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ABSTRACT: Low pH-induced membrane insertion by diphtheria toxin T domain is crucial for A chain
translocation into the cytoplasm. To define the membrane topography of the T domain, the exposure of
biotinylated Cys residues to the cis and trans bilayer surfaces was examined using model membrane
vesicles containing a deeply inserted T domain. To do this, the reactivity of biotin with external and
vesicle-entrapped BODIPY-labeled streptavidin was measured. The T domain was found to insert with
roughly 70-80% of the molecules in the physiologically relevant orientation. In this orientation, residue
349, located in the loop between hydrophobic helices 8 and 9, was exposed to the trans side of the bilayer,
while other solution-exposed residues along the hydrophobic helices 5-9 region of the T domain located
near the cis surface. A protocol developed to detect the movement of residues back and forth across the
membranes demonstrated that T domain sequences did not rapidly equilibrate between the cis and the
trans sides of the bilayer. Binding streptavidin to biotinylated residues prior to membrane insertion only
inhibited T domain pore formation for residues in the loop between helices 8 and 9. Pore formation
experiments used an approach avoiding interference from transient membrane defects/leakage that may
occur upon the initial insertion of protein. Combined, these results indicate that at low pH hydrophobic
helices 8 and 9 form a transmembrane hairpin, while hydrophobic helices 5-7 form a nonclassical deeply
inserted nontransmembraneous state. We propose that this represents a novel pre-translocation state that
is distinct from a previously defined post-translocation state.

Diphtheria toxin (DT) is a protein toxin secreted by the
bacteriumCorynebacterium diphtheriae. The mature toxin
(58 kDa) consists of two polypeptide chains, A (21 kDa)
and B (37 kDa), which are joined by a single disulfide bond.
The toxin consists of three distinct domains: the A chain is
identical to the catalytic (C) domain of the protein while the
B chain consists of two domains, the receptor binding domain
(R) and the transmembrane (T) domain (1-4). Upon entering
endosomes via receptor-mediated endocytosis, a conforma-
tional change triggered by the low pH of the endosomal
lumen renders the toxin hydrophobic. This results in mem-
brane penetration by the toxin and subsequent translocation
of the A chain into the cytosol. The cytosolic A chain
catalyzes the ADP ribosylation of the diphthamide residue
of elongation factor 2, which shuts down protein synthesis
and leads to cell death (5). The translocation process can
also be observed in a cell free system suggesting that the
toxin alone possesses the ability to penetrate and transverse
lipid bilayers (6-9), although it may be aided to some degree
(10). The study of this system may allow us to better
elucidate the poorly understood process of protein trans-
location across biological membranes.

Much of the recent research on the toxin has focused on
the largelyR-helical T domain. The T domain is believed to
have a critical role in the translocation of the A chain. It has
a distinctively hydrophobic C-terminal portion and has the
ability to spontaneously insert into, and form pores within,
both biological and model membranes at low pH (11-14).
Thus, studying the topography of the T domain in the
membrane-inserted state is of particular interest. Determi-
nation of which segments span the membrane is likely to
provide insights into their role in translocation. It was
originally predicted that there would be two transmembrane
hairpins formed from four long hydrophobic sequences in
the C-terminal portion of the T domain (1). One hairpin
would be formed by the hydrophobic helices 8 and 9 (TH8
and TH9). The second would consist of TH5 and a
combination of two shorter helices, TH6 and TH7 (Figure
1). Although a wide variety of techniques suggest that TH8
and TH9 form a transmembrane helical hairpin (15-24), the
behavior of TH5-7 remains unclear. We previously found
that the natural Trp in the center of TH5 inserted into lipid
bilayers (25). Evidence for TH5 insertion was also derived
from hydrophobic photolabeling studies (26). Senzel et al.
have recently suggested that TH5 spans the membrane, along
with TH8,9, when the T domain forms open channels in
planar lipid bilayers (27). However, because the T domain
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can adopt several different conformations (see below), the
topography that they observe may correspond to a state that
exists at only one of several steps in translocation (see
Discussion).

We have established that the membrane-inserted T domain
can exist in two distinct conformations. In the P state,
hydrophobic helices 5-9 lay close to the membrane surface,
while in the TM state they insert more deeply (28-30).
Bilayer width, bilayer curvature, T domain concentration,
and interaction with molten globule-like proteins affect which
state predominates (28, 29, 31). While our previous data on
the topography of TH8 and TH9 in the more deeply inserting
state were consistent with a transmembrane hairpin, our data
on TH5-7 in the same state were consistent with two deeply
inserted but nontransmembraneous segments. One deeply
inserted segment corresponded to TH5, and the other
correspondend to the TH6/7 sequence. However, a critical
ambiguity could not be resolved in these experiments. This
ambiguity involved the possibility that a dynamic equilibrium
between transmembraneous and nontransmembraneous con-
formations of TH5 and/or TH6/7 exists.

This ambiguity is symptomatic of the fact that protein
toxins are, in general, the most challenging targets for
topography experiments in membranes due to their topo-
graphical flexibility (see Discussion). Thus, new and more
sophisticated methods are needed for achieving comprehen-
sive topographical analysis of toxins, a very important class
of membrane proteins. The binding of streptavidin (SA) to
biotinylated residues has proved to be a powerful approach
to understanding DT topography (8, 27, 32). In this study,
we modified an elegant spectroscopic BODIPY (BOD)-
avidin approach (33-35) to identify biotinylated T domain
residues that reach the trans side of the bilayer upon
membrane insertion. Importantly, a modification of the assay
was developed to allow the determination of whether portions
of the T domain can equilibrate back and forth across the
bilayer (30). The results indicated that TH8 and TH9 adopt
a stable transmembrane structure at low pH whereas TH5-7
form a stable deeply inserted structure that is nontransmem-
braneous. Studies of the effect of binding SA to the
biotinylated T domain residues prior to membrane insertion

upon pore formation by the T domain were consistent with
this model.

EXPERIMENTAL PROCEDURES

Materials.Dioleoylphosphatidylcholine (DOPC), dimyris-
toleoylphosphatidylcholine (DMoPC), dioleoylphosphatidyl-
glycerol (DOPG), and N-lissamine rhodamine-dipalmitoyl-
phosphatidylethanolamine (rhodamine-PE) were purchased
from Avanti Polar Lipids (Alabaster, AL). The lipid con-
centrations were determined by dry weight. SA BOD
fluorescence conjugate (BOD-SA) (discontinued except as
a custom labeling product), SA,N-(biotinoyl)-N′-(iodoacetyl)-
ethylenediamine (biotin-IA), rabbit anti-Cascade Blue (CB)
IgG, 8-methoxypyrene-1,3,6-trisulfonic acid, trisodium salt
(MPTS or CB dye), and Texas Red-X succinimidyl ester
(TxR-SE) were purchased from Molecular Probes (Eugene,
OR). N-(6-(Biotinamido)hexyl)-3′-(2′-pyridyldithio)propi-
onamide (EZ-Link Biotin-HPDP, biotin-HPDP) was obtained
from Pierce Biotechnology (Rockford, IL). All other chemi-
cals were reagent grade.

Site-Directed Mutagenesis and Protein Purification.Plas-
mids coding for T domains with single Cys substitutions were
constructed, and the T domain protein was expressed and
purified as previously described (30). Escherichia coliBL21
cells transformed with each respective mutant were stored
in 15% glycerol at-80 °C. The plasmids coding for T
domain mutants 322, 349, 356, 373, and 378 were a gift
from the lab of Dr. R. J. Collier (Harvard Medical School).
Purified protein was stored as a stock solution in the FPLC
elution buffer (10 mM Tris-Cl and about 150-250 mM
NaCl, pH 8.2) at-20 °C and at a protein concentration of
1.5-2.5 mg/mL.

Biotinylation of T Domain Mutants. The T domain mutants
were labeled with the cysteine specific biotinylation probes.
Typically, 40-80 µL of 8 mM biotin-IA or biotin-HPDP
dissolved in dimethyl sulfoxide was added to enough of the
T domain mutant stock solution to give a total volume of 1
mL (6:1 mole ratio label:protein). After a 1h incubation at
room temperature the sample was then dialyzed, using
dialysis tubing (Spectra/Por) with a molecular weight cutoff
of 8000, against 4 L of Tris buffer (10 mM Tris-Cl, 150
mM NaCl, pH 8.2), with no change of buffer, to remove the
excess unbound probe. All dialysis steps were performed at
4 °C. Affinity chromatography was then performed using a
monomeric avidin column (Pierce Biotechnology) to remove
any unbiotinylated T domain protein. The column was
packed according to the procedure provided by the manu-
facturer except that a column volume of 0.5 mL was used.
The sample was passed over the column, and the flow
through was collected and passed over the column again.
This was repeated six times to improve the binding ef-
ficiency. The biotinylated protein was eluted from the column
with six separate 0.6 mL aliquots of 0.1 M phosphate, 0.15
M NaCl, and 5 mM biotin, pH 7 (biotin elution buffer). The
eluate fractions were collected for each aliquot added and
subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Those fractions containing
the most biotinylated protein were pooled. The pooled
fractions were dialyzed against 5 L of Tris buffer, pH 8.2,
over a 24 h period with two buffer changes to remove the
free biotin. Extensive dialysis was critical to remove the

FIGURE 1: Sequence of the DT T domain. Sequences forming
helices TH1-9 according to the DT crystal structure (2) are shown
underlined. The numbers above the residues are sites of some of
the single Cys mutations studied in this report. The uncharged
segments are shown shaded.
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contaminating biotin. The protein concentration was then
determined using the Bradford colorimetric assay (Bio-Rad,
Hercules, CA). The final concentrations ranged from 0.1 to
0.5 mg/mL protein.

Titration of BOD-SA with Free Biotin and Biotinylated T
Domain.The dependence of the interaction of biotin with
BOD-SA upon biotin concentration was monitored by the
increase in BOD fluorescence upon biotin binding. BOD-
SA (1 mg/mL in Tris buffer, pH 8.2) was diluted to 700µL
with either Tris buffer (10 mM Tris-Cl, 150 mM NaCl, pH
8.0) or acetate buffer (6.7 mM Tris-Cl, 167 mM acetate, and
150 mM NaCl, pH 4.5) to give a final BOD-SA concentration
of 0.15 µg/mL.

In some samples, small unilamellar vesicles (SUV),
prepared by sonication as described previously (29), were
also present. The samples containing SUV were prepared
by diluting BOD-SA to 700µL as described above with a
mixture of buffer and an aliquot of a stock solution of 70%
DOPC, 30% DOPG (mol:mol), and SUV (10 mM total lipid)
dispersed in the same buffer to give a final lipid concentration
of 200µM. To these BOD-SA-containing solutions, sequen-
tial small aliquots (e2 µL) of a solution of either free biotin/
water or 0.5 mg/mL biotin-labeled T domain 378 (T378-biotin-IA)
dissolved in Tris buffer, pH 8.2, were then added and mixed.
At these small volumes, Tris buffer effects on sample pH
were negligible. The BOD fluorescence was measured after
the addition of each aliquot once its fluorescence stabilized
(5-30 min).

Kinetics of BOD-SA Reaction with Free Biotin and
Biotinylated T Domain. A small aliquot from a stock solution
of 7 µM free biotin/water or 0.5 mg/mL T378-biotin-IA

dissolved in Tris buffer, pH 8.2, was added to 700µL of
acetate buffer, pH 4.5, containing 0.15µg/mL BOD-SA and
SUV composed of 200µM 7:3 DOPC:DOPG (mol/mol). The
aliquot added (0.02µM biotin) gave a ratio of two biotins
per biotin binding site on BOD-SA. The BOD fluorescence
intensity was measured every 10 s until the intensity
stabilized.

Assaying SA Binding to Biotinylated T Domain Mutants.
Because SA and the T domain form a complex that is stable
on SDS gels (8), SA binding to biotinylated T domain
mutants was assayed by the disappearance of the free T
domain band on an SDS polyacrylamide gel upon the
addition of SA. A 10µL sample containing 0.1 mg/mL
biotinylated T domain was prepared by dilution (if necessary)
of a stock solution of biotinylated T domain with additional
Tris buffer, pH 8.2, or by dilution with a mixture of Tris
buffer and a 3µL aliquot from a 2 mg/mL solution of SA/
water. After the mixture was incubated for 15 min at room
temperature, 0.5µL of 10 mM D-biotin was added to the
SA-containing samples to inactivate excess SA. After the
appropriate aliquot of 4X loading buffer (8) was added,
SDS-PAGE was performed using precast 8-25% Phastgels
on a Phastsystem instrument (Pharmacia Biotech) and
visualized using Coomasie Blue staining.

Entrapping BOD-SA or Anti-CB Antibodies in Model
Membrane Vesicles.BOD-SA was trapped inside large
unilamellar vesicles (LUV) formed by octylglucoside (OG)
dialysis (8, 11) at 4 °C. The LUV were composed of
70%DOPC/30%DOPG (mol/mol) and 0.02% rhodamine-PE,
the latter being used as a fluorescent marker of lipid. To 10
µmol of dried lipid were added 20 mg of solid OG and either

a 100 µL aliquot from a 1 mg/mL solution of BOD-SA
dissolved in Tris buffer, pH 8.2, or a 14µL aliquot from a
7 mg/mL solution of unlabeled SA dissolved in Tris buffer,
pH 8.2. For the samples containing BOD-SA, a subsaturating
4.5 µL aliquot from a solution containing 210µM D-biotin
dissolved in 100 mM Na phosphate and 150 mM NaCl, pH
7.2, was added [0.5:1, biotin:BOD-SA (mol:mol)] to give a
more linear response of BOD fluorescence enhancement
upon binding to biotin (see Results for details). The samples
were brought to a volume of 1 mL with acetate buffer, pH
4.5.

The samples were then dialyzed against 5 L of 50 mM
Na acetate and 150 mM NaCl, pH 4.5 (dialysis buffer), and
passed over a Sepharose 4B-CL column (0.5 cm radius, 40
cm length) to separate the free BOD-SA from the vesicle-
entrapped BOD-SA. The samples were eluted from the
column using the dialysis buffer, and the one or two fractions
containing the most lipid were pooled. The free BOD-SA
was saved for use in later experiments. The trapping
efficiency was found to be about 10%, determined by BOD
fluorescence. The final concentration of lipid and trapped
BOD-SA was 3-5 mM and 2.8-4.7 µg/mL, respectively.
BOD-SA remained trapped inside the vesicles for 3-4 weeks
as assessed by a negligible BOD fluorescence increase
(>5%) upon addition of externally added biotinylated 3 kDa
dextran. [When an equivalent amount of BOD-SA was just
dissolved in solution, the fluorescence increased severalfold
when added to biotinylated dextran (not shown).] Unlabeled
SA was trapped using the same procedure as for BOD-SA.

Anti-CB antibodies were trapped inside LUV using a
protocol similar to that above. Immediately prior to dialysis,
the concentration of anti-CB antibody was 3 mg/mL, the lipid
concentration was 10 mM, and the OG concentration was
20 mg/mL, and all were dissolved in a final volume of 0.5
mL of phosphate-buffered saline, 10 mM Na2HPO4, 1.8 mM
KH2PO4, 2.7 mM KCl, 137 mM NaCl pH 7.2, 5 mM azide.
The dialysis/Sepharose 4B elution buffer was Tris buffer,
pH 8.2. The trapping efficiency for anti-CB antibodies was
about 10% as determined by antibody Trp fluorescence. The
final concentrations of lipid and trapped anti-CB were 1-3
mM and 33-50µg/mL (about 0.22-0.33µM), respectively.
Anti-CB antibodies remained trapped inside the LUV for
3-4 weeks as determined by the relative lack of quenching
of CB fluorescence (e10%) upon addition of free CB to
trapped anti-CB in the absence of the T domain.

Fluorescence Measurements.The fluorescence was mea-
sured at room temperature with a Spex 212 Fluorolog
spectrophotometer operating in ratio mode. Unless otherwise
noted, measurements were made in a semi-microquartz
cuvette (excitation path length 10 mm, emission path length
4 mm). The excitation and emission slit widths used were
2.5 and 5 mm, respectively. The excitation and emission
wavelength sets for Trp, BOD, CB, and Texas Red were
[280, 335], [488, 516], [385, 417], and [580, 608] nm,
respectively. The Trp fluorescence intensity was averaged
over a 6 speriod. For the other fluorophores, a 10-15 s
period was used.

Interaction of Biotinylated T Domain Mutants with Ex-
ternally Added and Vesicle-Entrapped BOD-SA. The degree
of interaction of externally added BOD-SA with LUV-
inserted biotinylated T domain mutants was determined as
follows: a binding stock solution containing 20µg/mL T
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domain [composed of 18µg/mL unlabeled “wild-type” T
(WT T), which contains an N-terminal hexaHis tag but no
Cys residues, plus 2µg/mL biotinylated T domain] and LUV
at a lipid concentration of 1.9-2.2 mM was prepared in a
final volume of 80µL. To do this, typically, 1.6-5.2 µL of
a solution containing the T domain mixture in Tris buffer,
pH 8.2, was added to LUV that were prepared in and diluted
to 78.4-74.8 µL with acetate buffer, pH 4.5. The pH
remained within 0.1 pH units of 4.5. The vesicles used had
either no trapped protein (empty LUV) or trapped unlabeled
SA (LUV/SA). Because the SA and BOD-SA trapping
efficiencies were about equal (data not shown), the concen-
tration of trapped unlabeled SA was about 2µg/mL at this
stage. The samples containing empty LUV were preincubated
at this stage for 10 min while the LUV/SA samples were
preincubated for 30 min.

In a separate tube, a 5-10 µL aliquot containing 0.14µg
of untrapped BOD-SA dissolved in dialysis buffer, pH 4.5,
was made up to 630µL with acetate buffer, pH 4.5. (The
BOD-SA concentration was calculated by the BOD fluores-
cence intensity relative to that of a known dilution of the
BOD-SA stock solution.) The BOD fluorescence of this
sample was measured as described above. Then, the reaction
between biotinylated T domain and BOD-SA was initiated
by adding 70µL of the above-described binding stock
solution containing the vesicle-inserted T domain to the 630
µL of BOD-SA diluted with acetate buffer, while stirring,
and the BOD fluorescence was remeasured at time intervals
of 5, 10, and 30 min. The final concentrations were as
follows: 0.19-0.22 mM lipid, 0.2 µg/mL biotinylated T
domain, 1.8µg/mL unlabeled WT T domain, 0.2µg/mL
external BOD-SA, and (when present) 0.2µg/mL trapped
unlabeled SA.

To assay the amount of interaction of biotinylated T
domain mutants with LUV-entrapped BOD-SA (LUV/BOD-
SA), a 40-60µL aliquot of LUV/BOD-SA in dialysis buffer,
pH 4.5, was diluted to 695-698µL with acetate buffer, pH
4.5, and the initial fluorescence was measured. The exact
volume of the BOD-SA aliquot was chosen to give a final
concentration of 0.2µg/mL as judged by its BOD fluores-
cence. Then, the reaction between biotinylated T domain and
vesicle-entrapped BOD-SA was initiated by adding a 1.4-
4.6µL aliquot containing a mixture of 0.29µg of biotinylated
T domain and 2.6µg of unlabeled WT T domain (both
dissolved in Tris buffer, pH 8.2), while stirring. The
fluorescence of the sample was recorded at time intervals
of 5, 10, and 30 min. The final sample volume was 700µL,
and the concentrations of all components were the same as
in the above-described samples containing external BOD-
SA. The final pH remained within 0.1 pH units of 4.5. In
experiments in which the behavior of biotin labels or free
biotin were examined, the procedure was identical except
that an equivalent concentration of biotin was used in place
of the T domain.

We defined the % external reactivity from the following
formula:

where F is the BOD-SA fluorescence after reaction with
biotin; Fo is the initial BOD-SA fluorescence (prior to the

addition of biotin); (F - Fo)ex is the amount of BOD
fluorescence increase observed in samples where BOD-SA
was externally added to vesicles containing the biotinylated
T domain; and (F - Fo)tr is the amount of BOD fluorescence
increase observed in samples where the biotinylated T
domain was added to vesicles with entrapped BOD-SA.
Background intensities from samples lacking BOD-SA were
subtracted to obtain the BOD fluorescence intensities, and
for external BOD-SA experiments, BOD fluorescence values
were corrected for the initial dilution by the vesicle-
containing aliquot. Each experiment used duplicate samples
and was performed two or three times for each condition
tested.

Pore Formation Determined by CB Influx.The pore-
forming ability of biotinylated T domain mutants was
determined by CB influx into LUV containing trapped anti-
CB antibodies. A 40-60 µL aliquot of LUV containing
buffer or LUV containing entrapped anti-CB (prepared as
described above) was diluted with acetate buffer, pH 4.5, to
300µL less the volume of the T domain and CB to be added
(see below). To this, a small aliquot (6-24µL) of Tris buffer,
pH 8.2, containing 1.2µg of either biotinylated T domain
or 1.2µg of biotinylated T domain preincubated for 20 min.
with 7 µg of SA was added while vortexing. After a 20 min.
incubation, the sample was transferred to a microcuvette
(excitation path length 4 mm, emission path length 4 mm),
and the fluorescence intensity at CB wavelengths was
measured to determine the background values. After the
mixture was retransferred to a test tube, a 5-7 µL aliquot
from a solution of 0.1µM CB/Tris buffer, pH 8.2, was added.
The final sample had a volume of 300µL and contained
200µM lipid, ∼0.05µM trapped anti-CB,∼2 nM CB, and
4 µg/mL T domain. The final pH remained 4.5. The sample
was vortexed briefly and incubated for 1 h atroom temper-
ature before the fluorescence was remeasured. Finally, to
determine the maximum amount of quenching possible, the
fluorescence was remeasured after 6µL of 200 mg/mL OG
was added to disrupt the vesicles. The addition of OG did
not affect the binding of CB to anti-CB (data not shown).
The % of maximum quenching was calculated with the
following formula:

whereFo is the fluorescence of a sample containing empty
LUV; Fanti-CB is the fluorescence of a sample containing
vesicle-entrapped anti-CB;Fanti-CB-OG is the fluorescence of
a sample containing vesicle-entrapped anti-CB after the
addition of OG; andFo-OG is the fluorescence in the samples
containing empty LUV after the addition of OG. For each
sample, three separate fluorescence readings were taken, with
mixing between each reading, and averaged. Each experiment
consisted of duplicate samples for each condition tested, and
the experiments were performed 2-3 times.

Lipid Binding of Biotinylated T Domain Mutant 349
Assayed by Migration in a Sucrose Gradient. The binding
of T domain biotinylated on residue 349 (T349-biotin-IA) to
LUV, with and without SA prebound to the T domain, was
determined by migration in a sucrose gradient. To detect the
T domain, T349-biotin-IA was labeled with TxR-SE. To do this,

% external reactivity) {(F - Fo)ex/[(F - Fo)ex +
(F - Fo)tr]} × 100%

% of maximum quenching)
fraction quenching/fraction quenching in detergent)

{[1 - (Fanti-CB/Fo)]/[1 - (Fanti-CB-OG/Fo-OG)]} × 100%
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a 0.5 mL aliquot of a 100µg/mL solution of T349-biotin-IA

was dialyzed against 5 L of 100 mMsodium carbonate and
150 mM NaCl, pH 8.3, buffer overnight to prevent TxR-SE
reaction with the Tris in which the T domain was stored.
Next, 6.3µL of an 8 mM solution of TxR-SE dissolved in
dimethyl sulfoxide was added to the biotin-349 T [20:1 (mol:
mol) TxR-SE: T349-biotin-IA] and the sample was incubated
with shaking for 1 h at room temperature. To remove the
unreacted TxR-SE, the sample was dialyzed against 5 L of
Tris buffer, pH 8.2, overnight with one change of buffer.
This was sufficient to remove the free TxR-SE to a level
that contributede5% of the fluorescence in the protein-
containing sample.

The samples containing TxR-labeled T349-biotin-IA (TxR-
T349-biotin-IA) were preincubated with SA in the presence and
absence of LUV at pH 4.5 and pH 8.2. To do this, a 7.5µL
aliquot from a 2 mg/mL solution of SA dissolved in water
was added to a 25µL aliquot of TxR-biotin-T and the
mixture was incubated at room temperature for 20 min.
Separately, 25µL of a LUV preparation [10 mM 3:7 DOPG:
DOPC (mol:mol) in the appropriate buffer] was mixed with
192.5µL of acetate buffer, pH 4.5, or Tris buffer, pH 8.2.
The LUV and TxR-T349-biotin-IA/SA or TxR-T349-biotin-IA

solutions were mixed. The samples were then diluted 2-fold
to 0.5 mL with a solution containing 80% (w/v) sucrose
dissolved in acetate or Tris buffer, as appropriate. The final
concentrations of TxR-T349-biotin-IA, SA, and lipid were 5µg/
mL, 30µg/mL, and 0.5 mM, respectively. The samples were
transferred to a 5 mLcentrifuge tube and carefully overlaid
with 3 mL of acetate or Tris buffer containing 25% (w/v)
sucrose. Finally, 1 mL of acetate or Tris buffer without
sucrose was carefully placed on top. The sample was then
placed in a SW-60 rotor and centrifuged at 38000 rpm in a
Beckman model L8-55 Ultracentrifuge for 3.5 h at 23°C.

After centrifugation, the opaque lipid band was readily
visible near the interface between the 0 and the 25% sucrose
solutions. Fractionation of the sample was performed by
cautiously collecting 0.45 mL aliquots from the very top of
the gradient yielding 10 fractions in total. The TxR fluores-
cence was measured in each fraction as described above.
The percentage of TxR fluorescence in each fraction was
calculated with the following formula: (Ffrac/Ftotal) × 100%,
whereFfrac is the fluorescence in an individual fraction and
Ftotal is the sum of the fluorescence in all fractions. The
average fluorescence from duplicate samples was calculated.

RESULTS

Strategy to Detect Biotinylated Residues Exposed to the
trans Side of the Bilayer Using Vesicle-Entrapped BOD-SA.
A spectroscopic biotin/SA assay was used to explore the
topography of biotinylated T domain mutants inserted into
lipid vesicles. Previous investigators had shown that the
fluorescence of a BOD-labeled avidin increases upon addition
to biotin and can be used to assay the exposure of biotinylated
groups to avidin (33-35). We developed a variation of this
assay for use with BOD-SA. Figure 3 illustrates how the
BOD-SA assay would respond to different topographies
(Figure 3, cases i-iii). When all of the biotin tags are
attached to a residue face, the vesicle exterior (case i), an
increase in BOD fluorescence intensity would be observed
when BOD-SA is added externally to buffer-filled vesicles

(Figure 3, top left) but not when BOD-SA is trapped inside
the vesicle lumen (Figure 3, top center). The % of reactivity
with external BOD-SA relative to total reactivity with
external and trapped BOD-SA () % external reactivity)
would be equal to 100% (Figure 3 bottom, left). If the biotin
tags face the interior of the vesicle (case ii), then an increase

FIGURE 2: Fluorescence enhancement and kinetics of BOD-SA
interaction with free biotin and biotinylated T domain. (A) Change
in BOD fluorescence of 0.15µg/mL BOD-SA upon addition of
increasing amounts of free D-biotin at pH 8.0 (diamonds) or pH
4.5 (triangles). (B) Change in BOD fluorescence of 0.15µg/mL
BOD-SA upon addition of increasing amounts of T378-biotin-IA at
pH 4.5 in the presence (filled circles) or absence (open circles) of
70% DOPC and 30% DOPG (mol:mol) SUV. The lipid concentra-
tion was 200µM. (C) Change in BOD fluorescence as a function
of time after the addition of 0.02µM free D-biotin (open squares)
or 0.02µM (0.4 µg/mL) T378-biotin-IA (filled squares) to 0.15µg/
mL BOD-SA in the presence of SUV composed of 70% DOPC
and 30% DOPG (mol:mol) at pH 4.5. The lipid concentration was
200 µM. The Y-axis in panels A-C indicates the increase in the
raw BOD fluorescence upon the addition of free D-biotin or
T378-biotin-IA in relative units (RU). The initial fluorescence values
for 0.15µg/mL BOD-SA were about 50× 103 RU at pH 8.0 and
60 × 103 RU at pH 4.5 prior to addition of biotin. These and all
subsequent experiments were carried out at room temperature.
Panels A and C show representative examples of experiments
performed multiple times.
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in BOD fluorescence intensity would be observed with the
vesicle-entrapped BOD-SA but not when BOD-SA was
added externally. In that case, the % external reactivity would
be 0% (Figure 3 bottom, second from left). Another
possibility is that the T domain stably inserts in a mixed
orientation with a certain fraction of the biotin tags facing
the vesicle exterior and the remaining biotin tags facing the
interior of the vesicle (a mixture of case i plus case ii). In
this situation, the % external reactivity would reflect the
fraction of biotin tags that are facing the vesicle exterior
(Figure 3 bottom, second from right).

A final possibility is one in which a labeled residue is
attached to a segment of the T domain that does not insert
in a stable, fixed orientation but instead moves back and forth
across the bilayer (case iii). In this case, the % external
reactivity would have some intermediate value dependent
on the rate of movement across the bilayer. If the rate of
equilibration was rapid, the % external reactivity would be
50% (Figure 3, bottom right).

For the first three possibilities discussed above, preincu-
bation of the biotinylated T domain with vesicle-entrapped
unlabeled SA (Figure 3, top right) instead of buffer-filled
vesicles (Figure 3, top left) would not affect the level of
reactivity with subsequently added external BOD-SA (Figure
3, bottom, open bars). However, in the case of a rapid
movement of a biotinylated segment of the protein back and
forth across the bilayer, preincubation with vesicles contain-
ing trapped unlabeled SA would result in binding of the
biotin to the unlabeled SA and thus suppressed reactivity

with BOD-SA that was subsequently added externally
(Figure 3, bottom right). The level to which the reactivity
was suppressed by trapped SA would depend on the rate
that the biotinylated group crosses the bilayer. Thus, by using
vesicles containing trapped unlabeled SA, it is possible to
distinguish intermediate values of % external reactivity
arising from a stable mixed orientation from those arising
from residues equilibrating across the bilayer.

Fluorescence Properties of BOD-SA upon Interaction with
Biotin. Previous studies had shown that the fluorescence of
BOD-avidin increases upon addition to biotin at neutral pH
(33). Because we used BOD-SA in place of BOD-avidin and
because membrane insertion of the T domain requires a low
pH environment, the interaction of biotin with BOD-SA at
low pH was studied to define conditions needed for the study
of T domain topography. As shown in Figure 2A, titration
of BOD-SA with increasing amounts of free D-biotin results
in a similar increase in BOD fluorescence at both pH 4.5
and pH 8.5, indicating that the interaction is largely pH-
independent in this range. We concluded that the BOD-SA
can be substituted for BOD-avidin and used at a low pH.
However, the initial BOD fluorescence of BOD-SA was
higher at a low pH. This may mean that some BOD moves
out of the biotin binding pocket on SA at a low pH even in
the absence of biotin.

The titration of BOD-SA with the T domain having a
biotin attached to a Cys introduced at residue 378 (T378-biotin-IA)
was also studied (Figure 2B). Residue 378 was labeled
because it remains highly exposed to the external surface of

FIGURE 3: Schematic representation of BOD-SA assay used to detect residue exposure to different sides of the bilayer. Top: schematic
representation of the interaction of BOD-SA (BOD-SA-labeled diamond) with the biotinylated T domain (oval) when BOD-SA is added
externally to vesicles (left), entrapped inside vesicles (middle), or added externally to vesicles containing trapped unlabeled SA (SA-labeled
diamond) (right). External BOD-SA is added to vesicles after T domain insertion. Biotinylated T domain molecules are illustrated in
situations in which the biotin tag (B) is attached to a residue facing the outside of the vesicle (i), facing the inside of the vesicle (ii), or
rapidly equilibrating (double arrows) back and forth across the bilayer (iii). In the case of biotin equilibration across the bilayer, the brackets
denote the side on which biotin tags disappear due to reaction with either BOD-SA or SA. Bottom: theoretical values for % biotin reactivity
with external BOD-SA relative to total reactivity with external and trapped BOD-SA under different conditions. Shaded bars: % external
reactivity calculated for samples with external BOD-SA added to buffer-containing vesicles with the bound T domain (-). Open bars: %
external reactivity calculated for samples with external BOD-SA added to vesicles with entrapped unlabeled SA and bound T domain (+).
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the bilayer when the T domain is inserted into SUV (29).
The enhancement of BOD fluorescence in response to
increasing amounts of T378-biotin-IA in the presence of SUV
at a low pH was similar to that observed for free D-biotin.
This indicates that attachment of the biotin molecule to the
T domain does not hinder the interaction with BOD-SA.
However, in the absence of SUV, there was very little
interaction of T378-biotin-IA with BOD-SA at a low pH. This
is most likely due to steric hindrance of SA binding to biotin
arising from the low pH-induced T domain aggregation in
solution (4).

The kinetics of the interaction of BOD-SA with T378-biotin-IA

and free D-biotin was examined at a low pH in the presence
of SUV (Figure 2C). The reaction rate was more rapid for
biotin (complete within a minute) than for the biotinylated
T domain (almost complete within 10 min). In the reaction
of BOD-SA with other biotinylated T domain mutants, we
studied displayed kinetics similar to those with T378-biotin-IA

(data not shown). Because the reaction within the biotinylated
T domain did increase a small amount after 10 min, an
incubation time of 30 min was used in subsequent experi-
ments.

Topography of Biotinylated T Domain as Determined by
the BOD-SA Assay.Next, the BOD-SA topography assay
was applied to a series of biotinylated T domain molecules.
A set of 10 single Cys T domain mutants, mostly in the
hydrophilic loop regions joining TH5-9, were labeled with
biotin-IA. Their topographical location was assessed using
LUV into which the externally added T domain was inserted
at a low pH. Under these conditions, the T domain spontane-
ously forms the more deeply inserted “TM state” (28-30).
Figure 4 shows the % external BOD-SA reactivity for these
biotinylated proteins. In almost all cases, roughly 70-80%
of the total BOD fluorescence increase was observed with
externally added BOD-SA (Figure 4, shaded bars). This
indicated that for most residues 70-80% of the SA reactive
population was exposed to the external surface of the vesicle.
(Because the T domain is added externally, the external

surface is equivalent to the cis side of the bilayer.) The only
exception to this pattern was residue 349 for which the %
external reactivity was only 33%. This indicated that for most
T domain molecules residue 349 reached the trans side of
the bilayer. This was expected, because this residue is located
in the very short loop region joining two transmembrane
helices, TH8 and TH9 (see below).

These experiments were also carried out using T domains
biotinylated on residues 311 or 356, both of which have
previously been shown to be deeply buried in the bilayer
when the T domain is in the TM state (28-30). Consistent
with deep burial, the absolute BOD-SA fluorescence increase
was 2-3 lower fold for residues 311 and 356 than for the
other residues (data not shown). However, a residual
fluorescence increase was observed. This was probably due
to a subpopulation of proteins that did not insert in the TM
state (see below). This reactive T domain subpopulation
exhibited a % external reactivity of 70-75% (data not
shown).

To determine whether the T domain residues were able
to rapidly equilibrate across the bilayer, each biotinylated
mutant T domain was preincubated with vesicles containing
trapped unlabeled SA. Preincubation with vesicles containing
trapped SA had little, if any, effect on the % external
reactivity (Figure 4, open bars as compared to shaded bars).
We concluded that the T domain stably inserted at a low
pH, such that none of the residues examined were able to
equilibrate across the membrane after insertion.

As a control to confirm that equilibration of biotin groups
across the bilayer could be detected by this assay, we used
free biotin. Free biotin can traverse the lipid bilayer (34, 35).
As shown in Figure 4, externally added biotin was able to
react with trapped BOD-SA to some degree and preincuba-
tion of externally added free biotin with vesicles containing
trapped unlabeled SA greatly reduced the % external
reactivity with BOD-SA subsequently added externally
relative to the % external reactivity when using buffer-
containing vesicles (Figure 4, far right). These results confirm
that the BOD-SA assay can detect the significant fraction
of biotin that crosses the bilayer over the period of the assay.

Effect of Biotin Label on T Domain Topography. It was
important to determine if biotinylation altered the T domain
conformation or topography. We were initially concerned
that a label with a long linker arm between the T domain
and the biotin could lead to ambiguous results because the
biotin might locate at a position in a membrane that is
different from that of its attachment site. For this reason,
biotin-IA, which has a shorter linker arm than most other
available biotin probes, was chosen. Nevertheless, we decided
to perform controls comparing biotin-IA to biotin-HPDP, a
biotinylation reagent with a longer linker arm. The biotin-
HPDP-labeled T domain had previously been used to detect
the exposure of T domain residues to the trans side of planar
lipid bilayers, and the biotin-HPDP label did not hinder T
domain insertion under a variety of conditions (27). As
shown in Figure 5, biotin-IA by itself translocates across
bilayers much more slowly than biotin-HPDP. About 30%
of the biotin-HPDP crossed the bilayer in 30 min. This
suggested that biotin-HPDP would be less likely to prevent
membrane penetration. However, this did not mean that
biotin-IA would prevent membrane insertion. Attachment to
a hydrophobic sequence should greatly enhance the ability

FIGURE 4: Percent external reactivity for biotinylated T domain
mutants. The % external reactivity is shown for a series of
biotinylated T domain Cys mutants using vesicles without (shaded
bars,-) or with (open bars,+) 0.2 µg/mL entrapped unlabeled
SA. Samples contained 2µg/mL total T domain (0.2µg/mL
biotinylated T domain, 1.8µg/mL unlabeled WT T), 0.2µg/mL
BOD-SA, and 0.19-0.22 mM lipid (70% DOPC and 30% DOPG
LUV) in acetate buffer, pH 4.5. TheX-axis numbers indicate the
position of the biotinylated Cys in the T domain sequence. In the
free biotin experiment, an amount of biotin equivalent to that in
the protein-containing samples (0.01µΜ) was used.
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of a biotin label to penetrate the bilayer. This was confirmed
by the observation that biotin-IA attached to residue 349 was
able to cross bilayers (see above).

Nevertheless, we were concerned that biotin labeling
would prevent proper membrane insertion under some
conditions. Therefore, we examined whether biotin labeling
by either of these biotinylation agents prevented proper
insertion of the T domain. To do this, the interaction of
biotinylated 356 with externally added BOD-SA was exam-
ined in the presence of SUV. Residue 356 was chosen
because it is located in the hydrophobic portion of helix TH9
and becomes deeply buried in the bilayer when the T domain
switches from the shallowly inserted P state to the more
deeply inserting TM state (29). There was a significant
decrease in reactivity of T356-biotin with externally added
BOD-SA in the presence of DMoPC-containing SUV, in
which the T domain forms the TM state (Figure 5A, striped
bars), relative to that in DOPC-containing SUV, in which
the T domain forms the P state (Figure 5A, open bars), for
both biotin-IA and biotin-HPDP labeling agents. The de-

crease in reactivity (>50%) was similar to the previously
observed decrease in anti-BOD antibodies binding to T
domains labeled on residue 356 with hydrophobic BOD
groups under similar conditions (28, 29). This indicates an
ability of both biotin-IA and biotin-HPDP labels attached to
residue 356 to penetrate the bilayer.

Still, it is possible that biotin-IA labeling might give
different topography results than biotin-HPDP labeling due
to its lesser ability to penetrate the bilayer. In particular, we
were concerned that the formation of a TM orientation by
either TH5 or TH6/7 might be prevented due to biotin-IA
labeling. To rule this out, the topographical locations of
residues 265 and 293 were studied with biotin-HPDP. These
residues are in the loops joining TH4 to TH5 and TH5 to
TH6, respectively. If TH5 or TH6/7 formed a TM state, one
or both of these residues would have to be located on the
trans side of the bilayer. However, biotin-HPDP attached to
the T domain containing Cys at residues 265 or 293 exhibited
about 80% external reactivity, a value similar to that obtained
with biotin-IA labeling (compare Figure 4 and Figure 5B),
thus indicating a primarily cis location for these residues. It
should be noted that in the open channel state a biotin-HPDP
label attached to several residues N-terminal to TH5 (residues
235, 261, and 267) does move to the trans side of the bilayer,
and thus, TH5 does form a TM helix in that state (27) (see
Discussion). We concluded that it was very unlikely that the
use of biotin-IA prevented TM insertion of helices 5-7.

Effect of SA Binding on Pore Formation.The ability of
the T domain to form pores in lipid bilayers is believed to
be a key feature of the mechanism of A chain translocation.
To investigate the relationship between topography and pore
formation, we assessed the effect of binding SA to the
biotinylated T domain prior to membrane insertion upon
subsequent pore formation by the T domain. The reasoning
was that the binding of SA to a biotinylated residue should
not greatly affect insertion or pore formation if attached to
a residue that is exposed to the aqueous solution on the cis
side of the bilayer in the membrane-inserted state. In contrast,
because SA is a large and stably folded protein, it should
not be able to move across the bilayer; thus, binding of SA
to a residue that normally moves to the trans side of the
bilayer should block proper insertion of that residue. In such
a case, if the labeled residue were part of a sequence
important for pore formation, SA binding would block pore
formation.

To assay for pore formation, we measured the influx of
CB dye molecules into the vesicles. This was detected by
fluorescence quenching of externally added CB by vesicle-
entrapped anti-CB antibodies (11). [Antibodies are too large
to escape vesicles through the T domain-induced pores (11,
12, 14, 36, 37).] One advantage of measuring influx was
that the CB could be added after the T domain was
preincubated with the vesicles. This eliminated the possibility
of CB influx due to transient lesions in vesicle integrity that
might exist only at the moment of T domain insertion.

We first characterized the dependence of pore formation
upon T domain concentration. Figure 6A shows that the %
quenching of CB fluorescence increased linearly with an
increasing T domain concentration. This means that the
concentration of pore-forming T domain molecules in a
sample should be linearly reflected in the % quenching of

FIGURE 5: Effect of the type of biotin label used on reactivity with
BOD-SA. T domain mutants with Cys at residues 265, 293, or 356
were labeled with biotin-IA or biotin-HPDP. (A) BOD fluorescence
increase observed upon addition of externally added BOD-SA to
SUV-bound T356-biotin inserted in the P state (vesicles composed
of 70% DOPC and 30% DOPG) (open bars) or TM state (vesicles
composed of 70% DMoPC and 30% DOPG) (striped bars) at pH
4.5. The lipid concentration was 200µM. TheY-axis denotes BOD
fluorescence in RU. (B) The % external reactivity is shown for
free biotin labels (biotin-IA and biotin-HPDP) and LUV-inserted
T domain mutants 265 and 293 labeled with biotin-HPDP, using
vesicles without (shaded bars,-) or with (open bars,+) 0.2 µg/
mL vesicle-entrapped unlabeled SA. The final concentration of the
free biotin labels was 0.01µM. All other conditions are as in Figure
4.
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CB fluorescence. [Because the T domain has been known
to cause vesicle fusion (38), we were concerned that a
fraction of the CB quenching that we observed was due to
CB leaking into vesicles during vesicle fusion rather than
via T domain-induced pores. This possibility was ruled out
using a fluorescence resonance energy transfer-based lipid
mixing assay (39). In control experiments, we found
negligible fusion during the CB influx assay period, which
starts after preincubation of the T domain with vesicles (data
not shown).]

Next, we tested a series of biotinylated T domain mutants
for their ability to form pores (Figure 7). Addition of the
biotinylated T domain mutants to vesicles resulted in a level
of CB fluorescence quenching similar to that observed with
the unbiotinyated WT T domain (Figure 7, open bars). This
indicated that biotin labeling did not significantly interfere
with the ability of the T domain to form pores.

The effect of prebound SA upon pore formation was then
examined. Unless otherwise noted, we confirmed that almost
all of the biotinylated T domain mutants had bound to SA
prior to addition to vesicles (some examples are shown in
Figure 6B). Complexes of SA with mutants biotinylated on
residues predominantly exposed to aqueous solution on the
cis bilayer surface (residues 203, 265, 288, 293, and 378)
showed that the bound SA had little or no effect on the
amount of CB fluorescence quenching (Figure 7, shaded
bars). This is consistent with the expectation that binding of
SA to such residues should not interfere with normal

membrane insertion. An alternative interpretation is that these
residues may reside in parts of the protein that are not critical
for pore formation.

In contrast to the binding of SA to predominantly cis side-
locating residues, binding of SA drastically reduced the
amount of CB quenching observed when biotin was attached
to the predominantly trans side-locating residue 349. A
reduction in CB quenching was also observed when SA was

FIGURE 6: Pore formation by the WT T domain and analysis of SA binding to biotinylated T domain mutants. (A) The effect of T domain
concentration on CB influx into vesicles containing trapped anti-CB antibodies. Various amounts of the WT T domain were added to LUV
composed of 70% DOPC and 30% DOPG and containing∼0.05µM trapped anti-CB at pH 4.5. The lipid concentration was 200µM. After
15 min, an aliquot of CB was added to a final concentration of∼2 nM. The fluorescence was measured after a 1 h ofincubation. The %
maximum CB fluorescence quenching is % quenching/% quenching in the presence of excess octyl glucoside. (B) SDS-PAGE of 0.1
mg/mL biotinylated T domain mutants preincubated with (+ lanes) and without (- lanes) 0.6 mg/mL SA in Tris buffer, pH 8.2. Numbers
refer to the residue that is labeled. The disappearance of the free T domain band reflects the formation of higher molecular weight T
domain-SA complexes. (Bands representing T domain-SA complexes were detected but were not analyzed because they corresponded to
a mixture with various stoichiometries and overlapped the diffuse free SA band.) All other biotinylated T domain mutants tested yielded
similar results to those shown.

FIGURE 7: Effect of SA-T domain complex formation upon T
domain-induced pore formation. The effect of biotinylated T domain
mutants upon CB influx into LUV was measured as described in
Figure 6A. Samples contained 4µg/mL biotinylated T domain (open
bars) or 4µg/mL biotinylated T domain complexed with 24µg/
mL SA prior to addition of LUV (striped bars). WT) unbiotiny-
lated WT T domain.
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bound to a biotin attached to residues 348 and 351, although
to a somewhat lesser extent.

One explanation for the ability of SA to inhibit pore
formation of T domain molecules biotinylated on residues
348, 349, and 351 is that attaching a SA molecule to the
short loop region between TH8 and TH9 (residues 347-
355) severely disrupts pore formation by blocking the
movement of this loop region to the trans surface. This is
consistent with topography data indicating that this loop is
the only portion of the T domain that reaches the trans side
of the bilayer. Incomplete blockage of pore formation in
complexes of SA with T349-biotin-IA could be due to the fact
that the minor subpopulation of T domain molecules with
an inverted orientation can still insert properly. The lesser
blockage of quenching observed with complexes of SA and
T348-biotin-IA and T351-biotin-IA may partly be due to fact that
these biotinylated residues exhibited slightly less complete
binding to SA in solution (data not shown).

An alternate possibility is that residues 348, 349, and 351
are located at the opening of the pore and bound SA partially
occludes pore formation sterically. This is consistent with
the observation that in the open channel state the pore is
formed by the TH8/TH9 transmembrane hairpin (19).
However, this explanation seems unlikely because it requires
that SA translocates such that TH8 and TH9 can form a
normal TM hairpin.

On the other hand, it is quite possible that partial occlusion
of the pore opening is responsible for the (small) inhibition
of pore formation upon SA binding to a biotin attached to
the TH9-bordering residue 378. Residue 378 remains on the
cis surface of the bilayer, and so, this mechanism of inhibition
would not require translocation of SA.

An additional trivial explanation for the loss of pore
formation would be that SA bound to residues such as 349
prevented the T domain from binding to lipid vesicles. To
test this, we fluorescently labeled T349-biotin-IA with amine-
reactive TxR and analyzed its ability to bind to LUV after
preincubation with SA on a sucrose density gradient.

When a complex of TxR-labeled T349-biotin-IA and SA was
added to LUV at low pH,∼90% of the TxR fluorescence
was found in the lipid-containing fractions near the top of
the gradient, whereas in the absence of lipid the protein
complex remained at the bottom of the gradient (data not
shown). In addition, in the presence of LUV at a high pH,
a condition in which the T domain remains folded and does
not strongly interact with lipid (40), ∼90% of the TxR
fluorescence remained at the bottom of the gradient (data
not shown). These data indicate that SA binding to residue
349 does not prevent the T domain from binding to lipid.

Finally, we tested the effect of SA binding upon pore
formation using biotinylated residues within hydrophobic
sequences (residues 311 and 356). SA binding to neither
residue 311 nor 356 affected the amount of CB quenching
observed (data not shown). This was true even when residue
356 was labeled with the more membrane permeable biotin-
HPDP. Possible explanations for these observations are
considered in the Discussion.

DISCUSSION

Use of BOD-SA to Probe Topography, Orientation, and
Equilibration across Bilayers.Defining the topography of

the membrane-inserted T domain is a key step necessary for
understanding the mechanism by which it facilitates the
translocation of the toxin’s catalytic domain across a lipid
bilayer. Unfortunately, protein toxins such as DT are among
the most challenging targets for topographical analysis.
Unlike ordinary membrane proteins, they tend to have
membrane-penetrating segments with hydrophobicity values
that are sufficiently low as to be ambiguous indicators of
transmembrane orientation. In addition, they can exist in a
number of conformations and orientations depending on
experimental conditions (28-30, 41, 42). Such conforma-
tional flexibility may be inherent to their ability to carry out
protein translocation but multiplies the difficulty of topo-
graphical analysis. Finally, they often insert only under
conditions (such as low pH) that rule out and/or greatly
complicate a variety of conventional methods for the analysis
of topography.

Our previous studies allowed us to limit the possible
arrangements of TH5-9 in the membrane-inserted state (30).
However, a more definitive topography required methods
to detect if specific residues reach the trans side of the
membrane and if they did so in a stable fashion. To
accomplish this, we developed a biotin/SA-based approach.
We previously used SA binding to crudely assay the
topography of intact DT-containing biotinylated Lys (8). The
effect upon channel formation of SA binding to individual
biotinylated Cys residues has previously been studied in
much more detail for the membrane-inserted T domain and
for membrane-inserted colicin Ia, to identify which residues
reside on the cis and trans sides of the bilayer when these
proteins are in the open channel conformation (27, 41, 43,
44).

SA binding to membrane-inserted proteins can also be
assessed spectroscopically. Biotin binding to BOD-labeled
avidin can be detected because it displaces BOD from the
biotin binding pocket, in which its fluorescence is thought
to be quenched by Trp residues (33). The fluorescence
enhancement of a BOD-avidin conjugate upon its binding
to biotin that was attached to the GALA peptide has been
used to determine GALA orientation in lipid bilayers (34,
35). Here, we have further refined this approach by using
BOD-SA. SA is nonglycosylated and has a neutral isoelectric
point, factors that should reduce interference from electro-
static interactions of avidin with lipid. More importantly, we
introduced protocols for detecting cases in which residues
equilibrate back and forth across the bilayer. Using this
approach, we could fully evaluate the exposure of individual
residues to the cis and trans sides of the bilayer.

Topography of the Membrane-Inserted T Domain: For-
mation of a Stable, Nonclassical Topography by Helices 5-7.
Combining the results of the BOD-SA topography analysis
with our previous results (30) allows us to propose a
topography for the membrane-inserted T domain at a low
pH (Figure 8, top). The results obtained from the BOD-SA
assay showed that of the residues studied only 349, located
in the short loop region joining TH8 and TH9, reaches the
trans side of the membrane. [The locations of two other
residues in this loop region, 348 and 351, were also tested.
However, they displayed virtually no reaction with either
externally added or vesicle-entrapped BOD-SA, most likely
due to the fact that they are not close enough to the trans
bilayer surface to react with the BOD-SA (data not shown).
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In some preparations we also saw reactivity of BOD-SA with
T domain labeled on residue 349 that was too low for
determining topography (data not shown). We believe this
reflects the fact that residue 349 just barely reaches to the
trans side of the bilayer.]

In contrast to the trans side localization of residue 349,
residues located at the N-terminal of TH8 (322) and the
C-terminal of TH9 (373, 378) remained on the cis side of
the bilayer. These findings show definitively that TH8 and
TH9 form a transmembrane hairpin. TH5 and the combina-
tion of TH6 and TH7 are a second set of hydrophobic
segments that could potentially form a transmembrane
hairpin. Our previous results showed that both TH5 and
TH6/7 insert deeply into bilayers at low pH (30). However,
formation of a transmembrane hairpin by these helices is
ruled out by the observation that residues at both the N and
C termini of TH5 and the N and C termini of the TH6/7
segment (265, 288, 293, and 322) remain on the cis side of
the bilayer. These data also demonstrate that neither TH5
nor TH6/7 form transmembrane segments by themselves.
Thus, we propose that TH5-7 form a novel nonclassical
membrane protein structure in which they form a stable
deeply inserted non-TM state.

Our model for the TH5-7 region (i.e., deeply inserted
but not TM) is consistent with studies in cells showing that
only the N-terminal portion of the T domain up to residue
264 was digested by an externally added protease. This
implied that TH5-9 are buried in the bilayer (22, 24). Deep
insertion of TH5 is also consistent with the observations that
the natural Trp in the center of helix 5 inserted into lipid

bilayers (25) and that TH5 is labeled by hydrophobic
photolabeling agents (26).

Our conclusion that TH8 and TH9 are transmembraneous
while TH5-7 are not transmembraneous is consistent with
additional protease studies in lipid vesicles (16). Those
studies showed that TH8 and TH9 are protected from
proteases even under conditions in which even TH5-7 are
completely digested, suggesting a deeper insertion of TH8
and TH9 than of TH5-7. This is also consistent with our
previous studies, which indicated that even in the deeply
inserted state residues in the hydrophobic segments of
TH5-7 were able to bind to external antibodies to a
somewhat greater extent than residues in TH8 and TH9 (30).

A final piece of topographical information from the present
study comes from the location of the N terminus of the T
domain (residue 203). This was found to be located on the
cis side of the bilayer, which suggests that in contrast to the
open channel state (27), the TH1-4 region does not
translocate across the membrane at low pH.

Contrast between Topography in TM and Open Channel
States: Does the Low pH Topography Reflect an Early Step
in the Translocation Process?As noted above, the topog-
raphy of the T domain that we observed in the low pH TM
state differs from that in the previously characterized open
channel state, where TH1-4 are located on the trans side of
the bilayer and TH5 spans the membrane (Figure 8, bottom)
(27). Because the N-terminal of the T domain is on the cis
side of the bilayer in the low pH TM state, we propose that
it reflects an early stage in the translocation process, while
the open channel state represents a later stage in which
translocation of the N-terminal has already taken place.

The difference between these states may reflect the
difference in experimental conditions. Our studies were
conducted at a symmetric low pH in the absence of a
membrane potential. In contrast, the open channel state is
most efficiently formed when both a pH gradient (pH 5 cis,
pH 7 trans) and a cis negative membrane potential exist
across the bilayer, conditions known to be favorable to
translocation (9, 45-49). The conformational differences
between these states may also be responsible for differences
between their channel/pore properties (see below).

Relationship between Proper Insertion of T Domain
Helices and Pore Formation.To examine the relationship
between topography and pore formation, we examined the
effect of prebinding SA to the biotinylated T domain upon
the ability of the T domain to form pores in vesicles.
Attaching a very large, tightly folded protein like SA to a
residue on the T domain should disrupt pores if it blocks
the proper transmembrane insertion of a portion of the T
domain essential for pore formation.

On the basis of the BOD-SA results, one would predict
that preventing the proper insertion of TH8 and TH9 alone
should block pore formation because these are the only two
helices that adopt a transmembrane conformation. This was
observed. SA binding to residues 348, 349, and 351 inhibited
pore formation. In contrast, the binding of SA to residues
203 and 265 (in TH1 and TH4, respectively) had no effect
on pore formation. This implies that the translocation of this
portion of the T domain is not necessary for the formation
of pores at low pH. However, Senzel et al. observed that
prebinding SA to residue 235 (located in the loop joining
TH2 and TH3) prevented the formation of open channels

FIGURE 8: Models for the topography of the T domain at different
stages of translocation. T domain helices are numbered as defined
in Choe et al. (1). Top: schematic representation of the topography
of the deeply membrane-inserted T domain at low pH (TM state)
derived from the data obtained in this and previous studies (29,
30). Bottom: model for the T domain in the open channel state as
proposed by Senzel et al. (27) in the presence of a pH gradient
(cis, pH 5; trans, pH 7). Because the N-terminal of the T domain
would be attached to the A chain, the low pH topography (top)
may represent an early stage in the translocation process (A chain
on cis side of bilayer) while the open channel topography (bottom)-
may represent a later stage in which translocation is complete (A
chain on trans side of bilayer). Note that the membrane-inserted
hydrophobic helices may be more tightly packed with each other
than shown schematically.
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(27). This was one piece of data indicating that the
translocation of the TH1-4 region did occur in the open
channel state. The difference between these results further
supports our conclusion that the open channel and low pH
states are conformationally different.

We also found that SA bound to residue 311 in the middle
of the hydrophobic TH6/7 stretch had no effect on CB uptake
suggesting that TH6/7 does not play an important role in
pore formation. However, these experiments are not defini-
tive. Other experiments showed that SA binding to residue
356 did not inhibit pore formation. This is surprising because
356 is in the core of TH9, and interruption of its insertion
should block pore formation if, as shown for the open
channel state, the pore was formed solely by TH8 and TH9
(19). One possibility to explain this result is that the segments
of the protein participating in pore formation depend on
experimental conditions. If insertion of TH9 is partially
blocked, TH8 and TH6/7 might form an alternate pore-
forming structure. Alternatively, there might be a pore formed
by other portions of the T domain molecule. These pos-
sibilities are consistent with experiments using T domains
carrying mutations that prevent proper TH9 insertion (Zhao,
G., and London, E. Unpublished observations). In fact, a
study on the structurally related channel-forming domain of
colicin Ia indicated that more than one set of inserted helices
in the open channel state could exhibit pore formation (41).

It is noteworthy that the approach that we developed for
examining pore formation (11) uses an externally added dye
instead of one entrapped in the vesicles. Because it only
detects pores that are present at the time at which the dye is
added to the vesicles, it avoids interference from any transient
leakiness that may develop at the time of toxin insertion into
the lipid bilayer. This artifact has complicated many previous
studies of pore formation.

T Domain Inserts in a Mixed Orientation.Interestingly,
for most residues examined, some reactivity was observed
with both externally added and vesicle-entrapped BOD-SA.
This was shown not to involve equilibration of T domain
sequences across the bilayer. Instead, the data imply that the
T domain inserts with a mixture of orientations such that
the N-terminal outside orientation comprises about 70-80%
of all molecules. A mixture of orientations was also
previously observed with whole toxin (50). While the
biological significance of mixed orientations, if any, is
unclear, we cannot rule out that the toxin inserts in a mixture
of orientations in vivo. Oligomerization between toxin
molecules oriented in different directions also cannot be ruled
out. On the other hand, the mixture of orientations may
simply be an artifact of the insertion protocol. Further
experiments will be necessary to distinguish between these
possibilities.
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