single peptide beginning with Leu263 (LK-
TVT . . . ) was detected. Sequencing could be carried out for 26 cycles,
and the radioactivity release was monitored for each cycle.

Isolation of A-chain from Membrane-bound Photolabeled DT and
Cleavage by o-Iodosobenzoic Acid—480 mg (8 nmol) of photolabeled
membrane-bound DT was separated on preparative 12% SDS-PAGE
Laemmli gels. The band corresponding to A- and B-chains was sliced
from the gel and subjected to elution using a sonication extraction
procedure (45). The bands were washed five times (10 min) with 5 mL
of 250 mM Tris buffer containing 250 mM EDTA, pH 7.4, in Falcon tubes.
The gel pieces were then washed five times with 5 mL of water. Finally,
the gel pieces were crushed with a glass rod. The gel homogenate was
resuspended in 2 mL of 20 mM Tris buffer, pH 7.4, containing 0.1% SDS.
The samples were sonicated for 3 min, in an ice bath with a Branson
B-30 probe sonicator. Samples were centrifuged in a microcentrifuge,
and the supernatant was passed over 2 mL of Sephadex G-25 equili-
brated with 20 mM Tris buffer, pH 7.4. The eluate was lyophilized, and
protein recovery was found to be 80% as estimated by Lowry assay.

125 mg of A-chain was dissolved in 100 mL of 12 mM phosphate buffer,
pH 6.5, containing 4 M guanidine-HCl. This solution was then treated
with a 2.5 M excess of o-iodosobenzoic for 30 min and followed by
lyophilization. The lyophilized sample was dissolved in 200 mL of 80%
acetic acid containing 4 M guanidine-HCl and incubated for 20 h at
25 °C in the dark. This sample was then desalted on a PD-10 column
and lyophilized. The digest (80 mg) was analyzed on the 16.5% Tris-
Tricine gel system (42) and immediately electroblotted onto a PVDF
membrane using 10 mM CAPS buffer containing 35% methanol in
transfer buffer (43). Four bands of 15-, 11-, 7-, and 4.5-kDa molecular
mass were clearly visible on Coomassie Blue staining. The 11- and
4.5-kDa bands were subjected to Edman degradation. Similarly, 25 mg
of the digest of A-chain was analyzed on the same gel, and radioactivity
associated with different bands was estimated by slicing the gel, solu-
bilizing, and counting.

RESULTS

In order to get structural information on membrane-associ-
ated DT, we partitioned DAF into DOPC-DOPG vesicles pre-
pared at pH 5.2 and incubated with DT at a protein-to-lipid
ratio of 1:250, leading to insertion of the latter in vesicles as
confirmed by independent experiments. The whole preparation
was then photolyzed and subjected to gel-permeation chroma-
tography, and free DT was separated from the DT-bound ves-
icles. Under the experimental condition used, more than 80% of
DT was bound to vesicles (Fig. 1). Furthermore, the DT-bound
vesicles were found to be stable at pH 5.2 for several hours and
showed no signs of DT leaching from vesicles. Radioactive
analysis of the eluant resulting from gel-permeation chroma-
tography indicated that the bulk of the radioactivity was asso-
ciated with vesicle-bound DT and not free DT (data not shown).
However, because DAF is known to extensively label lipids also
(34–36), vesicle-bound DT fractions were delipidated and sub-
jected to SDS-PAGE analysis along with free DT fractions.
Although both samples showed bands corresponding to A- and
B-chains on staining with Coomassie Blue, radioactivity was
found to be associated only with A- and B-chains of vesicle-
bound DT (Fig. 1, A and B). These results clearly indicate that,
owing to the high partition coefficient of DAF in favor of the
membrane hydrophobic core (34–36), once DAF is partitioned
into membranes it exclusively labels proteins associated with
membrane and not soluble proteins that it would otherwise
label in the absence of membranes. Further labeling of both A-
and B-chain indicated that both chains insert into the mem-
brane. This result is in agreement with previous studies (17,
18, 46).

CNBr Fragmentation of DT and Identification of Different
Fragments—DT has 8 well-spread methionine residues (14,
115, 178, 182, 230, 314, 339, 459), which provide useful frag-
ments for identification of DAF-modified sites by sequence
analysis. These fragments could be separated by SDS-PAGE on
Tris-Tricine gels, followed by electroblotting onto a PVDF
membrane and Edman degradation. The molecular mass and
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NH2-terminal sequence analysis permitted identification of
CN-2 (15–115, ENFSSYHG . . .), CN-3 (116–178,
EQVGTEEF . . . ), CN-5 (NH2 terminus of B-chain, 194–230,
SVGGSSLS . . . ), CN-8 (340–459, VAQAIPLV . . . ), and CN-9
(460–535, RCRAIGD . . . ).

CNBr Fragmentation of Membrane-bound DT Labeled by
DAF and Sequencing—Because DAF photolabels only the
membrane-embedded domains of transmembrane proteins (34,
35), DAF-labeled DT was subjected to CNBr fragmentation in
an effort to get information on membrane-inserted domains of
DT. The CNBr digest of DAF-labeled DT isolated from the
vesicle fraction mentioned above was subjected to SDS-PAGE
analysis (Fig. 2A), which indicated that the different fragments
were labeled. The NH2-terminal region of the CN-8 fragment
corresponds to part of the two putative membrane-inserting
hydrophobic helices TH8 (326–347) and TH9 (358–376) and
the interlinking loop TL5 (348–357). Sequencing of this region
indicated that, although 4 major residues belonging to TH9
(Ala356, Phe360, Leu367, and Val371) were labeled, no residue in
the interlinking loop TL5 was labeled (Fig. 2D). This is consist-
ent with the hypothesis that the TL5 loop is present on the
trans side in the membrane-inserted state of DT (9, 24, 32). In

order to obtain insertion site information on the other helix,
TH8, CN-7 (315–339) was obtained by RP-HPLC analysis of the
CNBr fragments on a C4 column. Sequencing of CN-7 indicated
extensive labeling of Ala320, Ile328, Val329, Ile333, Gln342, Ala343,
Ile344, and Pro345 (Fig. 2C). A helical wheel representation of
labeled residues in TH8 and TH9 indicated that primarily one
side of the helices was labeled (Fig. 2B). This result, combined
with the absence of labeling in the interlinking TL5 loop, sug-
gest that these two buried hydrophobic helices found in the T
domain of the solution structure of DT, insert into the mem-
brane and maintain their helical motif. The sidedness of label-
ing seen in the helical wheel representation further suggests
that the labeled sites correspond to the lipid-facing face of these
helices in the membrane-associated state (Fig. 2B). However,
the labeling of Ala320 suggests that regions beyond these heli-
ces also interact with the membrane.

The reduction of inter-chain disulfide link during sample
preparation and CNBr fragmentation leads to a truncated
CN-5 fragment (193–230) corresponding to the NH2 terminus
of the B-chain, which incorporates the TH1 (206–222) and TH2
(224–232) helices. The entire fragment was sequenced until 37
cycles. The major labeled residues correspond to Trp206, Val208,

FIG. 1. Isolation of membrane-bound DT by gel-permeation HPLC and SDS-PAGE analysis. An ethanolic solution of [3H]DAF (inset, top
left) (2 mCi, 2.5 nmol) was added to DOPC/DOPG (70:30, v/v) vesicles (1.25 mM final lipid concentration) prepared by sonication in 20 mM sodium
acetate buffer containing 150 mM NaCl, pH 5.2, and incubated for 30 min in the dark. The total alcohol concentration was always below 2% (v/v).
The final concentration of [3H]DAF was 25 mM. DT (300 mg/mL) was then added and incubated for 60 min. At the end of 1 h, the tubes were
photolyzed for 2 min using a Rayonet Minireactor with four 3000-Å lamps at a distance of 6 cm from the sample tube. In a control experiment, the
sample was not photolyzed. Unreacted [3H]DAF, if any, was destroyed by the addition of glacial acetic acid to a final concentration of 0.3 M. The
photolyzed sample was passed over a gel-permeation HPLC column TSK G-3000 SW (7.5 3 600 mm), equilibrated with the 20 mM sodium acetate
buffer containing 150 mM NaCl, pH 5.2, and eluted at a flow rate of 0.8 mL/min. The elution was monitored at 220 nm. The positions of DT and
free vesicles were first typed under same conditions. The peak area of unbound DT was used to quantify unbound DT using a standard curve. The
DT-bound vesicles (Rt 12.6 min) and free DT (Rt 29.7 min) were then collected, concentrated to dryness, suspended in samples in 100 mL of water,
and subjected to delipidation using chloroform:methanol (1:1). The aqueous layer was subjected to precipitation with trichloroacetic acid. After
addition of trichloroacetic acid (10% final concentration), the suspension was cooled for 30 min over ice. The pellet was then washed three times
with cold acetone, dissolved in SDS sample buffer and analyzed on a 12% SDS-PAGE according to the procedure of Laemmli (58). The gel was
stained in 0.1% Coomassie Blue and destained. The gel was then sliced into 2-mm pieces and digested into 250 mL of 30% H2O2 at 60 °C for 8–10
h. The digested samples were counted in a toluene-based scintillation mixture. The inset (A, B) shows SDS-PAGE analysis of vesicle-bound and
unbound DT. The schematic at the top of the gel gives the Coomassie Blue staining pattern and the positions of A- and B-chains.
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Ile209, Thr213, Ile217, and Leu220. No residue was labeled in the
sequence before or after the TH1 helix (Fig. 3A). These data
suggest that only the TH1 helix interacts with the membrane.
TH1 is an amphiphilic helix; it is interesting to see that only
the residues on the lipid facing the hydrophobic side of the helix
are labeled (Fig. 3B). The interaction of the TH1 helix with the
membrane has been suggested earlier, although it has not been
clear whether the helix lies on the membrane-water interface
or transverses the membrane. Data in favor of the latter hy-
pothesis have been growing recently (7, 9, 24, 44, 47). In such
a membrane-transversing state TH1 could participate in a pore
formation with the hydrophilic side forming the lumen of the
pore. However, the inter-chain disulfide link has to be on the
trans side in this topography. Our photolabeling data cannot
discriminate between the two possible orientations of TH1. To
get suitable answers to this important question, we subjected
the vesicle-bound DT to reduction by dithiothreitol (DTT) at pH
7.4 and isolated it by gel-permeation chromatography. The
sample was then delipidated and analyzed by SDS-PAGE un-
der nonreducing conditions. The vesicle-bound DT was ob-
served as a single band at 59 kDa corresponding to intact
unreduced DT. In a control experiment where free DT was
used, two bands corresponding to the A- and B-chains were
observed (Fig. 3C). These experiments clearly indicated that

the A- and B-chain inter-chain disulfide bridge is located on the
trans side of the membrane and the TH1 helix transverses the
membrane. Similar conclusions have been made earlier in pla-
nar lipid bilayer studies (48). Furthermore, the TH2 helix must
be positioned on the extracellular side. Based on the trans
localization of the inter-chain disulfide bridge, it can be argued
that the A-chain must lie either fully inside the intracellular
space or it must cross the membrane at least once to be present
on the extracellular side. The sequencing of the CN-2 fragment
could be carried out for 35 cycles, and it was observed that
practically no residue became labeled (Fig. 3E). The sequencing
of the CN-3 fragment could also be carried out for up to 35
cycles (Glu116-Asn151). However, in this part of DT, the region
corresponding to Val134-Ala141 was extensively labeled, with
the rest of the region being unlabeled (Fig. 3E). An important
and unique feature of this labeled region is that it corresponds
to the b-sheet region (CB6) in the solution structure, and, if it
were to transverse the membrane with the parent structural
motif retained in the membrane-bound state, it would require
about 10 residues as in the case of other b-strands. This is
about the length of the labeled region, which is hydrophobic
and is flanked on one side by Arg133 and Glu142 on the other
side. Another noticeable feature of this region is that all labeled
residues are contiguous and no periodicity of labeling is ob-

FIG. 2. A, Tris-Tricine gel for CNBr digest of membrane-bound DT. 30 mg of CNBr digest of photolabeled DT was separated on 16.5% Tris-Tricine
gel, and radioactive analysis of the CNBr fragments was carried out by gel staining and solubilization, as described under “Materials and Methods.”
The schematic at the top gives the Coomassie Blue staining pattern, and the arrowheads indicate the positions of standard molecular mass markers
and the CNBr fragments of DT. B, helical wheel representation of the TH9 helix (356–376). Only the first 18 residues are represented in the wheel.
The residues labeled by DAF are enclosed in boxes. C, radioactivity and mass release on Edman degradation of CNBr fragment CN7 (315–339) of
DAF-labeled DT. The CN7 fragment was isolated by RP-HPLC using a Vydac C4 column described under “Materials and Methods,” dot blotted on
a PVDF membrane, and subjected to Edman degradation. In each degradation cycle 60% of the sample was analyzed by direct injection using an
on-line PTH analyzer for PTH-derivative release (picomoles, l). The remaining 40% of the sample was directed to a fraction collector and
subsequently counted (cpm, f). A single peptide beginning with glycine-315 was detected. The sequence assignments could be made up to 25 cycles
and are given on the top. The position of part of the TH8 helix is indicated by the arrowhead. D, radioactivity and mass release on Edman
degradation of the CNBr fragment CN-8 (340–459) of DAF-labeled DT. The band corresponding to the CN-8 fragment was subjected to Edman
degradation. A single peptide beginning with valine-340 was detected. The sequence assignments could be made for up to 37 cycles and are given
at the top. PTH-derivative release (picomoles, l) and radioactivity released in the sequencing cycle (cpm, f) given at the top. The positions of part
of the TH8 helix, the TL5 loop, and the TH9 helix are indicated by the arrowhead at the bottom.
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served as seen in the B-chain helices, suggesting that primarily
lipids surround this region (Fig. 3D). Therefore, this evidence
strongly supports the hypothesis that the A-chain, extended
outward with this region, provides the membrane-spanning
region.

Endoproteinase Glu-C Digestion of Membrane-bound DT
Labeled by DAF and Identification of Membrane-bound Frag-
ments—In order to get information on sites labeled in the
middle of the T domain (where there are no Met residues), the
DAF-labeled DT vesicles were subjected to fragmentation by
Endo-Glu-C. This permitted isolation of a vesicle-bound 14-
kDa fragment by SDS-PAGE and electroblotting, and this
fragment could be identified by peptide sequencing
(LKLTVTG . . . ) as the fragment resulting from cleavage at
Glu262. This peptide could be sequenced for 26 cycles allowing
us to cover the TH5 helix, which has been suggested to be
membrane-associated. The only discernible residue that was
labeled in this region was Trp281, and this residue was sig-
nificantly labeled (Fig. 3E).

o-Iodosobenzoic Acid Fragmentation of Membrane-bound DT
Labeled by DAF—The A-chain of DT has 2 tryptophan residues
at positions 50 and 153. o-Iodosobenzoic acid is known to cleave
proteins at Trp residues (49) and can thus provide fragments
not accessible by CNBr cleavage. The A-chain was isolated
from DAF-labeled membrane-bound DT by preparative electro-
phoresis followed by elution of the band corresponding to the
A-chain using a extraction procedure involving sonication (44).
The isolated labeled A-chain was then cleaved with o-iodoso-
benzoic acid. Analysis by SDS-PAGE found five bands corre-
sponding to molecular masses of 15, 11, 7, and 4.5 kDa and part
of an uncleaved A-chain at 23 kDa. After electroblotting, the
11- and 4.5-kDa bands were subjected to Edman degradation
and could be identified as fragments corresponding to cleavage
at Trp-50 (KGFYFSTDN . . ., 51–153) and Trp-153
(EQAKALSV . . . , 154–190). The 4.5-kDa fragment beginning
with Glu154 indicated practically no labeling by counting the
slice corresponding to this band on SDS-PAGE. This fragment
could also be sequenced for 16 cycles, and a very low level of

FIG. 3. A, radioactivity and mass release on Edman degradation of the NH2 terminus of the B-chain of DAF-labeled DT. 60 mg of photolabeled
DT was loaded onto 12% SDS-PAGE to separate the A- and B-chains followed by electroblotting as described under “Materials and Methods.” The
B-chain was subjected to Edman degradation. The sequence assignments could be made for up to 37 cycles and are given at the top. PTH-derivative
release (picomoles, l) and the remaining 40% of the sample was directed to a fraction collector and subsequently counted (cpm, f). Sequencing
of the CN-5 fragment also gave similar results. B, helical wheel representation for TH1 (206–221). The residues labeled by DAF are enclosed in
boxes. The 1 and 2 symbols refer to the charges on residues. C, SDS-PAGE of vesicle-bound DT and free DT in non-reducing sample buffer. 60
mg of DT incubated with DOPC/DOPG (1.25 mM final lipid concentration) in sodium acetate buffer, pH 5.2, and separated on a gel permeation
column (legend to Fig. 1) was equilibrated with 20 mM Tris-buffer, pH 7.4, containing 0.15M NaCl. The void volume and elution volume were
collected and incubated in the presence of an excess (200 M) of DTT in the same buffer used above at 23 °C for 3 h. The control experiment was
carried out in the absence of vesicles. The excess DTT was removed by gel-filtration on a PD-10 column. The void volume was then subjected to
delipidation followed by trichloroacetic acid precipitation as described in legend to Fig. 1. The sample was analyzed on 12% SDS-PAGE. All samples
were analyzed under non-reducing conditions. Lane 1, standard molecular mass markers; lane 2, control (DT alone); lane 3, unbound DT; lane 4,
membrane-bound DT. D, b-strand (133–142) of the CN-3 fragment. The residues labeled by DAF are enclosed in circles. The strand begins with
Arg (133) and ends with Glu (142). E, radioactivity release on Edman degradation of different segments of DAF-labeled DT in membranes (1–378).
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radioactivity was found associated with the sequencing cycles
(Fig. 3E). The second fragment (11 kDa) beginning with Lys51,
which encompasses the strongly labeled CB6 region (130–142),
was found to be heavily labeled by SDS-PAGE. The sequencing
of this fragment could be carried out for 26 cycles. However, a
very low level of radioactivity was found associated with the
sequencing cycles (Fig. 3E), indicating that this region of the
DT is not labeled by DAF.

DISCUSSION

We have earlier reported that DAF can be used to map
hydrophobic surfaces in proteins (37, 50, 51). Folding interme-
diates like the molten globule state, which involves a disrupted
tertiary structure but a stable secondary structure leading to
hydrophobic exposure, can be characterized by hydrophobic
photolabeling with DAF. DAF binds to hydrophobic sites ex-
posed by bovine a-lactalbumin in the molten globule state and
labels it during photolysis (50). Similarly, DT, which is known
to expose hydrophobic sites on lowering of pH is extensively
photolabeled by DAF at pH 5.2 but not at pH 7.4. Analysis of

DT labeled with DAF indicated that, although both A- and
B-chains are labeled, it is only the B-chain that shows an
increase in labeling when pH is lowered. More specifically, it
was observed that the proposed membrane-penetrating hydro-
phobic helices TH8 and TH9 are extensively labeled (37).

In the present work we have shown that, if DAF is parti-
tioned into a membrane, it labels the protein that inserts into
the membrane and not the unbound soluble protein. In view of
the fact that DAF is reported to label membrane-spanning
regions of transmembrane protein (34, 35), an analysis of DAF-
labeled sites permitted identification of membrane-spanning
domains in membrane-bound DT. Both chemical and enzy-
matic fragmentation followed by separation and sequencing
thus permitted identification of segments like TH8 and TH9,
which have been suggested earlier as well as putative mem-
brane-penetrating helices. Fig. 4A provides a likely model for
membrane-inserted DT based on these results. In addition to
the TH8-TH9 region, which is extensively labeled, it is inter-
esting to note that the connecting TL5 loop is not labeled and is

FIG. 4. A, topological model for DT insertion in model membranes. The a-helices TH1 to TH9 from the T domain and the b-sheet CB6 from the
C domain refer to the structural motifs in the crystal structure of DT (5). The helices TH1, TH8, and TH9 and the b-strand CB6 are shown in
transmembrane orientation. B, oligomeric state of DT in model membranes. The schematic top view shows the tetrameric model of the pore formed
by DT in membranes. The larger thick-walled central circle represents the transmembrane toxin pore formed by TH1, TH8, and TH9 of the T
domain. The square indicates the transmembrane b-strand (CB6) with disulfide facing toward the trans side.
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thus suggested to be on the trans side. Sequencing of the
14-kDa fragment cleaved with Endo-Glu-C beginning with
Leu263 for 26 cycles indicated major labeling only of Trp281 in
this region, suggesting that the bulk of this part of DT lies on
the outer side. The presence of a disulfide link on the trans side
and no labeling in residues 142–173 and 194–206 suggest that
this part of the molecule is on the trans side. Furthermore, the
absence of any significant labeling in regions 15–76 and 116–
133 suggests that the bulk of the A-chain lies on the outside
(Fig. 4A). However, keeping in view the amphiphilic nature of
the TH1 helix and labeling primarily of the hydrophobic sur-
face (Fig. 4A), it is likely that the inserted toxin exists as an
oligomer in the membrane (Fig. 4B) so that the TH8, TH9, and
TH1 helices form a channel with the hydrophilic end of TH1 in
the oligomer that constitutes the lumen of the channel. After
the disulfide reduction, the A-chain could laterally move so that
it can wriggle through the pore.

We conclude that both A- and B-chains of DT insert into
membranes as the pH is lowered to the range found in endo-
somes (pH 5.2–5.8). Furthermore, some of the secondary struc-
tural elements of the solution structure are retained in the
membrane-inserted state with protein-folding changes occur-
ring primarily in the loop regions. Thus TH1, TH8, and TH9
observed in the T domain of the solution structure, not only
insert into the membrane but also maintain their helical na-
ture. It is very likely that DT exists as an oligomer in mem-
branes (52) so that these helices can participate in forming a
channel, which permits the partly embedded catalytic domain
to transport through this channel after it is released by reduc-
tion of the disulfide group holding the two chains together.
Similar transport phenomena of phage proteins have been de-
scribed recently (53). The structural similarity between TH8
and TH9 helices and proteins (Bcl-xL) involved in regulation of
apoptosis (54) suggests that a similar translocation mechanism
may be involved in other systems. Finally, the retention of
secondary structural elements in the membrane-inserted state
point toward the involvement of a molten globule state in DT.
This state has been observed in many proteins as a folding
intermediate, which has a disrupted tertiary structure but a
stable secondary structure and increased hydrophobic expo-
sure (55). It is important to note that increased hydrophobic
exposure and formation of a molten globule-like intermediate
at a pH value (5.2) close to that observed in endosomes have
been detected in the case of DT and that their possible involve-
ment in insertion into membranes has been found previously
(37). A recent report points to the ability of proteins that can
form a stable molten globule-like intermediate, to promote the
translocation of DT (56). It is thus exciting to see the early
hypothesis on involvement of the molten globule state of solu-
ble proteins in providing a conformational state conducive to
membrane entry begin to come to fruition (57). Finally, the
methodology used here should make the study of insertion of
other soluble proteins in membranes possible.
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