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ABSTRACT: Aerolysin is a channel-forming toxin that must oligomerize in order to become insertion-
competent. Modeling based on the crystal structure of the proaerolysin dimer and electron microscopic
images of the oligomer indicated that a loop in domain 3 must move away from theâ-sheet that forms
the main body of the protein before oligomerization can proceed. In order to determine if movement
actually occurs, strategically located amino acids in the loop and in the sheet were replaced with cysteines
by site-directed mutagenesis. A double mutant was produced in which the new cysteines, at position 253
on the loop and position 300 in the sheet, were close enough together to allow formation of a disulfide
bridge. The double mutant was unable to oligomerize, and it was completely inactive, showing not only
that the bridge had formed but also that movement of the loop was essential for formation of the oligomer.
The existence of the bridge was confirmed by X-ray crystallography. The reduced form of the protein
and the single mutants T253C and A300C were as active as wild type, indicating that the amino acid
replacements themselves had no functional consequences. Labeling studies using an environment-sensitive
fluorescent sulfhydryl-reactive probe confirmed that the structure of the protein changes in the loop region
as a consequence of proteolytic activation of proaerolysin, a step which also must precede oligomerization.

Proaerolysin is a channel-forming protein toxin precursor
secreted byAeromonasspp. In order for it to exert its pore-
forming activity, it must first be activated by proteolytic
removal of a C-terminal peptide. The aerolysin that is
formed can then undergo a transition from a dimeric, water-
soluble form to a heptameric complex which is capable of
inserting into membranes (reviewed in ref1). We have
modeled this transition using the crystal structure of the
dimeric form and the electron microscopic images of the
heptamer bound to lipid vesicles (2). The crystal structure
indicates that the proaerolysin monomer is bilobal, with
domain 3 (residues 179-195, 224-274, 299-310, and 399-
409) located in the middle of the large lobe as shown in
Figure 1. Domain 3 is a compact globular domain shaped
like a box, with the front formed by a five-stranded
antiparallelâ-sheet of dimensions 20 Å by 35 Å and the
back by a long loop that has a small amount of two-stranded
sheet (residues 245-246, and 258-259). This domain is

quite narrow, with a thickness of only about 20 Å. Mod-
elling based on the electron microscopic images of the
oligomer indicates that the five-stranded sheet in domain 3
is involved in oligomeric contacts and that the loop must
move to allow these contacts to occur and also to avoid
collision with the membrane upon insertion. Alternatively,
the loop may be directly involved in formation of the
amphipathicâ-barrel of the oligomer that transverses the
membrane. This latter possibility is suggested by the recently
obtained crystal structure ofStaphylococcus aureusR-hemo-
lysin (3), in which a long loop becomes exposed to form
the transmembraneâ-barrel in the heptameric membrane
channel and a comparable loop has been proposed to form
the heptameric barrel of anthrax toxin protective antigen (4).
Regardless of which way the aerolysin oligomer is formed,
the long loop in domain 3 must move away from the sheet
sometime during the oligomerization process. In order to
confirm that loop movement occurs, we decided to engineer
a disulfide bridge between the loop and the sheet in domain
3. In addition, the corresponding two single cysteine mutants
were generated. We used them in labeling studies with the
location-sensitive, sulfhydryl-reactive reagent MIANS1 to get
evidence of movement of the loop as a consequence of
trypsin activation of proaerolysin.
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EXPERIMENTAL PROCEDURES

Design of Mutants.Potential sites for cysteine residue
pairs that might form disulfide bonds were selected using
the method of Hazes and Dijkstra (5). Briefly, potential
residue pairs were initially identified on the basis of
appropriate Câ-Câ distances. Sulfur positions were gener-
ated for these residues, and a check was made to determine
if certain stereochemical criteria were obeyed. An important
criterion was that theø-3 angles of a potential bridge should
not deviate by more than 30° from observed preferences.
Selected pairs were subjected to energy minimization, and
energetically favorable conformations were chosen (less than
10 kcal/mol). The success of this method relies on the
assumption that main-chain conformations are very similar
between wild-type and mutant. Calculations were based on
the recently refined model of proaerolysin (ref2; PDB code
is 1PRE). The model had been refined to anR-factor of
0.206 at 2.8 Å resolution with good stereochemistry. The
best candidate for engineering a disulfide bridge between
the loop and sheet of Domain 3 was the residue pair of Thr
253 and Ala 300 (Figure 1). We predicted that the two
residues would form a bond that would comply with the
stereochemical (ø-3 approximately 90.0°) and conformational
energy (0.9 kcal/mol) criteria.
Site-Directed Mutagenesis.Individual amino acids were

replaced with cysteines by site-directed mutagenesis of either
the 715 bpHindIII-HincII or the 975 bpHincII-EcoRI
portion ofaerA in the phagemid pTZ18U, using procedures
we have described previously (6, 7). Changes were con-
firmed by DNA sequencing using Sequenase version 2 and
materials and procedures provided by U. S. Biochemicals.
Once a clone was identified, the DNA was inserted into

pMMB66HE in frame with the rest ofaerAand transferred
toAeromonas salmonicidastrain CB3 by conjugative mating
as described earlier (8). This strain was used for production
of each of the mutant proaerolysins and for purification
according to our published methods (9).
Crystallization and Data Collection.All of the mutants

ran as single bands on SDS-PAGE. They were crystallized
using the hanging drop vapor diffusion method under
conditions similar to those we used for the wild-type protein
(10). Optimal crystallization conditions varied somewhat for
each mutant. For the A300C mutant, the protein concentra-
tion was 1.8 mg/mL in 20 mM HEPES, pH 7.4, and 150
mM NaCl. For the T253C mutant, it was 2.0 mg/mL in 20
mM Tris-HCl, pH 8.0. For the double mutant T253C/
A300C, the protein concentration was 2.2 mg/mL in 20 mM
Tris-HCl, pH 7.4. The precipitant for all mutant proteins
was 15% w/w PEG 4000, 100 mM sodium acetate, pH 5.6.
Crystal size was improved by a combination of streak-
seeding and macro-seeding. All the mutant crystals were
found to be isomorphous to the wild-type ones (under cryo-
cooling conditions of 100 K) with maximal deviations of
cell constants of less than 0.5% from the native values. They
all belonged to the space groupP43212 and contained a dimer
in the asymmetric unit of the unit cell.
The X-ray diffraction data were collected using a MAR-

Research area detector with CuKR X-rays generated by a
Rigaku RU-200 rotating-anode X-ray generator. All data
were collected at 100 K using an Oxford Cryosystems
Cryostream Cooler. Prior to flash-freezing, the crystals
were transferred into artificial mother liquor containing
glycerol with stepwise increases (5% increments at 5 min
intervals) in glycerol content until a level of 25% was
obtained. The diffraction data were processed and analyzed
using programs in the HKL (11) and CCP4 suites (12). The
relevant data statistics are presented in Table 1.
Structure Solution and Refinement.The mutant structures

were determined using the wild-type model. This model has
a crystallographicR-factor of 22.1% and a freeR-factor of
28.7% for all data to 2.3 Å resolution, and it exhibits
excellent stereochemistry (ref2 and unpublished results).
Refinement began with the wild-type model which had
solvent molecules removed. Rigid-body refinement in
XPLOR version 3.1 (13) was used to compensate for any
possible changes in crystal packing. As the asymmetric unit
of the crystal contained two proaerolysin monomers, attempts
were made to introduce noncrystallographic symmetry
restraints in various ways. However, this always resulted
in increases in theRfree value and hence was not pursued.
This is not surprising as a detailed analysis of the wild-type
crystal structure demonstrates that the monomers do not
superimpose well because of crystal packing forces (unpub-
lished results). All models were refined using grouped
B-factors, where each secondary structure element or loop
was treated as one group and bulk solvent corrections were
employed. Difference Fourier maps indicated the positions
of solvent atoms and suggested various minor changes to
the backbone structure as well as placement of side-chain
atoms. Solvent atoms were only accepted if they appeared
as peaks with signals of more than 4 times the rms error in
the difference map, reappeared in subsequent 2Fo - Fc maps,
took part in at least one hydrogen-bonding interaction, and
had temperature factors less than 80 Å2. Regions of poor

FIGURE 1: Cartoon representation of the chain fold of the
proaerolysin dimer showing the position of mutations discussed in
the text. The domains are labeled D1-D4, and the sites of mutation
are designated in ball-and-stick fashion. This figure was produced
using the program MOLSCRIPT (21).
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electron density were checked using omit maps in which the
region of interest was first deleted from the model. Then a
round of positional refinement was performed to minimize
model bias, and a map was calculated from the resultant
model. The final refinement statistics of the models are
presented in Table 2. TheR-factor values are typical for
conservative models at modest resolution (14). A stereo-
chemical analysis of the refined structures with the program
PROCHECK (15) gave values either similar or better than
those expected for structures refined at similar resolutions.
The starting model for the A300C mutant gave anR-factor

of 33.4% (Rfree ) 33.3%) which reduced to 32.5% (Rfree )
32.1%) after rigid-body refinement. After a round of
positional refinement followed by groupedB-factor refine-
ment, electron density maps were calculated. There was one
significant peak of 4.4σ in theFmutant- Fnativemap adjacent
to the Câ atom of alanine 300 of the B monomer, thus
confirming the mutation. At this stage, the alanine residues
at position 300 were changed to cysteine residues, and a final
cycle of positional refinement was run. The starting model
for the T253C mutant gave anR-factor of 32.9% (Rfree )
33.6%) which reduced to 31.8% (Rfree ) 32.9%) after rigid-
body refinement. After a round of positional refinement
followed by groupB-factor refinement, electron density maps
were calculated. There was one significant peak of 3.5σ in
theFmutant- Fnativemap adjacent to the Câ atom of threonine
253 in the B monomer, thus confirming the mutation. The
threonine residues at position 253 were changed to cysteine
residues, and the model was subjected to a final round of
positional refinement. The likely reason why the peak height
of the sulfur atom in theFmutant- Fnativemap of each single
site mutant was higher for the B monomer is because of the

lower mobility of the loop tip in this monomer due to crystal
packing (Table 2).
The starting model for the T253C/A300C double mutant

gave anR-factor of 39.3% (Rfree ) 39.5%) which reduced
to 34.4% (Rfree) 35.8%) after rigid-body refinement. After
a round of positional refinement followed by groupB-factor
refinement, electron density maps were calculated. The
largest peaks in theFmutant- Fnativemap of 4.3 and 6.6σ were
located between the Câ atoms of threonine 253 and alanine
300 in each monomer, thus confirming the double mutation.
At this stage, the threonine and alanine residues were
changed to cysteine residues, and a final round of positional
refinement was performed.
Measurement of Binding and Oligomerization.Rat eryth-

rocytes were used to follow binding and oligomerization
using a modification of our published procedure (6). Briefly,
5 × 108 rat erythrocytes in 20 mM HEPES, 0.15 M NaCl,
0.3 M sucrose, 0.1% BSA, pH 7.4, were incubated with 10-7

M wild-type or mutant proaerolysin or aerolysin. Activation
of proaerolysin involved treating 10-6 M proaerolysin with
2 µg/mL trypsin for 15 min at room temperature and then
adding trypsin inhibitor to 10µg/mL. Following incubation
at 37°C for 10 min, samples were centrifuged for 2 min at
10 000 rpm in a Beckman JA-17 rotor. Supernatants were
removed, and the pellets were washed in the incubation
buffer and recentrifuged. Pellets were finally resuspended
in 240µL of sample buffer, and the proteins were separated
by SDS-PAGE and blotted. Aerolysin, proaerolysin, and
the aerolysin heptamer were detected using a rabbitR-aero-
lysin polyclonal antibody.
Tryptophan Fluorescence and MIANS Labeling.Fluo-

rescence measurements were carried out with a Photon

Table 1: Crystallographic Data for Aerolysin Mutants

data A300C T253C T253C/A300C

temp (K) 100 100 100
cell dimensions (a, c) (Å) 102.5, 216.2 102.4, 216.7 102.9, 217.7
max resolution (Å) 2.9 3.0 2.9
no. of crystals 1 1 1
total no. of observations 150635 132761 183708
no. of unique reflections 25034 20590 23208
completeness of data (%)a 96.1 (77.3) 86.2 (91.0) 87.7 (74.0)
no. of data>3σI (%)a 66.8 (25.7) 62.5 (37.0) 69.8 (35.7)
I/σI 9.2 (2.4) 9.4 (3.0) 12.6 (3.8)
multiplicity 6.0 6.4 7.9
Rmerge(%)a,b 14.3 (49.0) 12.9 (41.1) 11.3 (33.6)

a The values in parentheses are for the highest resolution bin (approximate interval of 0.5 Å).b Rmerge ) ∑hkl∑i|I i - 〈I〉|/|〈I〉|, whereI i is the
intensity for theith measurement of an equivalent reflection with indicesh,k,l.

Table 2: Refinement Statistics for Aerolysin Mutants

A300C T253C T253C/A300C

non-hydrogen atoms
protein 7051 7045 7037
solvent 81 68 82

resolution (Å) 15.0-2.9 15.0-3.0 15.0-2.9
Rconventional(%) 24.1 23.2 24.0
Rfree (%) 29.6 29.7 30.1
rmsds from ideal geometry
bonds (Å) 0.008 0.008 0.008
angles (deg) 1.4 1.4 1.4
dihedrals (deg) 25.4 25.4 25.5
impropers (deg) 1.3 1.3 1.2
meanB (loop- mon. A) (Å2) 57.1 76.7 41.5
meanB (loop- mon. B) (Å2) 39.9 65.7 35.8

residues in most favorable regions of Ramachandran plot (%) 86.1 83.8 85.3
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Technology International QM-1 spectrofluorometer equipped
with a thermostated cuvette holder. For tryptophan fluores-
cence, the excitation and emission wavelengths were 295
and 340 nm, respectively. For MIANS, the excitation and
emission wavelengths were 330 and 418 nm. Slit widths
were 4 nm. MIANS labeling was performed at 30°C in
150 mM NaCl, 20 mM Tris-HCl, pH 8.2, at a protein
concentration of 0.12µM. The probe was added in 10-fold
molar excess. The stoichiometry of labeling was determined
spectrophotometrically, using an extinction coefficient of
17 000 for MIANS at 327 nm.
Other Methods.Protein concentrations were based on an

absorbency of 2.5 at 280 nm for a pure 1 mg/mL solution
of the protoxin (16). Proaerolysin was activated as described
in van der Gootet al. (17). SDS-PAGE was carried out as
described by Neville (18).

RESULTS

Secretion and Purification of the Cysteine Mutants. All
three cysteine proaerolysin mutants were secreted byA.
salmonicida, and all of them could be purified to apparent
homogeneity using our published procedure. They were each
correctly processed by trypsin to produce a single product
corresponding to aerolysin (see below). All mutants crystal-
lized readily under similar conditions to wild-type protoxin,
and the crystals appeared isomorphous with wild-type
crystals.
Structure of A300C.This model is of good quality with

a final R-factor of 24.1% (Rfree ) 29.6%) and good
stereochemistry (Table 2). The electron density maps
confirmed the mutation (data not shown), and the temperature
factors for the loop region are comparable to those observed
in the wild-type structure (Table 2 and unpublished results).
Overall the mutant structure appears identical to the wild-
type structure with one exception. Thr 253 has rotated away
from the core of domain 3 to avoid steric clashes with the
newly introduced cysteine (Figure 2). The cysteine side
chain stacks against the edge of the aromatic ring of Phe
410.
Structure of T253C.The model for this mutant is also of

good quality with a finalR-factor of 23.2% (Rfree ) 29.7%)
and good stereochemistry (Table 2). The positioning of the
newly introduced cysteine residue was unambiguous due to

the strong scattering of the sulfur atom. Superposition of
this model on the wild-type structure indicated that the tip
of the loop moves approximately 1 Å away from theâ-sheet
in domain 3. In the wild-type structure, Thr 253 is involved
in a hydrogen bonding interaction, and the loss of this
interaction has presumably led to the loop movement. The
increased flexibility of the loop is reflected in the temperature
factors (Table 2).
Structure of T253C/A300C.This mutant yielded a model

with a final R-factor of 24.0% (Rfree ) 30.1%) and good
stereochemistry (Table 2). The electron density within the
region of the double mutation in both monomers clearly
showed the formation of the disulfide bridge. The lower
temperature factors for the loop in both monomers (Table
2) presumably result from the newly introduced covalent
bond between the loop and the sheet in domain 3. Super-
position of the dimer on the wild-type structure showed a
small translational rigid-body shift of monomer A with
respect to monomer B, causing a slight increase of about
0.5 Å in the monomer-monomer separation. This reflects
small differences between the two monomers in the wild-
type structure due to crystal packing forces (see below).
Superposition of the A monomer over wild-type indicated
that no significant movements of either main-chain or side-
chain atoms had occurred. However, in the B monomer,
the tip of the loop has moved approximately 1 Å in toward
the â-sheet so as to allow the formation of the disulfide
bridge. The domain 3’s of each monomer in the double
mutant are virtually superimposable.
Hemolytic ActiVity of the Cysteine Mutants. Both the

T253C and A300C mutants were as active as wild-type
aerolysin, whereas the double mutant had no detectable
activity (not shown). The reason for this is apparent from
the results in Figure 3. This is a Western blot developed
with an anti-aerolysin antibody after SDS-PAGE separation
of rat erythrocyte membranes which had been incubated with
mutant or wild-type protoxins, or with the corresponding
aerolysins produced by trypsin activation. It is apparent from
the figure that all of the mutant proaerolysins bound to rat
erythrocytes at about the same level as wild-type proaero-
lysin. As we have reported previously, wild-type aerolysin
also bound to the cells, but it was converted to the oligomeric

FIGURE 2: Superposition of the mutant structures in the region of
domain 3. The T253C, A300C, and T253C/A300C mutants are
shown in dashed, thin, and thick lines, respectively. The figure was
generated with the program MOLSCRIPT (21).

FIGURE 3: Binding and oligomerization of the cysteine mutants.
Rat erythrocytes were incubated with the aerolysin or proaerolysin
forms of wild-type or the mutant proteins. Samples were separated
by SDS-PAGE, and blotted as described under Experimental
Procedures. The positions of aerolysin (A), proaerolysin (PA), and
the aerolysin oligomer (O) are shown. Lanes 1 and 2 contain
membranes exposed to wild-type proaerolysin and aerolysin; lanes
3 and 4, T253C proaerolysin and aerolysin; lanes 5 and 6, T253C/
A300C proaerolysin and aerolysin; lanes 7 and 8, A300C proaero-
lysin and aerolysin.
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form during the incubation period (6). This was also the
case for each of the single mutants. However, although the
double mutant aerolysin also bound to the cells, no oligomer
was detected (Figure 3). This leads to the conclusion that
the new disulfide bridge that has formed locks the loop to
the five-stranded sheet and prevents oligomerization.
ActiVation of the T253C/A300C Mutant under Reducing

Conditions. If the new bridge alone is responsible for the
inactivity of the double mutant, then the protein should be
active when the bridge is reduced, or when it is prevented
from forming. Reduction of the new bridge without dena-
turation proved to be very inefficient because it is buried
within the protein. Thus, although the mutant toxin became
hemolytic after incubation with dithiothreitol as predicted,
it was far less active than wild type (data not shown).
We have shown that whenA. salmonicidais grown under

reducing conditions, disulfide bridges are not formed in the
proteins it secretes. This gave us a way to produce the
reduced double mutant in an unoxidized form so that we
could test its activity. Bacteria expressing wild-type aero-
lysin or the double mutant were grown side by side in normal
medium or in medium containing DTT. The titers of culture
supernatants were then compared. The results are shown in
Table 3. The supernatant containing the double mutant from
cells grown without the reducing agent had no activity,
whereas the activity of the supernatant from the cells grown
with DTT was similar to the activity of wild type.
Changes in Tryptophan Fluorescence upon ActiVation of

A300C-T253C and Wild-Type Proaerolysin. There is a
pronounced change in the Trp fluorescence of proaerolysin
when it is activated by trypsin, implying that there is a change
in the structure of the protein (19). A similar change was
observed for both the T253C and A300C mutants, but the
results in Figure 4 show that the change was markedly lower
for the double cysteine mutant, implying that the conforma-

tional change that normally accompanies activation is
hindered.

Use of MIANS To Measure Changes in the EnVironment
of 253C and 300C as a Result of ActiVation. The sulfhydryl-
specific probe MIANS has a much higher quantum yield in
a hydrophobic environment than in water, and it can therefore
be a useful indicator of the environment of cysteines in
proteins (20). The results in Figure 5 show that A300C
proaerolysin reacted rapidly with the reagent and that there
was a pronounced increase in fluorescence, an indication that
the new cysteine is in a relatively hydrophobic environment,
in agreement with the crystal structure of the A300C mutant
(Figure 2). The environment of 300C was somewhat
different in the aerolysin form of the mutant protein.
Reaction with MIANS was slower, and the maximum
fluorescence intensity was somewhat lower. The change in
the environment of 300C could be observed directly as a
decrease in fluorescence when A300C proaerolysin was
activated by trypsin after it had reacted with MIANS (Figure
5). The reduction in emission intensity that accompanied
activation indicates that the environment of 300C became
more polar, which would result if the loop moves away from
the sheet. No change in fluorescence intensity was observed
if trypsin inhibitor was added before the addition of trypsin.
Similar results were obtained with the T253C mutant,
although the quantum yields of both forms of the protein
were much lower than with A300C aerolysin and proaero-
lysin (data not shown). Wild-type proaerolysin and aerolysin
did not react with MIANS under these conditions.

Analysis of fluorescence emission spectra of MIANS-
labeled A300C proaerolysin and aerolysin confirmed a
change in the environment of the cysteine upon activation.
The results are shown in Figure 6. The maximum emission
wavelengthλmaxof MIANS reacted withâ-mercaptoethanol
is 447 nm. Upon reaction with A300C aerolysin, the
maximal fluorescence intensity increased 4.4 fold, andλmax
underwent a strong blue shift to 430 nm. Finally, upon
reaction with proaerolysin, the maximal MAINS fluorescence
intensity increased 10-fold when compared to the intensity
of the MIANS-â-mercaptoethanol complex and 2.3-fold
when compared to aerolysin. A further 3 nm blue shift of
λmax was observed (λmax ) 427 nm).

Table 3: Hemolytic Titers of Culture Supernatants fromA.
salmonicidaGrown in Normal Medium or Medium Containing DTT
and Expressing Wild-Type Proaerolysin or the A300C-T253C
Mutant

medium proaerolysin 2 h induction titer 4 h induction titer

normal wild type 7.5 10
normal A300C-T253C 0 0
+DTT wild type 5.5 8.5
+DTT A300C-T253C 6.5 9

FIGURE 4: Changes in the tryptophan fluorescence of the double
mutant A300C-T253C (lower curve) and wild-type proaerolysin
(upper curve) upon activation. The arrow marks the time at which
trypsin was added. See the text for details.

FIGURE5: Comparison of MIANS labeling of A300C proaerolysin
and aerolysin. MIANS labeling of A300C proaerolysin (upper
curve) and aerolysin (lower curve) was followed as described under
Experimental Procedures. The arrow marks the time at which trypsin
was added to the proaerolysin sample.
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DISCUSSION

The results of all of the experiments described in this study
confirm our prediction that the loop in domain 3 of aerolysin
must move away from theâ-sheet for oligomerization to
occur. We produced three mutant proteins, T253C, A300C,
and the corresponding double mutant. The crystal structures
of both the T253C and A300C proaerolysins confirmed the
correct mutations and showed the residues at the tip of the
loop to be highly mobile. This mobility would allow access
of alkylating reagents to these buried residues, accounting
for the reactivity we observed with MIANS. Alkylation of
either residue with MIANS, or other reagents we tried, such
as acrylodan and iodoacetamide, did not have any effect on
hemolytic activity, suggesting neither residue resides in the
bilayer upon membrane insertion of the aerolysin heptamer,
in agreement with our model of the channel structure (2).
The crystal structure of the double mutant, T253C/A300C,

confirmed that the disulfide bridge was formed between
residues 253 and 300 as we predicted it would be. The
introduction of the bridge tied down the loop tip, hence
reducing its mobility as judged by the low temperature factors
in this region of both monomers (Table 2). This mutant was
secreted normally in a completely oxidized, inactive state,
and it was found difficult to reduce using either mercapto-
ethanol or DTT. This can be explained by the fact that the
bridge is completely buried in the crystal structure (Figure
2). However, the protein was active when expressed in
bacteria growing in DTT, confirming that the inactivity of
the oxidized form was not due to the double mutationper
se.
Our results indicate that the bridge locking the loop to

the â-sheet inactivates the protein at a step that follows
activation. Thus, the double mutant bound to rat erythrocytes
in the same way as wild-type, and it was correctly processed

by trypsin. Although the interpretation of fluorescence
measurements may be complex, the results of MIANS
reactivity experiments, and the comparison of the changes
in tryptophan fluorescence of wild type and the double
mutant that accompany activation, strongly suggest that
inactivity is due to failure of the loop in domain 3 to move
away from the five-strandedâ-sheet after activation. This
prevents the formation of insertion-competent oligomers and
hence blocks channel formation.
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FIGURE6: Fluorescence spectra of MIANS-labeled A300C proaero-
lysin (upper curve) and aerolysin (second curve from top). The
spectra of MIANS alone (bottom curve) and MIANS-â-mercap-
toethanol (second curve from bottom) are also shown. See the text
for details.
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