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ABSTRACT: The diphtheria toxin T domain helps translocate the A chain of the toxin across membranes. To
gain insight into translocation, the membrane topography of key residues in T domain attached to the A chain
(AT protein) was compared to that in the isolated T domain using fluorescence techniques. This study
demonstrates that residues in T domain hydrophobic helices (TH5—THY) tended to be less exposed to
aqueous solution in the AT protein than in the isolated T domain. Under conditions in which the loop
connecting THS to TH6/7 is located stably on the cis (insertion) side of the membrane in the isolated
T domain, it moves between the cis and trans sides of the membrane in the AT protein. This is indicative of the
formation of a dynamic, transient transmembrane hairpin topography by TH5—TH?7 in the AT protein. Since
THS8 and TH9 also form a transmembrane hairpin, this means that TH5—TH9 may form a cluster of
transmembrane helices. These helices have a nonpolar surface likely to face the lipid bilayer in a helix cluster
and a surface rich in uncharged hydrophilic residues which in a helix cluster would likely be facing inward (and
perhaps be pore-lining). This uncharged hydrophilic surface could play a crucial role in translocation,
interacting transiently with the translocating A chain. A similar motif can be found in, and may be important

for, other protein translocation systems.

Diphtheria toxin, one of the best known and well-studied A-B
bacterial toxins, is secreted as a proenzyme composed of a single
polypeptide chain having a molecular mass of 58 kDa (1, 2). The
toxin undergoes a two-step maturation process. In the first step, it
is proteolytically nicked into two polypeptide chains: the A chain
(21 kDa), which forms the N-terminal part of the toxin, and the B
chain (37 kDa), which forms the C-terminal part. The two chains
are joined by a single disulfide bond. The B chain is made up of
the receptor-binding (R) domain and the highly helical “trans-
membrane” (T) domain (3—35). The R domain, which forms the
C-terminal part of the B chain, contains a site that binds on the
cell surface to the heparin-binding epidermal growth factor-like
protein, aided by CD9 (6—8). The T domain, which forms the
N-terminal half of the B chain, contains hydrophobic sequences
that insert into membranes and aid the translocation of the A
chain.

In the cell entry process, the receptor-bound toxin undergoes
endocytosis. The T domain then undergoes low-pH-triggered
insertion into endosomal membranes, and at some point, a
second maturation step occurs, in which there is reduction of
the A—B disulfide bond. This releases the A chain [also called the
catalytic (C) domain] into the cytoplasm, where it catalyzes ADP
ribosylation of the diphthamide residue of elongation factor 2.
This shuts down protein synthesis and leads to cell death (9, 10).
The last stages of translocation, including the reduction step, may
be aided by cytosolic proteins (11, 12).

The detailed mechanism by which the diphtheria toxin A chain
is translocated across the lipid bilayer of cell membranes remains
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elusive. The T domain clearly has a key role in promoting
translocation. At low pH, the T domain forms a pore through
which the A chain might pass, and it may also function as a
chaperone, interacting with the partly unfolded translocating
A chain to prevent A chain refolding during translocation
9, 13-16).

Defining the structure of the membrane-inserted T domain is
likely to provide additional insights into the mechanism of
translocation. Some aspects of the conformation of the mem-
brane-inserted T domain at low pH have been characterized. It
can exist both in shallowly inserted (P state) and deeply inserted
(TM state) conformations (/7—22). Formation of the TM state is
promoted by a high concentration of T domain in the membrane,
a thin bilayer width, and interactions with molten globule
conformation proteins (/3, 17—20). Both the P and TM con-
formations are pretranslocation states, with the A chain and
N-terminal segments of the T domain located on the cis side of
the bilayer. The T domain can also exist in a post-translocation
conformation in which the A chain and N-terminal segments of
the T domain have moved to the trans side of the bilayer (23).

In the P state, all T domain helices (TH1—THDY) lie near the
membrane surface. In contrast, in the TM state T domain,
hydrophobic helices (TH5S—TH?Y) insert deeply. The TH§—TH9
region inserts in the form of a transmembrane hairpin
(18, 23—25), connected by a short loop (TLS5) containing acidic
residues whose protonation at low pH has been proposed to aid
membrane insertion (18, 24, 26). TH8 and TH9 are critical for,
and at least under some conditions sufficient for, pore forma-
tion (25, 27—29). The structure and functional role of hydro-
phobic helices TH5—TH7 is less clear. They form two
hydrophobic segments, THS and TH6/7. THS has been pre-
viously reported to insert into membranes (23, 30). Like TH8 and
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THY, TH5—TH?7 insert shallowly in the P state and deeply in the
TM state (37). However, although there was speculation that they
might form a transmembrane hairpin in membranes (24), they do
not form a transmembrane hairpin in the TM state [the name
“TM state” as used here refers to the conformation in which TH§
and THY form a transmembrane structure], and the loop con-
necting THS to TH6/7 remains exposed on the cis side of the
bilayer upon insertion (27, 31). Interestingly, disruption of deep
insertion of TH8 and THY by mutagenesis also disrupts deep
insertion of TH5—TH?7 (32), and disruption of insertion of TH5
affects insertion of TH8 and THY (33), indicating that TH8 and
TH9 and TH5—TH7 interact with each other in the TM state.
Disruption of THS insertion also reduces the level of pore
formation (33).

The remaining T domain helices include amphiphilic helix
THI and hydrophilic helices TH2—TH4. Protonation of His in
these segments appears to play an important role in triggering
low-pH-induced changes in T domain structure (34, 35).
TH1—TH4 shallowly insert in both the P and TM states (36).
They may form a flexible tether to the A chain, although THI
may play a more direct role in one or more stages of the
translocation process (37).

The behavior of the A chain is less well understood. The
isolated A chain undergoes a reversible conformational change at
low pH, undergoing partial unfolding to form a molten globule-
like state and gaining the ability to associate with model
membranes (15, 38—41). The A chain shallowly inserts into the
membrane all along its sequence (15, 47), although one study has
reported possible deeply inserted segments (40).

Our group has found that at low pH the addition of proteins in
a partly unfolded, molten globule-like conformation, including
the A chain, converts the T domain from the P to TM state,
suggesting A—T interactions are an important aspect of diphthe-
ria toxin membrane insertion (/3). To investigate how the inter-
action between the A chain and T domain alters their behavior
and leads to translocation in this report, we compare the
topography of the isolated T domain to that when it is covalently
associated as in the intact toxin (AT protein). The results show
that the covalently attached A chain alters T domain topography,
with THS and TH6/7 apparently forming a transient transmem-
brane hairpin that may play an important role in translocation.
The results identify a possible translocation-aiding motif that
may be conserved in other systems that translocate unfolded
proteins across membranes.

EXPERIMENTAL PROCEDURES

Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1,2-dimyristoleoyl-sn-glycero-3-phosphocholine (DMoPC), and
1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) were pur-
chased from Avanti Polar Lipids (Alabaster, AL). Lipid con-
centrations were determined by dry weight. N-[(4,4-Difluoro-5,7-
dimethyl-4-bora-3a.4a-diaza-s-indecene-3-yl)methylJiodoacetamide
(BODIPY-FL CI-IA, BODIPY-IA), monochlorobimane, Lissa-
mine rhodamine B-1,2-dihexadecanoyl-sn-glycero-3-phospho-
ethanolamine triethylammonium salt (Rho-DHPE), and rabbit
anti-BODIPY-FL IgG were purchased from Invitrogen
(Molecular Probes, Eugene, OR). Pfx polymerase, restriction
enzymes EcoRI and Ndel, synthetic oligonucleotides, alkaline
phosphatase, and T4 ligase were purchased from Invitrogen
(Rockville, MD). Human serum albumin (HSA) was obtained
from Worthington Biochemical (Lakewood, NJ). p-Biotin was
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purchased from Sigma-Aldrich. BODIPY —streptavidin conju-
gate (BOD—SA) (discontinued except as a custom labeling
product), streptavidin (SA), and N-(biotinoyl)-NV'-(iodoacetyl)-
ethylenediamine (biotin-IA) were purchased from Molecular
Probes. Endoproteinase Arg C was from Roche Diagnostics
Corp. (Indianapolis, IN). All other chemicals were reagent grade.

Site-Directed Mutagenesis. The DNA encoding the AT
protein contained diphtheria toxin residues 1—382 cloned into
the pET-28a plasmid and containing the E148S substitution,
which abolishes toxicity (42), and a N-terminal His tag used for
protein purification (36). Next, the native Cys residues at
positions 186 and 201 were replaced with Ser by mutagenesis
to prepare a Cys-less template, and the nicking site (Arg'™-Val-
Arg-Arg'”) in the loop between the A and T domains was
mutated to a Gly-Gly-Gly-Gly sequence to abolish the sensitivity
of the AT protein to degradation by proteases during isolation
and storage using the procedures described previously (33). Two-
step (asymmetric) PCR was used to introduce single-cysteine
mutations into the AT protein as previously described (37). The
mutant complementary primers, which contained the desired
single-amino acid mutation, were 30—33 bp in length. PCR was
conducted on an Eppendorf Mastercycler Personal PCR System
using Pfx polymerase. The mutations were confirmed by auto-
mated DNA sequencing (Genewiz, South Plainfield, NJ). DNA
sequencing also confirmed that no undesired mutations were
introduced.

Expression and Purification of AT Mutants. AT proteins
were overexpressed and isolated from Escherichia coli as
described previously for the isolated T domain (20, 31), except
that because pET-28a was used, kanamycin (50 ug/mL) was used
to select plasmid-containing bacteria (32, 38). The mutant
proteins were purified essentially as described previously
(20, 27, 31). The first step involved affinity chromatography
using a Talon metal affinity resin (CLONTECH, Palo Alto, CA).
Generally, the E. coli extract (50 mL) was loaded onto a column
containing 0.6 mL of Talon metal affinity resin followed by
washing with binding buffer [S mM imidazole, 0.5 M NaCl, and
20 mM Tris-HCI (pH 8.0)]. Most of the AT protein eluted in three
1.0 mL aliquots of elution buffer [200 mM imidazole, 0.5 M
NaCl, and 20 mM Tris-HCI (pH 8.0)]. In the second step,
proteins were treated with dithiothreitol (100 mM) and then
subjected to FPLC with a 3 mL Source Q anion exchange column
(Amersham Bioscience, Piscataway, NJ) (27, 31, 38). AT protein
was eluted using a 0 to 500 mM NaCl linear gradient containing
20 mM Tris-HCI (pH 8.0) with the total volume of elution buffer
being 10 mL. Elution was conducted at a rate of 0.5 mL/min, and
twenty fractions (0.5 mL) were collected. AT protein generally
eluted between 300 and 400 mM NaCl. The collected fractions
were assessed via SDS—PAGE (8 to 25% gradient gels) using a
Phastsystem (Amersham Bioscience) and Coomassie Blue stain-
ing to identify the fractions containing the protein and to
determine the purity of the protein. The final purity appeared
to be >95% in all cases. Protein concentrations were determined
by the Bio-Rad protein assay (Bradford method) (43). The
concentration of the isolated AT protein was generally in the
range of 2—3 mg/mL. The protein was generally labeled right
after purification. In some cases, the protein was stored at 4 °C,
but for no more than 2 weeks. Longer storage resulted in
degradation of the protein.

Fluorescence Labeling of Diphtheria Toxin Mutant Pro-
teins. Monochlorobimane and BODIPY-IA were used to label
Cys in single-Cys-containing AT mutant proteins in a manner
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similar to that described previously (7, 20, 31). Briefly, mono-
chlorobimane dissolved in ethanol (20:1 probe:AT protein molar
ratio) or BODIPY-IA dissolved in dimethyl sulfoxide (8:1 probe:
AT protein molar ratio) was used. All samples (I mL containing
200—500 pug/mL protein) were labeled at room temperature for
1 h followed by overnight dialysis in 5 L of dialysis buffer. The
dialysis buffer for bimane-labeled samples consisted of 100 mM
NaCl and 20 mM Tris-HCI buffer (pH 8.0), while for BODIPY-
labeled samples, the dialysis buffer consisted of 100 mM NaCl
and 20 mM Tris-HCI buffer (pH 8.0) containing 0.75% (v/v)
dimethyl sulfoxide (DMSO). Nearly full protein recovery was
obtained (/7). In parallel to the Cys-containing samples, samples
of Cys-less AT protein were labeled using an identical protocol,
to assay nonspecific labeling. Fluorescence measurements were
used to compare the relative labeling efficiencies of mutant and
Cys-less proteins. To avoid interference from nonspecific labeling
of residues other than Cys, only preparations in which the
labeling efficiency was at least 15—20 times greater than that of
the Cys-less protein were used.

Preparation of Small Unilamellar Vesicles (SUV). Soni-
cated SUV, composed of DOPC and DOPG (7:3 molar ratio) or
DMoPC and DOPG (7:3 molar ratio), were prepared in a
manner similar to that described previously (20, 37). Briefly,
lipid mixtures dissolved in chloroform were dried under nitrogen
for 15 min and then under high vacuum for 1 h. The dried lipids
were resuspended with 0.5—1 mL in 167 mM acetate, 6.7 mM
Tris-HCI, and 150 mM NaCl buffer (pH 4.3) (low-pH buffer)
such that the total lipid concentration was 10 mM, and then the
samples were sonicated to near clarity using a bath sonicator
(Special Ultrasonic Cleaner Model G112SP1 Laboratory Sup-
plies Co., Hicksville NY). The SUV preparations were stored at
4 °C for no more than 3 days before they were used.

Fluorescence Measurements. Fluorescence was measured
on a Spex Tau-2 Fluorolog spectrofluorimeter operating in
steady state ratio mode using a semimicro quartz cuvette
(excitation path length of 10 mm, emission path length of
4 mm). The excitation and emission slits were set to 4.0 mm
(7.2 nm bandwidth) and 5.5 mm (9.9 nm bandwidth), respec-
tively. Tryptophan was excited at 280 nm, and emission was
measured from 300 to 400 nm at a rate of | nm/s. Intensities at
335nm are reported. Bimane was excited at 375 nm, and emission
spectra were recorded from 420 to 520 nm at a rate of 1 nm/s.
BODIPY fluorescence was measured for 10 s with an excitation
wavelength of 485 nm and an emission wavelength of 515 nm.
Rhodamine fluorescence was measured for 3 s with an excitation
wavelength of 565 nm and an emission wavelength of 585 nm. In
all cases, background intensities from samples lacking protein
were subtracted from the intensities measured in protein-contain-
ing samples. All measurements were taken at room temperature
unless otherwise noted. Samples were prepared in low-pH buffer
or 20 mM Tris-HCl and 150 mM NaCl (pH 8), unless otherwise
noted.

Bimane Fluorescence of Vesicle-Incorporated AT Pro-
tein. Bimane-labeled AT protein was added into SUV containing
200 uM lipid dispersed in 800 L of low-pH buffer. Typically, the
final concentration of bimane-labeled AT protein was 4 ug/mL.
In some samples, additional unlabeled Cys-less AT protein or
human serum albumin (HSA) was then added. To do this, either
an aliquot (usually 4—10 uL) of purified Cys-less AT protein
(dissolved in elution buffer from FPLC) was added to yield a final
unlabeled AT concentration of approximately 16 ug/mL (in an
800 uL sample) or 4 uL of 1 mg/mL HSA dissolved in water was
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added to give a final HSA concentration of 5 ug/mL. After the
last protein was added, the samples were incubated for 30 min at
room temperature and then bimane fluorescence was measured.

Quenching of BODIPY Fluorescence of Vesicle-Incor-
porated AT Protein by an Anti-BODIPY Antibody. Anti-
BODIPY antibody binding experiments were performed in a
manner similar to that described previously (20, 37). BODIPY-
labeled AT proteins were incubated with SUV containing 200 4M
lipid in 800 uL of low-pH buffer for 30 min. Typically, the final
concentration of BODIPY-labeled AT protein was 2 ug/mL.
BODIPY fluorescence was measured, and then a 20 uL aliquot of
anti-BODIPY antibodies [from a 3 mg/mL stock solution dis-
solved in phosphate-buffered saline (pH 7.2) with 5 mM azide]
was added and mixed. The fluorescence intensity was remeasured
after a 30 min incubation at room temperature. Samples in which
additional unlabeled AT protein (Cys-less AT protein, 16 ug/mL)
or HSA (5 ug/mL) had been added were prepared as described
above. For each sample, four fluorescence measurements were
taken both before and after addition of the antibody, mixing
samples between measurements. The reported values are the
average.

Preparation of Large Unilamellar Vesicles (LUV) with
or without Trapped Streptavidin. Vesicles containing trapped
BODIPY —streptavidin conjugate (BOD—SA), trapped unla-
beled streptavidin (SA), or no trapped protein were prepared in
a manner similar to that described previously (27, 36). A mixture
containing 10 mM lipid composed of 70 mol % DOPC, 30 mol %
DOPG, 0.002 mol % Rho-DHPE (a fluorescent lipid marker),
100 ug/mL BOD—SA or SA, and 20 mg/mL n-octyl S-glucoside
was dissolved in 150 mM acetate and 150 mM NaCl (pH 4.5)
(acetate buffer) (27, 36). The sample volume was 0.5 mL. After
n-octyl -glucoside had been removed by dialysis at 4 °C over-
night, the samples were applied to a Sepharose CL-4B column
(I cm in diameter, 50 cm in length) equilibrated in acetate buffer,
to separate free BOD—SA or SA from LUV-entrapped BOD-
—SA or SA. After elution with acetate buffer (~1 mL per
fraction), fractions containing LUV (fractions 8 and 9) were
collected. Fractions containing free BOD—SA (fractions 20—24)
were also collected for later use for external addition to vesicles
without trapped BOD—SA. The final concentrations of BOD-
—SA, SA, and/or lipid were determined by measurement of
BODIPY, tryptophan, and Rho-DHPE fluorescence, respec-
tively (27, 36), using a known dilution of a stock solution as a
standard. Typically, the final concentrations in the vesicle-con-
taining fractions were 2.5—5 mM lipid and 5.6—8.0 ug/mL
entrapped BOD—SA in samples containing BOD—SA, 2.3—
5.7 mM lipid and 3.8—6.5 ug/mL entrapped SA in samples
containing unlabeled SA, and 2.3—5.7 mM lipid in samples
without trapped protein.

Preparation of Biotinylated Diphtheria Toxin Mutant
Proteins. AT protein mutants were labeled with the cysteine-
specific biotin-IA dissolved in dimethyl sulfoxide as described
previously (27, 36). Generally, 2.5-3.0 mg of AT protein
dissolved in 0.5 mL of elution buffer was incubated with
45-55 uLL of 8 mM biotin-IA for | h at room temperature. To
remove the excess unbound probe, the sample was placed in
dialysis tubing with a molecular weight cutoff of 8000 (Spectra/
Por) and then dialyzed overnight (one buffer change around 6 h)
against 5 L of 10 mM Tris-HCl and 150 mM NacCl (pH 8.2) at
4°C. The biotinylated protein was separated from unbiotinylated
protein using a monomeric avidin column (Pierce Biotechnology)
in a manner similar to that described previously (27). Samples
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were loaded onto a 2.5 mL column (1 cm in diameter, 1.3 cm in
length) and eluted with six separate 0.6 mL aliquots of 0.1 M
phosphate, 0.15 M NaCl, and 2 mM biotin (pH 7.0) (biotin
elution buffer). The fractions were subjected to SDS—PAGE
(8 to 25% gradient) using the Phastsystem. The two or three
fractions with the highest concentration of the biotinylated
protein were combined and dialyzed against 5 L of 10 mM
Tris-HCI and 150 mM NaCl (pH 8.2) at 4 °C with three buffer
changes to remove the free biotin. The final protein concentration
(0.1-0.5 mg/mL) was determined using the Bradford colori-
metric assay (Bio-Rad, Hercules, CA) (43).

Interaction of Biotinylated Diphtheria Toxin Mutants
with Externally Added and Vesicle-Trapped BOD—SA.
The reactivity of membrane-inserted AT protein and T domain
with BOD—SA was then measured in a manner similar to that
described previously (27, 36). Reactivity was measured under
three different conditions: (1) with externally added BOD—SA
(BOD—SA. samples), (2) with externally added BOD—SA and
trapped unlabeled SA (BOD—SA.,/SA;; samples), and (3) with
trapped BOD—SA (BOD—SA,; samples).

For BOD—SA, samples, LUV containing trapped BOD—SA
were diluted to just under 700 uL with low-pH buffer to give an
entrapped BOD—SA concentration of 0.2 ug/mL. After dilution,
the lipid concentration, which varied because trapping effi-
ciency was variable, was in the range of 100—200 uM. The
initial BODIPY fluorescence was measured, and then a small
aliquot (1—5uL) of concentrated AT protein was added to give a
final biotinylated AT protein concentration of 0.4 ug/mL with
3.6 ug/mL unbiotinylated Cys-less AT protein in a total volume
of 700 uL. After incubation for 30 min, BODIPY fluorescence
was then remeasured.

For the BOD—SA,, and BOD—SA,,/SA,, samples, BODIPY
fluorescence was first measured in a 630 4L sample containing
BOD—SA diluted to 0.22 ug/mL with low-pH buffer.

Then 70 uL of a concentrated AT protein/LUV mixture was
added. This mixture contained 40 ug/mL AT protein (4 ug/mL
biotinylated and 36 ug/mL unbiotinylated Cys-less AT protein)
preincubated for 15 or 50 min at room temperature with LUV
(with or without trapped unlabeled streptavidin). After addition
to the BOD—SA-containing solution, these samples had the same
final AT protein and lipid concentrations as in samples with
trapped BOD—SA. Fluorescence was remeasured after a final
incubation of 30 min. For the T domain, the same protocol was
used (with 10% of the protein being biotinylated) except that the
final concentration of T domain was 2 ug/mL.

For experiments in which the samples with trapped unlabeled
SA were preincubated with AT protein or T domain for 15 min,
each experiment involved duplicate samples and was repeated
3—14 (n) separate times (AT residue 1, n = 5; residue 163,
n=4; residue 186, n = 5; residue 203, n = 8; residue 211, n = 3;
residue 293, n= 14; residue 324, n=10; residue 378, n=38; and for
residue 293 in the isolated T domain, n=4).

For experiments in which the samples with trapped unlabeled
SA were preincubated with AT protein for 50 min, each experi-
ment involved duplicate samples and was repeated at least 2—7
(n) times (AT residue 203, n = 2; residue 288, n =7, residue 293,
n=13; residue 297, n = 3; and residue 324, n=2).

To evaluate the percent exposure of the biotinylated residues
on the outside surface of the vesicles, the percent external
reactivity was calculated. For experiments in which the reactivity
of the AT protein bound to empty vesicles with externally added
BOD—-SA (BOD—-SA.,) was compared to the reactivity of
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vesicle-bound AT protein with BOD—SA trapped within the
vesicles (BOD—SA,,), the percent external reactivity was calcu-
lated from the equation percent external activity (without trapped
unlabeled SA) = {(F — Fo)x/l(F = Fy)ex + (F — Fy)yl} x 100%,
where ex refers to samples with external BOD—SA, tr refers to
samples with trapped BOD—SA, F, is the BOD—SA fluorescence
intensity prior to the addition of AT protein [corrected for
dilution when necessary (see below)], and F is the BOD—SA
fluorescence intensity 30 min after incubation of AT protein with
the BOD—SA-containing sample.

For experiments in which the reactivity of AT protein bound
to vesicles containing trapped unlabeled SA with externally
added BOD—SA (BOD—SA.,/SA,;) was compared to the re-
activity of vesicle-bound AT protein with BOD—SA trapped
within the vesicles (BOD—SA,,), the percent external reactivity
was calculated from the equation percent external activity (with
trapped unlabeled SA) = {(F — Fo)exsa/l(F = Fo)ex + (F' = Fo)l} X
100%, where ex-SA refers to samples containing trapped un-
labeled SA and externally added BOD—SA. For samples with
externally added BOD—SA, initial BODIPY fluorescence values
were corrected to what they would be after dilution by the vesicle-
containing aliquot in the absence of reaction with biotinylated
AT protein. Notice that the denominator in the case of samples
with trapped unlabeled SA is the same as for the samples without
trapped unlabeled SA; i.e., the denominator always contains the
value for the sample with external BOD—SA lacking trapped
unlabeled SA.

RESULTS

Residues and Methods Used To Probe AT Protein
Topography. We studied AT protein, which contains the
covalently linked A chain and T domain portions of diphtheria
toxin [i.e., equivalent to diphtheria toxin lacking the receptor-
binding domain, which can be deleted or replaced with retention
of activity and membrane translocation (44—46)]. As observed in
the isolated A chain, isolated T domain, and intact toxin (15, 38,
47, 48), the AT protein undergoes a low-pH-induced conforma-
tional transition near pH 5 in which buried Trp residues become
exposed and in which it becomes hydrophobic and spontaneously
inserts into model membrane vesicles (Figures SI—S3 of the
Supporting Information). Also, like the intact toxin and isolated
T domain (49, 50), the membrane-inserted AT protein forms
pores at low pH (Figure S4 of the Supporting Information).

To determine how the covalent attachment of the A chain and
T domain affects their membrane topography, labeling of single
Cys residues was employed. Residues previously labeled in the
isolated T domain were chosen for labeling in the AT protein,
specifically studying residues within and around T domain
hydrophobic helices TH5—TH9 (residues 276, 288, 293, 297,
311, 324, 356, and 378). Previous studies of the isolated T domain
have shown that when these residues are mutated to Cys and
labeled, the T domain maintains its native conformation at
neutral pH and undergoes the same low-pH-induced conforma-
tional changes and lipid binding seen in the wild-type, unlabeled
protein (20, 31, 36, 38).

Two assays previously used to define the topography of the
isolated T domain were used to investigate AT protein topogra-
phy (17, 20, 31, 36, 38). First, the fluorescence emission A, of
bimane-labeled residues was used to evaluate the location of
labeled Cys residues. We have previously shown that bimane
fluorescence blue shifts upon insertion into the lipid bilayer,
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Table 1: Comparison of Bimane Emission Maximum (4,,,x) of Bimane-Labeled Mutants in the Hydrophobic TH5—TH9 Region of the Membrane-Inserted T

Domain or AT Protein at pH 4.3 and Room Temperature

bimane emission maximum (A,x) (nm)*

isolated T domain® AT protein T domain from Arg C-digested AT protein®
location residue number DOPC/DOPG DMoPC/DOPG DOPC/DOPG DMoPC/DOPG  DOPC/DOPG DMoPC/DOPG

THS 276 468 461 463 461 nd* nd*

288 472 468 465 464 470 467
THS5—THG6 loop 293 459 470 462 466 459 472
THo6/7 311 467 462 460 460 467 463
TH9 356 469 461 462 458 468 460
average without residue 293 469 463 463 461 - -

“The average value from duplicate samples is shown. A,y values were generally reproducible to +1 nm. “Isolated T domain data from previous studies
(20, 31). “Samples containing T domain fragment from digested AT mutants using Arg C. “Not determined.

Table 2: Comparison of the Quenching Percentage of BODIPY Fluorescence in the TH5S—TH9 Hydrophobic Region of the Model Membrane-Inserted T
Domain or AT Protein by the Anti-BODIPY Antibody at pH 4.3 and Room Temperature

% quenching of BODIPY fluorescence”

b

isolated T domain AT protein
location residue number DOPC/DOPG DMoPC/DOPG DOPC/DOPG DMoPC/DOPG

THS 276 62.0 40.0 48.0+1.9 39.0+£7.7

288 25.5 33.5 37.6+0.9 284450
THS5—THG6 loop 293 30.0 76.0 36.6 £4.6 32.6+£6.4
THO6/7 311 49.0 25.0 38.7+1.1 129+5.7
TH9 356 45.0 25.0 44.4+4.7 26.5+0.8
average without residue 293 45 31 42 27

“Average values from duplicate samples and their range are shown. “Isolated T domain data from previous studies (20, 31).

and that the extent of the shift is closely correlated with the depth
of insertion. Second, accessibility of BODIPY -labeled residues to
the anti-BODIPY antibody was measured. This is sensitive to the
burial of labeled residues within a membrane but does not
measure exactly the same parameter that is measured by bimane
because buried residues that are transiently exposed to aqueous
solution (i.e., are not stably buried) can react with the antibody.

These methods were used to explore the conformation and
topography of the AT protein when AT protein was membrane-
inserted at low pH. The experiments with the membrane-inserted
protein were conducted using SUV under conditions previously
shown (13, 17) to promote formation of the surface (P state) T
domain conformation (i.e., in DOPC/DOPG vesicles), and
under three different conditions that promote formation of the
transmembrane (TM state) T domain conformation [i.e., (1) in
DMOoPC [di Cl4:1 PC]/DOPG vesicles, which form thinner
bilayers than vesicles with DOPC [di C18:1 PC], (2) in DOPC/
DOPG vesicles with a high concentration of AT protein, or (3) in
DOPC/DOPG vesicles in the presence of human serum albumin,
a molten globule state protein]. Although we mainly show data
here only for the first set of conditions promoting formation of
TM insertion, similar behavior was observed under all the
different conditions that promote formation of the TM state
(data not shown).

Topography of Hydrophobic Helices TH5—THY in the
Membrane-Inserted AT Protein. The membrane topography
of residues within T domain hydrophobic segments (TH5S—TH9)
of the AT protein was compared to that previously observed
in the isolated T domain (20, 27, 31). Residues 276 and 288

(in THS), 311 (in the TH6/7 segment), and 356 (in the middle of
TH9) were chosen for study because they are within hydrophobic
helices and their level of exposure to solution decreases when the
T domain switches from the shallowly inserted P state to deeply
inserted states (17, 20, 31). The behavior of residue 293 (in the
hydrophilic loop between THS and TH6) was also studied. In the
isolated T domain, residue 293 shows unusual behavior; it
becomes more exposed to aqueous solution when the hydro-
phobic segments insert more deeply.

Tables 1 and 2 compare the behavior of these TH5—TH9
residues in the membrane-inserted AT protein to that previously
defined for the membrane-inserted isolated T domain under both
conditions that favor the formation of the P state and conditions
that favor the formation of the TM state. A significant difference
between the AT protein and isolated T domain was observed.
When inserted into DOPC/DOPG vesicles, in which the isolated
T domain forms the P state, bimane-labeled residues within the
hydrophobic helices of the AT protein exhibited fluorescence that
was much more blue-shifted than that of the isolated T domain in
DOPC/DOPG vesicles (Table 1). Instead, the A,,,, values were
similar to those observed in the isolated T domain in DMoPC/
DOPG vesicles, in which the isolated T domain forms the TM
state.

However, as judged by quenching, the antibody accessibility of
THS5—TH9 BODIPY-labeled residues in the AT protein inserted
into DOPC/DOPG vesicles exhibited a level of reactivity between
that of the T domain in the P state and that of the T domain in the
TM state (Table 2). This suggests that, although TH5—TH9
residues in the AT protein in DOPC/DOPG vesicles form a
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conformation similar to that of the isolated T domain in the TM
state (as judged by bimane fluorescence), this deep insertion is not
as stable as in the TM state formed by the isolated T domain (as
reported by anti-BODIPY quenching). Alternate possibilities are
that the BODIPY -labeled residues do not insert quite as deeply as
bimane-labeled ones or that there is steric blockage of labeled
T domain residues from aqueous solution due to the A chain.

Bimane fluorescence A, values for TH5—TH9 residues in the
AT protein inserted into DMoPC/DOPG vesicles were very blue-
shifted, indicating that the TM state had formed, and the values
were similar (but not identical) to that for the isolated T domain
in DMoPC/DOPG vesicles, which also forms the TM state under
these conditions (Table 1). Furthermore, the antibody accessi-
bility was low both for the AT protein and for the isolated
T domain when inserted into DMoPC/DOPG bilayers, indicative
of stable deep insertion in both of these cases (Table 2).

Intriguingly, in the AT protein, residue 293 in the hydrophilic
loop connecting THS to TH6 behaved in an unexpected fashion
in DMoPC/DOPG vesicles. In the isolated T domain in the TM
state, bimane-labeled residue 293 is very red-shifted and when
BODIPY-labeled is very antibody reactive (3/) (Tables 1 and 2).
In contrast, in the AT protein, labeled residue 293 showed
somewhat more blue-shifted bimane fluorescence (Table 1) and
a relatively low reactivity with the anti-BODIPY antibody
(Table 2). This suggests there is an important difference between
the topography of this region of the protein in the AT protein
relative to that in the isolated T domain (see below).

To confirm that the differences between the topography of the
isolated T domain and that of the AT protein were due to A—T
interactions, rather than due to some undefined experimental
difference between this study and previous ones, AT proteins
labeled with bimane at residue 288, 293, 311, or 356 were
subjected to Arg C digestion. Arg C is an Arg-specific protease,
and the T domain has Arg residues only at positions 210 and 377,
near its N- and C-termini, respectively. Therefore, a limiting Arg
C digestion of AT protein results in the formation of a nearly
intact T domain, while the A chain, which has several Arg
residues, is digested into smaller fragments (Figure S5 of the
Supporting Information). Unlike what was observed before Arg
C digestion, bimane A, values for the Arg C-digested labeled
AT protein were almost identical to those of the isolated
T domain (Table 1). This was true both for the AT protein
inserted into DOPC/DOPG vesicles and for the AT protein
inserted into DMoPC/DOPG vesicles. This shows that the A—T
interactions abolished by Arg C digestion altered the behavior of
THS—THO9.

Distinguishing Exposure of AT Residues on the Cis and
Trans Sides of the Bilayer Using Biotinylated Residues and
BOD—SA. The above-noted difference between the behavior of
residue 293 in the AT protein and isolated T domain suggested
that there might be an important difference between their
topography in this region of the protein. To see if this difference
involved whether residues were exposed on the cis side (the side
from which insertion occurs) or trans side of the bilayer (the side
to which translocation moves residues), the accessibility of
biotinylated residues of membrane-inserted AT protein to BOD-
IPY-labeled strepatavidin (BOD—SA) was studied. These experi-
ments were conducted with the AT protein incorporated into
large unilamellar vesicles (LUV) composed of DOPC and
DOPG (27). In these experiments, the reactivity of biotinylated
residues with BOD—SA externally added to vesicles (i.e., on the
cis side of the membrane) is compared to the reactivity with
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FIGURE 1: Cis—trans surface localization of biotinylated AT protein
residues in membrane-inserted AT proteins by determination of
percent external reactivity. (A) The percent external reactivity
(reaction with external BOD—SA /total reactivity with trapped and
external BOD—SA) x 100% is shown for a series of biotinylated Cys
mutants. Samples containing 4 ug/mL total AT protein (0.4 ug/mL
biotinylated AT protein, 3.6 ug/mL unlabeled Cys-less AT protein),
0.2 ug/mL BOD—SA, and 0.10—0.21 mM lipid (70 mol % DOPC/
30 mol % DOPG LUV) in low-pH buffer (pH 4.3). Samples in which
reactivity with external BOD—SA was measured were preincubated
for 15 min with vesicles without (black bars) or with (white bars)
0.2 ug/mL entrapped unlabeled SA. Experiments were conducted at
room temperature. In most cases, the average values from four or five
experiments and standard deviations are shown. (B) Difference
between percent external reactivity for experiments without and with
trapped unlabeled SA. The value of the difference with and without
trapped unlabeled SA was calculated first, and then the average and
standard deviation of the differences were calculated. See Experi-
mental Procedures for details. The x-axis shows the residue number
and the segment of the protein in which it is located. The behavior of
biotinylated residue 293 in the isolated T domain is also shown as a
control.

BOD—SA that is vesicle-entrapped (i.e., on the trans side) (see
schematic Figure 3 in ref 27). It should be noted that biotinylation
of diphtheria toxin residues does not interfere with their translo-
cation across a bilayer (23, 27), and that in these LUV, the
isolated T domain forms the TM state (27).

Figure 1 summarizes the reactivity of a series of biotinylated
residues with BOD—SA. Most residues were more reactive with
externally added BOD—SA than vesicle-entrapped BOD—SA
(black bars), such that 60—80% of each residue was exposed on
the cis surface. This is in agreement with our previous studies
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F1GURE 2: Cis—trans surface localization of biotinylated residues in
and around the TH5—TH6 loop in the membrane-inserted AT
protein at pH 4.3 and room temperature. (A) Percent external
reactivity for residues in and around the AT loop measured under
the same conditions as described in the legend of Figure 1 except that
samples in which reactivity with external BOD-SA was measured
were preincubated for 50 min with vesicles without (black bars) or
with (white bars) 0.2 ug/mL entrapped unlabeled SA. Average values
and standard deviations are shown. (B) Difference between the
percent external reactivity for experiments without and with trapped
unlabeled SA. The value of the difference with and without trapped
unlabeled SA was calculated first, and then the average and standard
deviation of the differences were calculated. The x-axis shows the
residue number. See Experimental Procedures for details.

showing that both the whole toxin (5/) and the isolated
T domain (27) insert into model membranes in a mixture of
orientations, and that the orientation in which most of the
protein is on the cis side of the membrane predominates. The
fact that residues on both the N- and C-termini of the hydro-
phobic TH6/7 sequence (i.e., residues 293 and 324) are predo-
minantly exposed on the cis surface on the bilayer indicates that
THS5—TH7 do not form a stable transmembrane hairpin in the
AT protein and instead form a structure in which the TH5—TH6
loop (connecting TH5 to TH6/7) is exposed on the cis side of the
membrane. This is in agreement with previous results with the
isolated T domain (27).

However, this does not rule out the possibility that TH5S—TH7
form a transient transmembrane hairpin in which the TH5S—TH6
loop is transiently located on the trans side of the membrane. To
test for this, the reactivity of AT residues with externally added
BOD—SA was measured using samples containing vesicle-
trapped unlabeled SA (see schematic Figure 3 in ref 27). If
residues are moving back and forth across the bilayer, which
occurs when a transient transmembrane structure forms, then
membrane insertion of the AT protein into vesicles containing
trapped unlabeled SA should allow the biotinylated group to
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react with the trapped unlabeled SA and thus prevent reaction
with externally added BOD—SA.

Figure 1A (white bars) shows that for almost all residues
tested, including residues in the A chain and N-terminal region of
the T domain, the presence of trapped unlabeled SA only slightly
reduced [~10% (see Figure 1B)] the extent of the reaction of AT
protein with externally added BOD—SA. This slight reduction
might be due to some small amount of trapped SA that leaked out
of the vesicles. In contrast, for residue 293, the presence of
trapped unlabeled SA resulted in a 2.5-fold greater reduction in
the extent of reaction with externally added BOD—SA
(Figure 1B). This suggests that in a significant fraction of AT
proteins, residue 293 is moving back and forth across the
membrane.

To further confirm that the TH5—THG6 loop (which contains
residue 293) was moving back and forth across the bilayer, this
experiment was repeated using a longer preincubation time to
amplify the reaction with trapped unlabeled SA and repeated
with additional residues in and near the TH5—TH6 loop
(Figure 2). Increasing the preincubation time significantly in-
creased the level of inhibition of reactivity by trapped unlabeled
SA for residue 293 (to ~35%). Under these conditions, a
relatively high degree of inhibition of reactivity by trapped
unlabeled SA could also be observed for residues 288 and 297.
However, the inhibition was weaker than that observed with
residue 293, suggesting that these residues, which are at the ends
of hydrophobic helices THS and TH6, respectively, may not be as
exposed to trapped SA as residue 293 when they face the trans
side of the bilayer. It should be noted that pore formation by the
AT protein cannot explain the inhibition of residue 293 reactivity
in the presence of trapped unlabeled SA. The pores formed by the
diphtheria toxin are too small under our experimental conditions
to allow molecules as large as SA through a lipid bilayer (50).

As a control to confirm that the difference between the
behavior of residue 293 in the AT protein and isolated T domain
was reproducible, we repeated our previously published experi-
ments using the isolated T domain (27). In agreement with our
previous study, the reactivity of residue 293 in the isolated
T domain does not exhibit the reactivity pattern (inhibition of
association of biotinylated AT with BOD—SA by trapped SA)
characteristic of transient translocation (Figure 1).

DISCUSSION

Comparison of TH5—TH9 Topology in the AT Protein
with That in the Isolated T Domain in Model Membranes.
T domain hydrophobic helices (TH5—TH9) exhibit important
changes in behavior when the A chain is present. As noted above,
in the membrane-inserted isolated T domain, TH5—THY exist in
two distinct conformations, a shallowly inserted one (which
forms in DOPC/DOPG SUV) and a deeply inserted one
(which forms in DMoPC/DOPG SUYV). As judged by bimane
fluorescence and BODIPY quenching, the insertion of residues
within TH5—TH9 in the AT protein in DOPC/DOPG vesicles
was less exposed to solution than in the isolated T domain. This is
consistent with our previous observation that noncovalent bind-
ing of the isolated A chain to the isolated T domain converts the T
domain from a state in which TH5—TH9 residues are exposed to
solution to one in which they are not (/3). However, a 5-fold
excess of the isolated A chain was needed to induce com-
plete conversion of the T domain to the less solution-exposed
form (/3). Thus, the single covalently linked A chain in the
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Inserted post-translocation state

FIGURE 3: Schematic diagram showing pretranslocation states for the AT protein in model membranes at low pH. The top shows the
pretranslocation TM state in which TH8 and THY form a transmembrane hairpin while semihydrophobic segments TH5—TH?7 deeply insert
without forming a transmembrane structure. The bottom shows the transient pretranslocation state in which both TH8—TH9 and TH5—TH?7
form a transmembrane hairpin. This conformation might then proceed to form the previously identified post-translocation inserted state (23). The
A chain and hydrophilic TH1—TH4 region of the T domain lie on or near the cis side surface of the bilayer in both of the pretranslocation states.
The details of how the A chain interacts with the T domain and the lipid bilayer are not yet defined.

AT protein is more effective than the isolated A chain in
interacting with the T domain.

The behavior of the loop connecting THS to TH6 was also
different in the AT protein and isolated T domain. In the isolated
T domain, residue 293, which is within this loop, has the unusual
property of inserting shallowly when TH5—TH9 helix residues
insert deeply, and deeply when THS—TH9 helix residues insert
shallowly. However, when TH5—TH9 helix residues inserted
deeply into the AT protein, residue 293 appeared to insert more
deeply than in the isolated T domain. This suggests a significant
difference between the insertion of the TH5—TH?7 helix cluster in
the AT protein and isolated T domain. This difference was
confirmed by the BOD—SA assay, which showed that residue
293, which remains on the cis side of the membrane in the isolated
T domain (27), dynamically interconverts between the cis and
trans sides of the membrane in a population of AT protein. It
should be noted that additional studies of Cys-labeled residues in
the A chain in the AT protein, and TH1 of the T domain in the
AT protein, show relatively shallow insertion, as is the case in the
isolated A chain and T domain (data not shown). Combined,

the experimental data suggest the model for AT protein topo-
graphies shown in Figure 3. If correct, this model would support
the original suggestion (24) that TH5—TH7 would form a
transmembrane hairpin (with THS forming one transmembrane
segment and TH6/7 forming the other), except that the trans-
membrane insertion of TH5—TH7 would be dynamic, rather
than stable. This dynamic instability is not wholly surprising
because the TH5S—TH?7 sequence has borderline hydrophobicity,
being less hydrophobic than most transmembrane segments of
ordinary membrane proteins and than the other hydrophobic
diphtheria toxin helices, TH8 and TH9 (52).

Insights into the Mechanism of Translocation. What
insights into the mechanism of translocation do the topographi-
cal properties of TH5—THY provide? One speculative possibility
is that in a fully transmembrane state TH5S—THO form the wall of
the pathway (“pore”) through which the A chain moves during
translocation. In this regard, it is noteworthy that these segments
have considerable amphiphilic character and would be expected
to be arranged with their more polar face forming the pore/
translocation pathway, as shown in Figure 4. The hydrophilic
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FiGURE 4: Helical wheel representation of TH5—TH9. The dashed line indicates the more polar face of the hydrophobic segments. Residues with
hydrogen bonding abilities are shown in bold circles. Notice that Trp and Tyr are located near the center of hydrophobic segments, which is
unusual in transmembrane helices. Helical wheel adapted from: http://rzlab.ucr.edu/scripts/wheel/wheel.cgi.

face formed by this cluster is rich in uncharged polar residues
(Gln, Asn, Ser, and Thr) and has no charged residues (with the
possible exception of Glu362, which might be protonated and
thus uncharged at low pH). This may be significant because
inspection of crystal structures shows that this type of hydro-
philic/uncharged surface is seen in the pore-facing surface of
other protein translocators, specifically, the Sec Y translocon (53)
and Tol C (54), and may represent a common translocator wall
motif. We speculate that the lack of charged amino acids prevents
overly strong interactions between the T domain and translocat-
ing A chain. Transient interactions between the unfolded A chain
and the hydrophilic surface of TH5—TH9 would be consistent
with the chaperone model we proposed previously for A chain—
T domain interactions (13, 14).

The dynamic equilibration of TH5—TH7 might also play a
role similar to that recently proposed for the Sec A protein, in
which a hairpin segment of Sec A binds to the translocation
substrate and then carries it across the membrane (55, 56). If the
THS—TH6 loop binds to the A chain, as it moves back and forth
across the bilayer it could shuttle the A chain across the bilayer in
a series of steps, probably aided by cytosolic proteins (11, 12).
The binding and release of the A chain might be controlled by the
pH gradient across the endosomal membrane, if binding to the A
chain occurs at low pH on the cis side of the membrane while
dissociation of the A chain occurs at neutral pH, which is found
on the trans side of the membrane.

SUPPORTING INFORMATION AVAILABLE

Additional experimental details and results. This material is
available free of charge via the Internet at http://pubs.acs.org.
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