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ABSTRACT: In its activated 63 kDa form, the protective antigen (PA) component of anthrax toxin forms

a heptameric prepore, which converts to a pore (channel) in endosomal membranes at low pH and mediates
translocation of the toxin’s enzymic moieties to the cytosol. It has been proposed that the prepore-to-
pore conversion involves a conformational rearrangement of a disordered amphipathic loop (D2L2; residues
302—325), in which loops from the 7 protomers combine to form a transmembrane 14-styabdeet|.

To test this model, we generated Cys substitutions in 24 consecutive residues of the D2L2 loop, formed
channels in artificial bilayers with each mutant, and examined changes in channel conductance after adding
the thiol-reactive, bilayer-impermeant reagent methanethiosulfonate ethyltrimethylammonium (MTS-ET)

to the trans compartment. The rationale for these experiments is that reaction of MTS-ET with a Cys
residue adds a positively charged group and therefore would likely reduce channel conductance if the
residue were in the ion-conducting pathway. We found alternating reduction and absence of reduction of
conductance in consecutive residues over two stretches (residue8RBD2nd 316-325). This pattern

is consistent with alternating polar and apolar residues of the two stretches projecting into the pore lumen
and into the bilayer, respectively. Residues connecting these two stretches (residu@431®ere
responsive to MTS-ET, consistent with their being in a turn region. Single channels formed by selected
mutants (H304C and N306C) showed multiple conductance step changes in response to MTS-ET, consistent
with an oligomeric pore. We also found that the binding site for the channel-blocking tetraalkylammonium
ions is located cis relative to the inserted D2L2 loops. These findings constitute strong evidence in favor
of the model of conversion of the prepore to a 14-strangédrrel pore and solidify the foundation for
studies to understand the mechanism of translocation by anthrax toxin.

Intracellularly acting bacterial toxins must cross a mem- moiety, protective antigen (PA)mediates the translocation
brane barrier of host cells to reach their cytosolic targets. of two alternative A moieties, edema factor (EF) and lethal
Most intracellularly acting toxins may be classified asB factor (LF), into the cytosol. Under the current model for
toxins, where the B moiety binds to the surface of the host anthrax intoxication, PA first binds to a ubiquitous cell
cell and translocates the enzymatic A moiety into the cytosol surface receptor8] and is then cleaved by furin or a furin-
(1). In many of these toxins, membrane translocation of the like protease9). Proteolytic removal of the N-terminal 20
A moiety involves insertion of the B moiety into the host kDa fragment enables the remaining receptor-bound 63 kDa
membrane, resulting in the formation of an ion-conducting fragment (PAs) to form a heptameric prepord@ and to
pore. X-ray crystal structures have been solved for the water-bind EF or LF (L1). The entire complex is then trafficked
soluble forms of two pore-forming AB toxins and also of  to the endosome, where the low-pH environment induces
other toxins that function simply by forming pores at the the PAs; prepore to insert into the membrane and translocate
cell surface 2—6). The crystal structure of one pore-forming EF and LF to the cytosoll@, 13). In the cytosol, both EF
toxin has been solved in its membrane-inserted forjn (  and LF catalyze reactions that have toxic effed4, (L5).
Membrane insertion by these water-soluble proteins involves Insertion of the PAs heptamer into the endosomal
conformational changes to expose or generate new surfacesnembrane is believed to mediate translocation of EF and
which can penetrate hydrophobic membrane barriers. InthelLF, and elucidation of the insertion mechanism is crucial
case of pore-forming AB toxins, it is unclear whether the  for understanding the translocation process. Under low-pH
pore formed by the B moiety serves as a conduit for conditions, PAs;forms cation-selective channels in artificial
translocation or is a byproduct of membrane penetration. membranes1, 17) and in cell membranedl®). Purified

In anthrax toxin, the A and B moieties are separate proteins PAs3 was originally shown by electron microscopy to form
which self-assemble at the mammalian cell surface. The B

1 Abbreviations: BuNT, tetrabutylammonium; DTT, dithiothreitol;
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GM29210 (A.F.), and Al22021 (R.J.C.). factor; D2L2, loop 2 of domain 2 in PA; LF, lethal factor; MTS-ES,
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* Harvard Medical School. ethyltrimethylammonium; PA, protective antigen; 8AC-terminal 63
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A to the 24 residues of this loop. In this method, individual
302 25 residues are replaced with cysteine and tested for accessibility
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R B SV G AV APFDGS.5.G S S ST specifically react with water-accessible sulfhydryls. PA is
ideally suited to this method, in that the native protein is
s 142 devoid of cysteines. For these studies, we employed the
N N AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA positively charged reagent methanethiosulfonate ethyltri-
M T T G N N T D T K_G L G N 8§ G T K

-------------------------------------------------- methylammonium (MTS-ET). Should the cysteine of interest
line the ion-conducting pathway, derivatization with MTS-
ET would introduce a positive charge within the cation-
selective channel and likely result in reduction of channel
conductance. This method has been used to identify channel-
lining residues of many proteins, including the nicotinic
acetylcholine receptor2(), the GABA, receptor 22), the
CFTR channelZ3), K* channels24, 25), and the diphtheria
toxin channel 26). The results reported below provide
strong evidence in favor of the proposed model of membrane

FIGURE 1: (A) Amphipathic sequences of the D2L2 loop of PA penetration by P& to form ap barrel pore.
[after Petosa et al. (1997)] and the Gly-rich loopcshemolysin

(aHL). Residues that form the hydrophobic face of thearrel in EXPERIMENTAL PROCEDURES
ao-hemolysin, or have been proposed to form the hydrophobic face

of the PAg; pore, are underscored with a solid line. Residues that . . .
form the hydrophilic face imt-hemolysin, or have been proposed Materials MTS-ET bromide and sodium MTS-ES were

to form the hydrophilic face of the RApore, are underscored with ~ generous gifts from Dr. David Stauffer; Bibromide, puriss
a dotted line. (B) Proposed model for pore formation by fAfter grade, was obtained from Fluka.

Petosa et al. (1997)]. Following a low-pH trigger, the D2L2 loops ~  construction and Purification of Cysteine Mutantéild-

move to the base of the heptamer and combine to form a 14-stranded[ L . . .

transmembrang barrel. ype PA, containing a conservatively introducsall site at
792 bp, was cloned into thBanHI—Xhd sites of the

ring-shaped heptamer&Q), and recently the X-ray crystal ~ Escherichia coliexpression vector pET22b(Novagen),
structure of a heptameric, water-soluble form ofgpas ~ Which directs for periplasmic expression. Site-directed
determined ). Since this structure shows no regions of Mutants were created from this template via two-step

hydrophobicity that might mediate membrane insertion, we recombinant PCR using appropriate primers, and a 195 base
believe it represents an intermediate, or prepore, in the PairSal—EcdRI fragment was subcloned back into the wild-

insertion process. type vector. The ligation products were transformed into

Potential clues to the mechanism of insertion by thesPA  E. coli XL1-Blue (Stratagene). The plasmid DNA was
prepore come from studies of the bacterial pore-forming toxin @mplified, purified, and sequenced to confirm the presence
a-hemolysin fromStaphylococcus aureudThis toxin, which ~ Of the mutation. Confirmed mutant plasmids were then
shows no sequence similarities to PA, forms a heptamerictransformed into the. coli expression host BL21(DE3).
pore in membranesle)_ The recenﬂy reported Crysta| Cultures were grown in Luria broth Containing ampICIIIm at
structure of the pore indicates that the transmembrane motif37 °C to an ORgo of 0.6-1.0, and protein expression was
consists of a porin-like 14-strandgdbarrel formed from 7 induced by addition of isopropyi—p-thiogalactopyranoside
B hairpins ). Onep hairpin is contributed by each of the (1 mM) for 3 h at 30°C. Periplasmic proteins were extracted
protomers, and each hairpin is in turn derived from a Gly- by first resuspending pelleted cells in 4 mL of 20% sucrose,
rich amphipathic loop in the monomeric water-soluble 5 MM EDTA, 150ug/mL lysozyme, 20 mM Tris-HCI, pH
protein. The loop contains alternating hydrophilic and 8.0, per gram of cells. After incubation on ice for 40 min,
hydrophobic residues. Once assembled into the membrane80 uL of 1 M MgCl per gram of cells was added. The
penetrang barrel, the hydrophilic residues face the aqueous Mixture was centrifuged, and the resulting supernatant
lumen of the pore, and the hydrophobic residues form the containing the desired protein was dialyzed overnight in
exterior, membrane-contiguous surface of the barrel. buffer A (20 mM Tris, pH 8.0, 2 mM DTT, 1 mM EDTA).

The crystal structures of native PA and thesPprepore ~ The protein was then purified by anion exchange chroma-
reveal the presence of a disordered, amphipathic looptography (Q-Sepharose followed by Mono Q) in buffer A.
(D2L2), which has alternating hydrophilic and hydrophobic Occasionally, a further gel filtration step (Superdex 75) in
residues reminiscent of the Gly-rich loop of thhemolysin ~ buffer A containing 150 mM NaCl was required. Proteins
(Figure 1A). This loop, which connects strangi2znd 53 were purified to 90% homogeneity, as judged by SDS
within domain 2, projects outward from the side of domain PAGE. Approximately 0.5 mg of purified protein was
2 of each monomer within the water-soluble heptar@r ( obtained fron 1 L of cells. Proteins were stored in 2 mM
A significant conformational rearrangement would be needed DTT at —80 °C until use.
for this loop to participate in barrel formation, but a plausible  Trypsin Actvation of Cysteine MutantsMutant proteins
mechanism for such a rearrangement has been proposedvere diluted to 0.5 mg/mL in buffer A, and trypsin was added
(Figure 1B) 6). to a final concentration of kg/mL. After incubation for 5

To determine whether D2L2 forms a transmembrgne min at 37°C, soybean trypsin inhibitor was added to a final
barrel channel similar to that of the-hemolysin, we concentration of 1@g/mL. Nicked proteins were stored on
employed the substituted cysteine accessibility metR6H (  ice or at—80 °C until use. Although the mutant proteins
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were stored in 2 mM DTT, it was found that maximal
channel-forming activity and cysteine reactivity toward MTS-
ET was obtained if fresh DTT, to an additionat-2 mM,
was added to the nicked samples each day of use.
Macroscopic Channel ExperimentdMacroscopic con- 25
. . pAI
ductance experiments were carried out at room temperature 105
on planar lipid bilayers formed by the brush technique of I=0
Mueller et_",a'l' (1963) e}cross a O',5 mm diameter hole 'n, & Figure 2: Effect of MTS-ET on N306C-induced macroscopic
Teflon partition separating two Lucite compartments contain- conductance. The current record (with the voltage hele2t mV)
ing 3 mL of identical salt solutions (100 mM KCI, 1 mM  begins 7 min after addition of trypsin-nicked PA N306C to a final
T, 0 M e e T e o of S At o I At
H H : : ntration o .
bran_e-fo_rmlng solution was 3% dlphytanoylphosphatldyl- in coﬁ(ziz((::tance due to t%e addition, the current is seen to decrease
choline in decane. After the membrane formed, trypsin- 514 within seconds.
nicked mutant PA was added to the cis compartment to a
final concentration of 30 pM to 3 nM (the final concentration cysteine, was generated via recombinant PCR. DNA frag-
of DTT in that compartment was typically -1 uM). Each ments encoding the desired mutation were subcloned into
compartment was stirred continuously throughout the experi- wild-type PA within the pET22b vector, and the mutant
ment by small magnetic stir bars. After the mutant PA- proteins were expressed iB. coli, harvested from the

induced current had stabilized, typically after8min, MTS- periplasm, and purified via anion exchange and gel filtration
ET was added either to the cis compartment to a final chromatography to 90% homogeneity.
concentration of 4M or to the trans compartment to a final PA is cleaved in vitro into its 20 and 63 kDa fragments

concentration of 4160uM; these concentrations of MTS- by treatment with trypsin. When trypsin-activated PA is
ET had no effect on the current induced by nicked wild- added to artificial lipid bilayers and the pH is reduced below
type PA. The effects of MTS-ET on mutant PA-induced pH 7 in the presence of 1 mM EDTA, cation-selective
conductance generally occurred over a period of tens of channels are formed, which are identical to those formed by
seconds. The percent decline of conductance produced bypurified PAsz (16). All of the D2L2 cysteine mutant proteins
MTS-ET was calculated as [t (lpa+mrs/lpa)] x 100, where  formed channels in planar lipid bilayers as readily as wild
Ipa was the current immediately before MTS-ET addition type, provided they had been activated with trypsin and fully
andlpa+mts Was the lowest current observed within 3 min  reduced.
following addition of MTS-ET. Values are reported as the ~ For macroscopic conductance experiments, in which the
mean= standard error of 24 experiments. In experiments collective conductance of hundreds to thousands of channels
involving BwN™, this reagent was added to a final concen- is measured, subnanomolar to hanomolar concentrations of
tration of 15uM cis or 500uM trans. All experiments were  trypsin-activated mutant were added to painted diphy-
done under voltage clamp conditions (with the cis compart- tanoylphosphatidylcholine bilayer membranes held at a
ment held at-20 mV with respect to the trans compartment), voltage of+20 mV at pH 6.6. Once the current had more
using a single pair of Ag/AgCl electrodes that made electrical or less plateaued, MTS-ET was added to the trans compart-
contact with the solutions in the compartments through 3 M ment (the compartment opposite that to which PA was
KCl agar bridges. The current responses were filtered at 10added), and its effect on macroscopic current was observed.
Hz and displayed on a Narco physiograph chart recorder. The positively charged methanethiosulfonate reagent MTS-
Single-Channel Experiment$lanar bilayers were formed ET was chosen because of the known cation selectivity of
at room temperature from a 1% solution of diphytanoylphos- PAg; channels. For certain mutants, an immediate and large
phatidylcholine in hexane using a modification of the folded decline in current was observed, whereas for others no
film method @7) across a 96100xm hole in a polystyrene  decline was detected, even after several minutes. Figure 2
cup 28) as previously described®9). The solutions both  shows a typical trace for a MTS-ET-responsive mutant.
inside (0.5 mL) and outside (1 mL) the cup were the same Addition of 38 M MTS-ET trans to channels formed by
as in the macroscopic experiments and could be stirred bythe N306C mutant reduced the macroscopic current nearly
small magnetic stir bars. Experiments were performed under6-fold within seconds. Subsequent trans addition of 4 mM
voltage clamp conditions at-50 mV cis. In a typical DTT caused a reversal of the effect (data not shown). The
experiment, nicked mutant PA was added, after the mem- current induced by most other MTS-ET-responsive mutants
brane formed, to a final concentration of 150 pl#6 nM was also maximally reduced within seconds following MTS-
to the outside compartment (cis), and the resulting current ET addition. With some mutants, the decrease was more
responses were monitored on a chart recorder and recordedradual, but in all cases was essentially complete within 3
on digital tape as previously describ&®). After a channel min. The reduced current persisted with most mutants for
appeared, MTS-ET was added to the trans compartment tothe duration of the experiment. [In some experiments, the
a concentration of~1 uM. Solutions were stirred as decline in G317C- and S319C-induced current produced by
necessary. For the DTT reversal experiments, DTT was MTS-ET added trans was followed by a linear rise in current
subsequently added to the trans compartment to a finalto levels exceeding that which was observed before MTS-
concentration of+1 mM. ET addition (data not shown). The reasons for this effect
are unknown, but it is conceivable that reaction of MTS-ET
RESULTS at these sites catalyzes disulfide formation between mono-
Macroscopic Conductance Measuremer#sseries of 24 mers which could alter channel structure to a state of higher
mutations, each replacing an individual D2L2 residue with conductance.] Neither MTS-ET nor DTT, at the concentra-
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Mutant FiIGURE 4: (A) Effect of MTS-ET on conductance of a single

Ficure 3: Reduction of conductance produced by trans MTS-ET N306C channel. The trace begins after a single channel has opened
as a function of the location of Cys mutants within the D2L2 loop. With a conductance of 90 pS (at a holding potentiatt&0 mV).
Percent reduction was calculated as—+1(lpa+mrs/lpa)] x 100, MTS-ET was then added to a concentration of\8 trans, and the
wherelpa was the current immediately before MTS addition and current record was briefly obscured during stirring. One or more
Ieasmrs Was the lowest current observed within 3 min following reactions occurred during stirring, since after the stirring was
addition of MTS-ET. Values are reported as the meastandard stopped the conductance of the channel was about half that before

error of 2-4 experiments. For A307C and 1316C, MTS-ET-induced MTS-ET addition. The arrows indicate stepwise decreases in single-
reduction in current was only seen in some experiments. Note the channel conductance consistent with the reaction of MTS-ET with

alternating pattern of reduction in conductance, except for the Cysteines within the channel. (B) DTT reverses the MTS-ET effect.
consecutive MTS-ET-responsive residues 3325. A similar The trace begins 5 min after the final MTS-ET reaction was

pattern was seen when MTS-ET was added cis (data not Shown).ObserVEd in (A) DTT was added trans to a concgntratipn of 1.2
mM, and the single-channel conductance immediately increased

. . : .+ during stirring. The arrows indicate further stepwise increases in
tions used in these experiments, showed any effect on wild- single-channel conductance, consistent with reduction of the mixed

type channels. disulfides formed upon reaction of the cysteines with MTS-ET. At
Figure 3 shows the maximal reduction of macroscopic higher time resolution, the transition at the second arrow appears
current attained by each mutant within the first 3 min to be composed of 24 stepwise increases in conductance. (The
following trans addition of MTS-ET. Within each of two last break in the record is 90 s.)
stretches of D2L2 (E302€A311C and I1316€6-S325C),  individual reactions between MTS-ET and each of the seven
alternating positions displayed a reduction of current fol- single cysteine residues within the heptameric pore. We
lowing the addition of MTS-ET. All hydrophilic positions  performed single-channel measurements with two mutants,
within these stretches were responsive to MTS-ET, whereasN306C and H304C. In a typical experiment, trypsin-
all hydrophobic positions displayed little to no MTS-ET  activated mutant PA was added to a diphytanoylphosphati-
effect. (The only exceptions were positions A307C and dylcholine membrane separating identical salt solutions (100
I316C, where a slow effect was seen in some experiments.)mM KCI) at pH 6.6, and generally a single channel opened
These stretches were bridged by a region of consecutivewithin 30 min. The conductance of the N306C and H304C
MTS-ET-responsive residues, from S3120315C. The  channels was the same as that of wild-type channel©(
pattern of current reduction was identical when MTS-ER ( pS at an applied voltage 650 mV) (30). MTS-ET was
uM) was added to the cis side (data not shown). When then added to the trans compartment, the solutions were
methanethiosulfonate ethyl sulfate (MTS-ES100 uM), stirred briefly, and the effect on conductance was observed.
which adds a negatively charged sulfate group to a reactivewith single N306C channels, stepwise jumps to lower
cysteine, was added in place of MTS-ET, the responses ofconductance states were seen following addition of MTS-
the mutant channels were more variable: reduction of currentgT, consistent with multiple reactions within a multimeric
was seen at some positions, and increase of current was seeghannel (Figure 4A). Furthermore, subsequent addition of
at other positions, including all sites where a negatively DTT reversed the MTS-ET effect: multiple stepwise in-
charged native residue (E302, E308, and D315) had beencreases in channel conductance, consistent with DTT-
replaced (data not shown). This variability is not surprising, mediated reduction of the mixed disulfide between the
considering introduction of MTS-ES increases negative cysteines and ethyltrimethylammonium (the product of the
charge within the cation-selective channel while also intro- MTS-ET reactions), were seen until the original channel
ducing steric bulk which may hinder ion flow. Despite this conductance was regained (Figure 4B). Similar effects were
variability, a response to MTS-ES occurred only at positions seen when MTS-ET was added to single channels formed
that were also responsive to MTS-ET. These results, as apy H304C.
whole, support the proposed model of insertion of each D2L2  The pattern of conductance inhibition by MTS-ET was
as af hairpin. similar in all single-channel experiments: a decrease in
Single-Channel Measurementl the proposed model of  conductance occurred during or immediately following
channel formation is correct, single-channel measurementsaddition of MTS-ET, and additional jumps to lower con-
of MTS-ET-responsive mutants might permit one to resolve ductance states occurred afterward. Up to five transitions
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Ficure 5: MTS-ET restricts the accessibility of trans but not cigBtito its binding site. Current records (with voltage heldt&0 mV)

begin 3-5 min after addition of trypsin-nicked PA S325C. The arrows mark addition giiBU(A and B) Addition of BuN* to unmodified

S325C channels. In (A), the addition of BU' cis to a concentration of 1M produced a 3.5-fold fall in conductance; in (B), the addition

of BuyN* trans to a concentration of 5QfM produced a 2-fold fall in conductance. (C and D) Addition of,Bti to S325C channels
previously modified with MTS-ET. (C) Addition of BiN* cis to a concentration of 1M produced the same 3.5-fold fall in conductance

as in (A), despite the conductance having previously been substantially reduced due to modification of the channels’ cysteines with MTS-
ET. (D) Addition of 500uM BusN* trans to channels previously reacted with MTS-ET had essentially no effect on conductance; subsequent
addition of 15uM BusN* cis produced its usual 3.5-fold fall in conductance. Thus, with the cysteines at positions 325 modified with
MTS-ET, BuN™ added trans is prevented from reaching its binding site, wheregs'Badded cis is not. These results argue that the
Bu,N* binding site lies cis to position 325.

to lower conductance states were resolved within some singleeach mutant, as in wild-type channels, a rapid5Zold
channels. The state of lowest conductance ranged from 28reduction of macroscopic current was seen wheg\NBwas
pS to 12 pS (7288% reduction), depending upon the added to the cis compartment to a concentration ofV5
experiment, and the magnitudes of individual transitions (e.g., Figure 5A). The ability of each mutation to yield a
varied from experiment to experiment. In the putative normal BuN™ blocking effect suggests that the binding site
heptameric channel, 19 spatial combinations would be does not involve the D2L2 residues and, therefore, lies
allowed for derivatization of £7 cysteines 31). (For elsewhere in the protein.
instance, the second MTS-ET could modify cysteines atany T investigate if the BiN* binding site is located cis with
of three different locations relative to the firsain adjacent  yegpect to the inserted D2L2, we first reacted channels of
residue, or one or two monomers removed.) Each config- 5325¢, the site proposed to be located furthest cis, with
uration may result in a different reduction of channel \TS-ET and then determined whether subsequent cis or trans
conductance through a combination of steric and electrostaticaqgdition of BuN* had its usual effect on conductance. We
effects. . , . reasoned that electrostatic repulsion from the ethyltrimethyl-
In the course of performing the experiments described ammonjum ion bound to reacted cysteines within the channel
above, the observation was made that reaction with MTS- \youId inhibit flow of BwN™* ions past the derivatized region
ET and reversal by DTT could apparently occur from the ang thereby inhibit its access to its binding site, if the site
trans compartment while the channel was temporarily closed.|ay beyond the derivatized region. As seen in Figure 5C,
For example, during single-channel experiments with N306C, pyrior reaction with MTS-ET at residue S325C did not prevent
a channel often transiently closed for a few seconds. In somegypsequent cis 1M Bu,N* from producing its usual rapid
cases, when the channel closed in the presence of trans MTS3 5_fo|d fall in conductance, seen in Figure 5A, even though
ET, it reopened to a lower conductance state. Similarly, the conductance was already substantially reduced. This by
following the add_mon of DTT, a closed channel sometimes jigg|f strongly suggests that the BU binding site lies cis
reopened to a higher conductance state (data not shown)reative to D2L2. As further confirmation, prior reaction of
Such results imply that D2L2 forms a channel which is gated g325¢ with MTS-ET prevented trans 500 BusN* from
at a site cis relative to position 306. producing its usual 2-fold fall in conductance (compare
MTS-ET Restricts Accessibility to i’ Added trans but  Figure 5D to Figure 5B). One would expect such a result if
Not cis Symmetric quaternary ammonium ions ranging in the ByN* binding site lies cis relative to residue 325, as
size from tetramgthyl to tetraheptyl have been shown to block e ethyltrimethylammonium ion bound to reacted cysteines
PAss channels in a voltage-dependent manng2).( In at that site would inhibit trans BN* from reaching its
studies with BuN™, an approximately 40-fold higher trans  pinding site. These results strongly suggest that thlBu
concentration at-20 mV was required to yield the same  hinging site is located cis relative to D2L2, presumably

scopic and single-channel analyses led to a two-barrier single-

well energy barrier model for binding of BN* within the DISCUSSION

PAss channel 80, 32). To test whether one of the residues

of D2L2 participates in binding BIN™, we screened each Although many bacterial toxins act by modifying cytosolic
mutant for the ability to yield a BIN* blocking effect. In substrates within the mammalian cell, we presently do not
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Ficure 6: Model for the orientation of D2L2 within the membrane.
The filled boxes indicate residues that are responsive to MTS-ET,

based upon reduction of channel conductance. The open boxe

indicate residues that show little or no effect upon MTS-ET addition.
The pattern is consistent with each D2L2 contributing two anti-
parallel 3 strands to make a 14-strandgdarrel.
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little to no reduction. The lack of effect in the latter case
most likely reflects inaccessibility to the reagent. The two
regions of alternating accessibility were bridged by a short
segment of fully accessible residues (residues-3%) that
encompass the residues which had been predicted to form
the turn of the putative hairpin (Figure 1A). Two aromatic
residues in this region, F313 and F314, presumably border
the membrane/water interface at the trans face of the bilayer.
Aromatic residues have been shown to lie at the lipid/water
interface and girdlegg barrels formed by porins, as seen in
the crystal structure of a porin frolRhodopseudomonas
blastica(36). Thef turn region within D2L2 of protective
antigen is presumably different than that adopted by the
Staphylococcus aurewshemolysin: in PAs, thei andi+3
residues of the turn need to lie on the same face of the
hairpin, while in thea-hemolysin,i andi+3 apparently lie

on opposite sides of the barrel. Only two minor anomalies
in the overall pattern of inhibition were observed: in some
experiments, a weak effect of MTS-ET was detected at
A307C and I1316C. This may reflect greater flexibility of

understand how the enzymic moiety crosses a membrane fotthe 3 structure at these locations.

any toxin. In some A-B toxins, such as diphtheria and The absence of an MTS-ET effect at hydrophobic positions
anthrax toxins, the B moiety inserts into membranes underin D2L2 does not, of course, prove that these residues face
translocation conditions to form a pore which may serve as the interior of the bilayer. Itis conceivable that one or more
a conduit for A-chain translocation. To probe this hypothesis of these positions are in contact with the channel, but their
effectively, it is essential to understand the structure of the reactivity is inhibited by other mechanisms; alternatively,
pore in detail. The recently solved crystal structure of the reactions may occur but have no effect on conductance at
heptameric PAs prepore of anthrax toxin has provided a these positions. It is also possible that these residues form
detailed structure of an intermediate in pore formatiéh ( the exterior surface of a channel segment which does not
In this study, we have tested a model of prepore-to-pore penetrate the membrane. The consistent pattern to the MTS-
conversion involving formation of a transmembrane 14- ET effects, however, makes these possibilities unlikely.
stranded3 barrel from the D2L2 loop of domain 2. The Further work is underway employing electron paramagnetic
results presented represent strong evidence in favor of theresonance and fluorescence to test our assumption that the

model.

We used the substituted cysteine accessibility metBod (
to test whether single cysteines within the D2L2 loop were
brought into direct contact with the lumen of the ion-

apparently nonreactive residues lie within a lipid environ-
ment.

Also consistent with the proposed model are the results
of single-channel measurements, showing multiple stepwise

conducting channel upon conversion to the pore. The probeconductance changes in response to MTS-ET at positions
used, MTS-ET, has been shown to be bilayer-impermeant306 and 304. The stepwise changes were reversible with

by liposome leakage and excised patch experime3@y (
and derivatization of cysteines by methanethiosulfonate

DTT and were consistent with single reaction events involv-
ing individual cysteines in the channel. The data imply that

reagents has been shown to occur 10 orders of magnitudehe channel is comprised of an oligomeric structure, cor-

faster when cysteine is in the hydrated thiolate anion form
rather than the sulfhydryl form3@). Thus, only solvent-

relating with the heptameric, ring-shaped structure ofsPA
observed by electron microscopy and X-ray crystallography

accessible cysteines would be expected to react with the(6, 10). We resolved up to five MTS reactions per channel,

reagent. Also, since the diameter of thegPghannel has
been estimated at 12 A in channel blockage experimé&sys (
whereas the diameter of MTS-ET is gné A (20), we

but this probably does not reflect the maximum number of
protomeric cysteines lining the pore. Because each succes-
sive MTS-ET reaction lowers conductance by introducing

expected residues lining the channel to be accessible to thegreater electrostatic repulsion and steric constraints within

reagent. Finally, if a cysteine lining the ion conducting
pathway reacted with MTS-ET, the introduction of positive
charge would be likely to inhibit ion conductance within the
cation-selective P& channel.

The pattern of inhibition of macroscopic conductance by
MTS-ET was strikingly close to that predicted by the model
(Figure 6). Alternating residues within each of two stretches
(302—311, 316-325) that had been predicted to form the
antiparallel strands of thg barrel showed different effects
following addition of the reagent. Residues predicted to lie
on the polar, luminal face of the barrel showed strong

reduction of conductance by MTS-ET, whereas those pre-
dicted to lie on the apolar, membrane-contiguous face showed0-fold of the unreacted channel were seen.

the channel, derivatization of all cysteines may not have been
possible within the time frame of a normal experiment.
The variation in stepwise changes in conductance from
experiment to experiment may reflect the large number of
possible configurations of reacted cysteines within the
channel. Up to 19 configurations of-¥ reacted cysteines
within a heptamer are theoretically possibB)( and each
configuration may have a unique effect on conductance
resulting from steric and electrostatic effects. Multiple MTS
reactions within a single channel have also been observed
in analysis of the ryanodine receptor chanr@l)( where
four discrete subconductance states of 3/4, 1/2, 1/4, and
In contrast,
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single-channel analysis of the effects of MTS reagents on should now facilitate investigation of the role of channel
cysteine-substituted channels formed by the diphtheria formation in the translocation process.
toxin T domain has revealed only one stepwise change in
conductance per channel, consistent with a single MTS ACKNOWLEDGMENT
reaction within a monomeric chann&lg.

According to the proposed model for channel formation
by PAss, the D2L2 loops move to the base of the heptameric
prepore, where they form a membrane-insefiddrrel ).
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The globular domains of the heptameric ring would then
extend the pore above the cis leaflet of the membrane, as
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