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ABSTRACT. The secondary structures of the two components ofBheillus anthracisedema toxin,
protective antigen (PA63) and edema factor (EF), as well as the two EF mutants: CYA30 (containing the
N-terminal PA63-binding domain) and CYA62 (containing the C-terminal catalytic domain) were
investigated as a function of pH in the absence and in the presence of phospholipid vesicles using attenuated
total reflection Fourier transform infrared spectroscopy. Secondary structures were independent of pH,
whereas, in all cases, structural modifications were observed upon lipid binding. The ability of PA63
and EF to undergo hydrogen/deuterium exchange was evaluated. The binding of these proteins and the
mutants to the lipid membrane was also characterized and it was demonstrated that the association of

PAG63 to the lipid bilayer was pH-dependent, while the binding of EF to the lipid membrane took place

at both neutral and acidic pH. Interestingly, the

two EF mutants are showing different lipid binding

properties in response to pH: CYA30 has a strong pH-dependence whereas CYA62, as EF, binds to the
lipid vesicles at all pHs. For the two proteins characterized by a pH-dependent lipid binding, the reversibility
of binding upon neutralization was tested and binding of PA63 to the membrane was found to be irreversible

whereas that of CYA30 was reversible.

The two toxins produced by the bacteriuBacillus
anthracis(1) are included in a group of bipartite, bacterial
protein toxins that are organized structurally into distinct
effector (A) and receptor-binding (B) domains. The anthrax
toxins differ from the prototypical diphtheria toxin, however,
since a single B domain, protective antigen (PA, 83 kDa),
interacts separately with two A domains, edema factor (EF,
89 kDa) and lethal factor (LF, 83 kD&)to produce
biologically distinct effects: the PALF complex, designated
as lethal toxin, leads to death in rats and other anin@ls (
whereas the PAEF complex, designated as edema toxin,
causes edema when injected intradermadly (
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1 Abbreviations: ATR-FTIR, attenuated total reflection Fourier
transform infrared spectroscopy; CYA30, deletion mutant of the
adenylate cyclase oB. anthracis containing the N-terminal 303
residues; CYA62, deletion mutant of the adenylate cyclasdB.of
anthracis lacking the N-terminal 261 residues; EF, edema factor; LF,
lethal factor; PA, protective antigen; PA20, the N-terminal 20 kDa of
protective antigen; PA63, the C-terminal 63 kDa of protective antigen;
DT, diphtheria toxin; Hepes, 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid; LUV, large unilamellar vesicles; SB8AGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis; PMSF, phenyl-
methylsulfonyl fluoride; PVDF, polyvinylidene difluoride; Tris, 2-amino-
2-(hydroxymethyl)-1,3-propanediol.

According to the proposed pathways of EF and LF
intoxication (1), PA binds to a specific cell surface receptor
of approximately 8590 kDa, as identified on CHO-K1 cells
(4). The bound PA is then proteolytically nicked)(
probably by furin 6, 7). This cleavage generates two
fragments of which the small one (PA 2Bl 20 kDa) is
released in the outside medium and the larger one (PA63,
M; 63 kDa), remains attached to the receptor. A newly
exposed site on PA63 allows the binding of EF or LF, which,
otherwise, cannot bind to the cell surfa@. ( After either
EF or LF binding to PA63, the receptoPA63—LF (or EF)
complex is endocytosed by receptor-mediated endocytosis.
As previously demonstrated for diphtheria toxin (D9) 10,
an acidic pH is crucial for intoxication, since the cells are
completely protected fronB. anthracisedema toxin and
lethal toxin by pretreatment with ammonium chloride and
chloroquine, which dissipate the intracellular proton gradients
and raise the pH of intracellular vesiclesl( 19. Both EF
and LF are thought to act on intracellular targets. EF has
been shown to be a calcium- and calmodulin-dependent
adenylate cyclase, which causes a dramatic elevation of
cAMP within cells 13—15). Recent evidences that protease
inhibitors prevent the intoxication of macrophages by lethal
toxin and that LF is fully inactivated by mutagenesis of a
zinc-binding site suggest that LF is a Zn-metalloproteasg (
whose target still remains to be identified.

In a previous paper, we investigated the effect of pH upon
PA (the full-length protein) and LF binding to lipids, and
we have characterized the secondary and tertiary structures
of PA and LF as a function of pH and the presence or the
absence of lipid vesiclesl). However, even though PA
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can insert in a lipid membrané®), the cell membrane active  flowing through the column was recovered. To increase the
form is PA63 which has been demonstrated to form cation- yield of recovery, the column was washed with 1 mL of the
selective channels in planar phospholipid bilayd!®),(and same buffer. The overall process was repeated four times.
to induce the release of markers from vesicles and cells atThe eluant which contains CYA30 was eventually dialyzed
acidic pH Q0—-22). To provide information about the against a 20 mM Tris buffer, pH 8.0, and purified on the
mechanism of insertion of PA63 in the lipid membrane, we Mono-Q column using the dialyzing buffer and @400 mM
have characterized the lipid binding of PA63 and its structure NaCl gradient.

as a function of pH and the presence or the absence of a Amino Acid Microsequence AnalysisSample proteins
lipid bilayer. A similar study was carried out with EF and were separated by SBD®AGE and electroblotted onto
two of its mutants: CYA30, which contains the N-terminal polyvinylidene difluoride (PVDF) membranes as described
PA63-binding domain, and CYA62, which carries the by MatsudairaZ6). The blot was stained with Coomassie
binding sites required to express the catalytic activit§)( Blue. Amino acid microsequence analysis of the electro-
The obtained data are discussed in terms of the intoxicationblotted proteins was performed by automated Edman deg-

pathway of the two toxins oB. anthracis radation of =10 pmol of protein on a Beckman LF3400
protein—peptide microsequencer equipped with an on-line
MATERIALS AND METHODS Gold 126 microgradient high-pressure liquid chromatography

system and a Beckman Instruments, Inc., model 168 diode
array detector (Fullerton, CA). All samples were sequenced
using standard Beckman Sequencer Procedure 4. Alkylation

Materials Trypsin, soybean trypsin inhibitor, and asolec-
tin (mixed soybean phospholipids) were obtained from Sigma

Chemical Co. (St. Louis, MO). Asolectin was purified ¢ -\ stei ; ; ;
; ysteine with acrylamide for sequencing was performed
according to the method of Kagawa and Racl&3).( DO “in situ’ as described by Brune2q). The phenylthiohy-

was from Merck (Germany). Acrylamide and Coomassi€ yan6in amino acid derivatives were quantitatively identified

Blue R-250 were from Bio-Rad. All other reagents were of . reverse phase high-pressure liquid chromatography on an
the highest purity available. ODS Spherogel micro phenylthiohydantoin columnu{
Purification of PA63, EF, CYA30, and CYA6ZThe diameter particles, 2 150 mm, Beckman Instruments). All
anthrax edema toxin proteins (PA and EF) were produced sequencing reagents were from Beckman.
by double mutant strains d3. anthraCiS in which two of Liposome Preparatio_n Asolectin was kept as a stock
the three toxin genesef, cya andpag) were respectively  solution in chloroform (100 mg/mL). A film of asolectin
inactivated by intragenic deletiofefcyaor lefpag). These  was formed on a glass tube and dried overnight under
strains were capable of producing only a single toxin yacuum. This film was rehydrated in a 10 mM Hepes buffer,
component and were used to avoid the possible contaminapH 7.2, 150 mM NaCl. Large unilamellar vesicles (LUV)
tion from the two other proteinsZ(l). The culture and were formed by an extrusion procedure (pores: m
purification of PA and EF were carried out as previously diameter) at room temperature according to Hope eﬂa)(
described24). PA63 was generated by “nicking” PA with  The concentration of lipids was determined by measuring
trypsin (trypsin/PA, 1/100, w/w) in a 20 mM Tris-HCl buffer,  the lipid phosphorus conten29).
pH 7.2, for 15 min at 30C. The reaction was stopped by Association to Lipid of PA63, EF, CYA30, and CYA62
the addition of soybean trypsin inhibitor (trypsin/inhibitor,  Forty micrograms of PA was mixed with 3@ of LUV in
1/10, w/w) and of 2 mM PMSF. The sample was subse- g 20 mM Tris buffer, pH 7.2, and incubated 10 min at 37
quently purified by chromatography on a Mono-Q HR 5/5 °C. The system was treated with trypsin (trypsin/PA, 1/100,
anion-exchange column (Pharmacia, Uppsala, Sweden) usingy/w) for 15 min at 30°C. The reaction was blocked by
a 20 mM ethanolamine buffer, pH 9.0, and &450 mM addition of soybean trypsin inhibitor (trypsin/inhibitor, 1/10,
NaCl gradient. The purity of PA63 and EF was over 95% ). The pH was then lowered to the desired one by
as judged by 12% SDSPAGE stained with Coomassie Blue  addition of a predetermined volumé bM sodium acetate,
R-250 @5). For the FTIR experiments, the proteins were pH 5.0. After 10 min of incubation at 37C, the samples
dialyzed agairtsa 2 mM Hepes buffer, pH 7.2, overnight  were then mixed with an equal volume of 80% sucrose and
and stored at-20 °C. overlaid with a 36-2% linear sucrose gradient. For EF,
CYA30 (N-terminal 303 residues) and CYA62 (C-terminal CYA30, and CYA62, 4Qug of proteins and 30Qg of LUV
539 residues) are two mutants of the EF protein. CYA62 is were mixed at pH 7.2 and incubated for 10 min at°&7
the product of the plasmid pMMAB861.19N in which the first After adjustment to the desired pH and incubation for 10
261 codons of theyagene were removed®). The protein min at 37 °C, the samples were submitted to a sucrose
was purified according to Labruye et al. ((5), and the gradient as described above. After an overnight centrifuga-
lyophilized sample was resuspendeai2 mMHepes buffer, tion at 125009 at 4 °C in a Beckman L7 ultracentrifuge
pH 7.3. CYA30 is the product of the plasmid pMMA111 with a SW6O rotor, the gradients were fractionated from the
which harbors a deletion of theyagene preserving the 303  bottom to the top of the tube, and the phospholipid and
codons at the 'send. This plasmid was introduced in the protein distributions were determined respectively by a
pag and lef mutant of B. anthracis which produces only  choline dosage (test combination phospholipids, Boehringer
EF. This strain secretes CYA30 with only a minor con- Mannheim Biochemia) and by measuring the Trp fluores-
tamination due to EF. To remove the full-length protein, cence fex = 280 nm andAem = 340 nm) or the Tyr
we made use of the strong affinity of EF for calmodulin. fluorescencedex =277 nm andtem, = 303 nm) using a JY3D
The culture supernatant was incubated with a calmodulin- (Jobin Yvon) spectrofluorometer. As Tyr fluorescence is
Sepharose resin (Pharmacia) in a 50 mM Tris buffer, pH much weaker than Trp fluorescence, the absorption of the
7.4, 2 mM CadC, at room temperature fd h under shaking.  sucrose was subtracted from the signal. Fractions which
The mixture was packed in a 10 mL column, and the liquid contained both lipids and proteins were pooled, centrifuged,
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Ficure 1: (Lanes t4) 12% SDS-PAGE (1) PA, (2) nicked PA (in the presence of the vesicles and before the sucrose gradient), (3)
lipid-bound PA63, and (4) purified PA63. (LanesB) 10% SDS-PAGE (5) EF, (6) CYA30, and (7) CYA62.

and washed twice wita 2 mMHepes buffer at desired pH expressed between 0 and 100%, was plotted versus deutera-
to remove the sucrose. To study the reversibility of the tiontime. The 100% value is defined by the amide ll/amide
association of the proteins showing a pH-dependent lipid | ratio obtained before deuteration, whereas the 0% value
binding, the lipid-bound protein samples were divided in two corresponds to a zero absorbance in the amide Il region. It
parts: one half was kept at low pH and the other half was has been shown previousI8§, 39 on a series of proteins
brought back to pH 7.2 by addition of a predetermined which can be fully denatured (and therefore fully deuterated
volume of 1 mM NaOH. The two samples were then in the denatured state) and then refolded to their original
submitted to a sucrose gradient as described above. structure, that complete H/D exchange resulted i 6%

IR Spectroscopy.Attenuated total reflection infrared absorbance in the amide Il region. We are therefore
spectra (resolution of 4 cm) were obtained on a Perkin- confident that a zero absorbance in the amide Il region
Elmer 1720X FTIR spectrophotometer as previously de- reflects the full deuteration of the protein.
scribed 80). Measurements were carried out at room
temperature. Thin films were obtained by slowly evaporating RESULTS
a sample under a stream of nitrogen on one side of the ATR o o _
plate (Germanium plateB(, 32. The ATR plate was then Purification of Soluble PA63, Lipid-Associated PA63, EF,
sealed in a universal sample holder (Perkin-Elmer 186-0354)and the Two Mutants of EFSoluble PA63 was generated
and deuterated by flushing the sample compartment with by “nicking” PA with trypsin and purified by chromatog-
D,O-saturated N at room temperature for 90 min. The raphy of trypsin-treated PA on a Mono-Q anion-exchange
hydrogen/deuterium exchange allows differentiation of the 'esin using a pH 9.0 ethanolamine buffer and-s460 mM
a-helix from the random structure, whose absorbance bandNaCl gradient as described under Materials and Methods.
shifts from about 1655 cni to about 1642 cmi (33, 3. PA63 was eluted at about 380 mM of NaCl in a single peak
The determination of the secondary structure of proteins was(data not shown). The fractions corresponding to the peak
carried out by analysis of the deuterated amide | region asWere collected, and figure 1 (lane 4) shows that they
described previoush8Q, 35-37). The frequency limits for contained a single band with an apparent molecular mass of

the different structures were as follows: 1661645 cn?, 63 kDa. However, the yield of the purification was quite
a-helix; 1689-1682 cnt! and 16371613 cntl, B-sheet; low since PA63 has a strong tendency to aggregate as the
1645-1637 cm?, random coil: and 16821662 cn?, sample is aging. Therefore, this method of purification was

7.2, and asolectin vesicles at both pH 7.2 and 5.0 showedWhich was devoted to the FTIR study, and another method

no absorbance between 1700 and 1600 ‘cfdata not  Was developed to prepare and to insert PAG3 in the lipid
shown). membrane by a single step. The incubation of PA with
Kinetics of Deuteration. The experimental procedure was ~ {rypsin was carried out at pH 7.2 in the presence of asolectin
carried out as previously describel?( 30. The pH ofeach  large unilamellar vesicles, the pH was dropped to 5.0, and
sample was checked to ensure that it was either 7.2 or 5.0th€ sample was run on a sucrose gradient to remove the non-
If it was not, the pH was adjusted with diluted HCI or NaOH. @associated proteins. Figure 1 shows that before the sucrose
The samples were spread on a germanium plate as describegradient (lane 2), both PAG3 and PA20 were present in the
above 81, 32. At time zero, a DO saturated Blflux was sample whereas, after purification of the protein-bound lipid
applied to the sample, with a flow rate of 75 mL/min (lane 3), only PA63 was identified. The N-terminal sequence
controlled with a Brooks flowmeter. The spectra at each ©Of this protein was determined and was shown to correspond
time point were the accumulation of 12 scans with a O the expected trypsin cleavage site betwe&f &d S
resolution of 4 cm?. The background due to the atmospheric ThiS suggests that carrying the "nicking” in the presence of
water contribution was computed as described in Goor- the lipid vesicles followed by the pH drop is a straightforward
maghtigh et al.30) and was subtracted from each spectrum. and efficient method to obtain PA63 in a lipid environment.
The amide | and Il band areas were measured between The Coomassie Blue-stained SBBAGE gel also shows
1702-1596 and 15851502 cnt?, respectively. The amide that the EF (Figure 1, lane 5) and CYA62 (Figure 1, lane 7)
Il area was divided by the amide | area for each spectrum to samples contained a single band at about 89 kDa and 62
take into account any change in the total intensity of the kDa, respectively. On the contrary, two bands were identi-
spectra during the deuteration process. This ratio, which wasfied in the CYA30 sample (Figure 1, lane 6). The N-terminal
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sequence of these two bands were found to T&ES- © 120 c
DIKRNHKTEKN and *NHKTEKNKTEKEKF. These two & o

bands have been repeatedly identified in several preparations E’S 60

(E. Labruyee, personal communication), suggesting that 23

some proteolysis may take place during protein expression ge %0

and purification. This sample was used without further < 0 —— | . )

purification. 5 6 7 8

The two toxins ofB. anthracis lethal toxin (PA and LF) 20

and edema toxin (PA and EF), have been proposed to enter A1l A2l 6

the cells through receptor-mediated endocytosis. Moreover, 157 . L 4

the activities of these toxins are blocked by incubation of 10 4 7

the cells with drugs known to increase the low intracellular 05 - e -2
0.0

pH, therefore suggesting the involvement of an acidic 0.00
organelle in the toxin-mediated cytotoxicit{k, 12. We
have therefore characterized the effect of pH on both the

4
—4
4

T T

.20

= B1- B2 6 4

association of PA63 (the nicked and translocation-active form § 187 7 L, 5
of PA; 22), EF, CYA30, and CYAB2 to lipid vesicles and ¥ .10 1 g ‘ z
their structures in the absence or the presence of lipid 3 .05 - A&N - A -2z
vesicles. g 0.00 poed—Tese poos——Bess 0.0 %

Effect of pH upon PAG3, EF, CYA30, and CYAG2 As- % 20 §
sociation to LiposomesPAG3 and EF were associated to 3 15 - D1L | D2 , 8
the lipid vesicles at pH 7.2 and 5.0, and the samples were 5 E
centrifuged on a sucrose gradient as described under Materi-& 10 7 L] L 2
als and Methods. The sucrose gradients were fractionated, & .05 -| *: j: : 5
and the proportions of proteins and lipids were determined Qsc_’ 0.00 82 aadcohy i L 00 3
in each fraction (Figure 2). The association of PA63 to the 20
lipid membrane is pH-dependent (Figure 2, A1 and A2) ’ E1] E2| ,
whereas EF shows a similar efficiency to interact with the 15 9 7 i& ‘
lipid membrane at pH 7.2 and 5.0, 100% of the protein being 10 | | L,
lipid-associated at both pH (Figure 2, B1 and B2). The high 05 - 4 '
protein signal observed at the bottom of the gradient in the 0.00 = L starerd *8ue, 0.0
PAG63 experiments was mostly due to the presence of the 6 4 8 12 16 20 0 4 8 12 16 20

trypsin, the trypsin inhibitor, and PA20 (see Materials and I

]'c\/letﬂmds :]or th(ta prepetLatlonHogthat sdample). fTherefc()jre, to FIGURE 2: Sucrose gradient profiles of PA63 (A), EF (B), CYA30
urther characterize the pH-dependence of PAld (D), and CYAG62 (E) incubated with liposomes at pH 7.2 (1) and

binding, the proportion of lipid-bound PA63 as a function pH 5.0 (2). Eighteen fractions were collected from the bottom to
of pH was determined after fractionation of the sample by a the top of the sucrose gradient and measured for pro@jrad

sucrose gradient using a calibration curve built by FTIR as lipid (®) contents. (C) association of PA63 to liposomes as a

: : ; : : s function of pH. The association was expressed in percentage, in
described in Wang et allp). Briefly, increasing quantities which the maximum protein/lipid ratio (see Materials and Methods)

of a pr_otein (LF) were mixed with a fixed quantity of s considered as 100%. The error bars give the standard deviation
asolectin LUV, and the FTIR spectra of the samples were (three independent experiments).

recorded. The calibration curve was established by plotting

log[area amide I/areg(C=0) lipid] versus log (protein/lipid, To further characterize the association of EF to the lipid
w/w). The fractions of the sucrose gradient containing the vesicles, the two truncated mutants (CYA30 and CYAG62)
lipid-bound PA63 were then analyzed by FTIR. The protein/ were associated to the lipid vesicles at pH 7.2 and 5.0, as
lipid ratio in these samples was determined by measuring described above. Interestingly, the association of CYA30
the area amide l/areg(C=0) lipid and by reporting this  to the lipid membrane is pH-dependent with virtually no
value on the calibration curve. Binding of PA63 to the lipid association at pH 7.2 (Figure 2, D1 and D2), while that of
vesicles shows a very sharp pH-dependence with a transitionCYA62 shows only a slight pH-dependence, 80% and 100%
pH (pH at which 50% of the protein is associated) at about of the protein being membrane-bound at pH 7.2 and 5.0,
5.6—-5.7 (Figure 2C). By analogy with full-length PA which  respectively (Figure 2, E1 and E2) (determined by FTIR as
has been shown to be irreversibly bound to the membranedescribed above). The association of CYA30 to the lipid
when the pH was brought back to neutral), the revers-  membrane was fully reversible when the pH was brought
ibility of the lipid binding of PA63 was also studied. A back to neutral, as described under Materials and Methods
suspension of lipid-bound PA63 at pH 5.0 was divided in (data not shown).

two parts: one half was kept at pH 5.0 and the other half  Effect of pH and the Presence of Lipids on the Structure
was brought back to pH 7.2. The two samples were then of Anthrax Edema Toxin Proteindnvestigation of the effect
run on a sucrose gradient, and the percentage of lipid-boundof pH and the presence of a lipid membrane upon toxin
protein was determined by FTIR, as described above. structure should provide important information for the
Reversal of the pH had no effect on the percentage of PA63understanding of th&. anthracistoxin’s molecular mech-
bound to the lipid membrane (data not shown), suggestinganism of intoxication. The Fourier transform infrared
the irreversibility of its binding. spectroscopy is based on the analysis of the vibration bands
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Ficure 3: Deuterated infrared spectra of PA63 (A), EF (B), CYA30 (D), and CYA62 (E) as a function of pH and the presence of the lipid
membrane. Each sample was incubated for 30 min at the desired pH before being spread at the surface of a germanium plate. (a) pH 7.2;
(b) pH 5.0; (c) in asolectin LUV at pH 5.0; and (d) in asolectin LUV at pH 7.2. Deconvolved IR spectra (resolution Kaetay,of PA63

and EF (C) and CYA30 and CYA62 (F) at pH 5.0 without (a, b) and with (c, d) asolectin LUV, respectively.

of protein and particularly the amide | bandC=0) of the Table 1: Percentage of Secondary Structuses%; 35) of PAG3,
peptidic bond, whose frequency of absorbance is strongly EF, CYA30, and CYA62 at pH 5.0 in the Absence or Presence of
dependent upon the secondary structure. This method hag\solectin LUV

been successfully used to investigate the structure of soluble o-helix (%) [-sheet (%) random (%) turns (%)
and membrane proteind®, 32, 35, 37, 4645). PAG3 23 34 14 29
The FTIR spectra of chromatography-purified PA63 (A) Eé63+ LUV 33% 3288 1105 1188
and of EF (B) at pH 7.2 and 5.0 are shovyn Figure 3. The EF -+ LUV e >7 5 io
secondary structures of PA63 and EF are independent of pHya30 27 31 16 26
and characterized by maxima of absorbance at 1631, 1652,cya30 + LUV 39 29 17 15
and 1636 cm?, respectively (Figure 3C). The absorbance CYA62 28 31 17 24
in the 1631 cm’ region characterizes the presencg-sheet =~ CYA62+ LUV 34 31 19 16

structure, whereas the absorbance at 1652 indicates the
presence ofi-helical structure. Table 1 gives the secondary pH 5.0 and of EF at pH 7.2 and 5.0 with asolectin LUV
structure contents of PA63 and EF. Incubation of PA63 at results in a slight increase of the helical content (Figure 3
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FiGURE 4: IR spectra between 1800 and 1500¢raof lipid-bound PA63 (A) and EF (B) at pH 5.0. Spectra were recorded as a function
of time of exposure to BED-saturated Blflow, which is indicated at the right side of the figure. Each group of kinetics spectra is from one
of three independent experiments.

and Table 1), whereas thfesheet content is not modified.  of non-exchanged residues is not significantly modified by
However, in both cases, thfesheet structure, characterized the interaction with the lipid membrane, which suggests
by a maximum of absorption at 1631 (PA63) and 1636tm either that a very low number of residues are protected by
(EF) in the absence of lipids, is shifted to 1623 ¢rn the the lipid membrane, in addition to those which are buried in
presence of the lipid vesicles (Figure 3C). This suggeststhe protein, or that a similar number of residues that are
that the nature of the hydrogen bonds between the sheets iprotected in the free protein because of the folding are now
modified upon interaction with the lipid membrane. protected from the solvent because of their insertion in the

The secondary structures of CYA30 and CYA62 are lipid membrane.
independent of pH (pH 7.2 and 5.0, Figure 3, D and E) with
maxima of absorbance at 1650 and 1635 €for CYA30 DISCUSSION
and 1648 and 1635 crh for CYA62 (Figure 3F). In the The mechanism by which bacterial toxins cross their target
presence of asolectin LUV at pH 5.0, in both cases, the 1635membrane to reach the cytosol is far from being molecularly
cm~! component is shifted to lower wavelength (1626 or described. Previous studies have suggested thaBthe
1621 cm?, Figure 3F), and thex-helical content of the  anthracistoxins, the lethal toxin (PA63 and LF) and the
proteins is increased (Table 1). edema toxin (PA63 and EF), belong to the group of theBA

To further characterize the conformational changes taking type toxin (whose prototype is diphtheria toxin, DT) regard-
place upon lipid binding, the kinetics of deuteration of PA63 ing the existence of one B moiety (PA63) interacting with
and EF in the presence or the absence of the lipid membraneeither of two A subunits (EF and LF), as well as the nature
atpH 5.0 and at pH 7.2 and 5.0, respectively, were measuredof the mechanism of internalization (see the introduction).
Indeed, the rate of H/D exchange is related to the solvent However, from a structural point of view PA63 behaves more
accessibility of the NH amide groups of the protein. Peptide like the a-toxin of Staphylococcus aureys pore-forming
hydrogen exchange of the proteins was followed by monitor- toxin; 46, 47 than like DT: it has g-sheet structure4@)
ing the amide Il absorbance peaklN—H) maximum in the and the membrane competent structure is a hepta?@er (
1596-1502 cm! region] decreases because of its shift to The structure of the detergent-bound heptameric form of
the 1460 cm? region [amide I, 5(N—D)] upon deuteration  a-toxin has been recently determined at 1.9 A resolution by
(Figure 4). As an example, Figure 4 shows the kinetics of X-ray diffraction @9). The o-toxin oligomer has a mush-
deuteration of PA63 and EF at pH 5.0 in the presence of theroom shape in which the stem domain is a 14-strand
lipid membrane. The percentages of non-exchanged resi-antiparallel3-barrel which crosses the cell membrane and
dues, calculated from the ratio of amide Il/amide | as creates a water-filled channel. Each monomer contributes
described under Materials and Methods, are given, in all to the barrel structure by insertion in the lipid membrane of
cases, in Figure 5. At pH 5.0, PA63 is undergoing a fast a pair of-strands. According to the crystal structure of the
and extensive exchange: only 250% of the residues PA63 oligomer, a similar structure could characterize the
remained unexchanged aft¢ h of deuteration, suggesting insertion of PA63 in a lipid membrane. Our FTIR data
that most of PA63 is accessible to solvent. At pH 7.2 and support the hypothesis of the membrane interaction being
5.0, 40% of EF residues are resistant to hydrogen/deuteriummediated by the formation ¢gf-sheets characterized by the
exchange, which suggests that EF in solution might have apresence of intersheets hydrogen bonds. Indeed, in the
more compact shape than PA63. In any case, the proportionpresence of the lipid membrane, the frequency of absorption
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Ficure 5: Evolution of the proportion of non-exchanged residues as a function of the deuteration time. (A) PA63 at pH 5.0; (B) EF at pH
7.2; (C) EF at pH 5.0 with®) and without Q) lipids. Each curve is the average of three experiments, and the error bars represent the
standard deviation.

of PAB3 is shifted from 1633 to 1623 cth The low- membrane18). The presence of an identical low-frequency
frequency absorption (1623 c#) is characteristic of-strands component (1623 cm) in the IR spectra of the three proteins
forming strong hydrogen bonds which may arise from of toxins of B. anthraciswhen incubated in the presence of
intermolecular bonds between aggregated or oligomerizeda lipid membrane suggests that they might be able to form
proteins 60). Moreover, the number of residues of PA63 a heterostructure in the lipid membrane: febarrel that
accessible to solvent and therefore able to undergo awould be formed by the seven (or fewer) monomers of PA63
hydrogen/deuterium exchange is not strongly modified by and by a still unknown number of monomers of either LF
the interaction with the lipid membrane, which suggests that or EF. The active “translocation machinery” would then be
only a few number of residues are involved in this interaction, a heterocomplex formed by the associatiop-gtrands from
as it would be the case if a monomer would contribute only PA63 and one of the two A subunits (LF or EF).
two S-strands in the membrane. Upon incubation with the  The data given in this paper are providing new and
lipid membrane, the content of organized structures increasedmportant insights into the mechanism of translocation of
at the expense of the random and the turn structures. ThisEF and LF across the lipid membrane. As described and
could be the consequence of the packing of the sevencharacterized by other authors, the first three steps of
monomers at the membrane surface. intoxication of theB. anthracistoxins are (i) the binding of
One main question that still has to be solved is the PA to specific cell receptors, (ii) the cleavage of PA and the
mechanism by which PA63 mediates the translocation of EF binding of either LF or EF to PA63, and (iii) the endocytosis
and LF in the cell cytoplasm. It has been previously of the complex. Once in the endosomal pathway, the
demonstrated that PA63 was able to induce a channelcomplex meets a low pH that allows the insertion of PA63
formation in planar lipid bilayersl@). The crystal structure  into the membrane. One striking difference is however
and our data suggest that this channel may adgpbarrel observed between LF and EF: the interaction of LF with
structure. Whether or not this channel could translocate EFthe lipid membrane is strictly dependent upon low pH
and LF in an unfolded form remains to be solved. However, whereas that of EF is not pH-dependent. Whether or not
the strong interaction of LF1¢) and EF with the lipid EF may first insert in the lipid membrane remains unclear,
membrane in the absence of PA63 suggests that they maybut it seems that its translocation requires the presence of
play an active role in their own translocation by forming a PA63 in the lipid membrane. As previously demonstrated,
complex with PA63. Contrary to PA63 which is mostly a the interaction of LF with the lipid membrane is reversible
f-sheet protein, LF17) and EF have a high helical content when the pH is brought back to neutral7j. After
(39%). Their binding to the lipid membrane is characterized translocation, LF is therefore most probably released in the
by (i) an increase of the helical content (with a decrease of cytoplasm where it will exert its lethal activity, whereas PA63
the random structure), (ii) a shift of thlesheet component  remains in the lipid membrane. Since EF strongly interacts
to a IR lower wavelength, and (iii) a hydrogen/deuterium with the lipid membrane at pH 7.2, it may not be completely
exchange almost identical to the exchange observed in thereleased in the cell cytoplasm. The only requirement for
absence of lipids. This is very similar to the modifications activity is to expose to the cytosol the catalytic domains,
observed upon binding of PA63 to the lipid vesicles, and this does not exclude the presence of transmembrane
suggesting that the three proteins may adopt similar strate-regions: most adenylate cyclases are membrane proteins
gies, such as an oligomeric form, to interact with the lipid characterized by one or more transmembrane domai)s (
membrane. The hypothesis of LF and EF oligomerization The analysis of the CYA mutants has shown that the
is in agreement with previous fluorescence studies which region(s) responsible for the interaction at pH 7.2 is (are)
demonstrated that the Trp fluorescence of these proteins wadocalized on the protein domain which carries the nucleotide
quenched when the proteins were inserted in the lipid and the calmodulin binding sites (CYA62) which could
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suggest that, even though EF is a secreted protein, it may 25.
adopt, in the endosomal membrane, a topological organiza- 26.

tion similar to other adenylate cyclases.
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