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Abstract

Anthrax toxin is an intracellularly acting toxin where sufficient detail is known about the structure
of its channel, allowing for molecular investigations of translocation. The toxin is composed of
three proteins, protective antigen (PA), lethal factor (LF), and edema factor (EF). The toxin’s
translocon, PA, translocates the large enzymes, LF and EF, across the endosomal membrane into
the host cell’s cytosol. Polypeptide clamps located throughout the PA channel catalyze the
translocation of LF and EF. Here, we show that the central peptide clamp, the ¢ clamp, is a
dynamic site that governs the overall peptide translocation pathway. Single-channel translocations
of a 10-residue, guest-host peptide revealed that there were four states when peptide interacted
with the channel. Two of the states had intermediate conductances of 10% and 50% of full
conductance. With aromatic guest—host peptides, the 50% conducting intermediate oscillated with
the fully blocked state. A Trp guest—host peptide was studied by manipulating its stereochemistry
and prenucleating helix formation with a covalent linkage in the place of a hydrogen bond or
hydrogen-bond surrogate (HBS). The Trp peptide synthesized with L-amino acids translocated
more efficiently than peptides synthesized with D- or alternating D,L-amino acids. HBS stapled
Trp peptide exhibited signs of steric hindrance and difficulty translocating. However, when mutant
¢ clamp (F427A) channels were tested, the HBS peptide translocated normally. Overall, peptide
translocation is defined by dynamic interactions between the peptide and ¢ clamp. These dynamics
require conformational flexibility, such that the peptide productively forms both extended-chain
and helical states during translocation.
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Introduction

Membranes form hydrophobic barriers that separate aqueous compartments in cells,
requiring membrane-embedded transporters and channels to allow for movement of
biomolecules across these barriers. Some of the largest cargos to be delivered across
membranes include multidomain folded proteins. Many bacterial toxins possess their own
translocase channel, which can deliver a cytotoxic enzyme across a membrane into the
cytosol of the host cell. For example, anthrax toxin [1,2] is made up of three proteins,
protective antigen (PA; 83 kDa), lethal factor (LF; 90 kDa), and edema factor (EF; 89 kDa).
The PA component self-assembles into a ring-shaped oligomer that inserts into the lipid
bilayer to make a translocase channel; LF and EF translocate through the channel into the
cytosol.

In order for anthrax toxin to properly function, it must first self-assemble. PA initially binds
to a host cell receptor and is cleaved by a furin-like protease. A small 20-kDa portion of PA
dissociates, leaving the remaining 63 kDa to self-assemble into a ring-shaped heptamer [3]
or octamer [4]. This oligomer is called the prechannel. As the oligomer assembles, it
presents binding sites for LF and EF [5,6]. The assembled complexes are endocytosed. Once
the endosome matures and its pH becomes more acidic, PA transforms from the prechannel
state to the channel state [7]. The proton gradient established across the endosomal
membrane drives LF and EF to unfold [8,9] and translocate [10] through the PA channel.
Once in the cytosol, LF and EF refold and carry out their respective catalytic functions to
disrupt cell signaling pathways. LF is a zinc metalloprotease that cleaves mitogen-activated
protein kinase kinases [11], and EF is an adenylate cyclase [12].

LF and EF unfolding are required because the PA channel is so narrow that only structure as
wide as an a helix can be sterically accommodated in most parts of the channel [9].
Substrate unfolding and translocation are catalyzed by a series of polypeptide clamp active
sites that line the channel [2]. On the topmost surface of the channel is the a. helix binding
clamp (a clamp), which is a deep cleft between PA subunits that can bind to a helical
structure. Within the channel is a ring of phenylalanine residues, called the phenylalanine
clamp (¢ clamp) [13], and this structure narrows considerably further to an opening of ~6 A
[14]—a diameter too narrow for a helical structure. The measured diameter of the channel
was at pH 5.0, and no LF or EF was bound to that structure. The ¢ clamp, essential for
translocation, preferentially binds to hydrophobic and aromatic functional groups [13], and it
helps catalyze the unfolding step of translocation [8]. Beneath the ¢ clamp is a highly
charged p barrel, called the charge clamp, which is required to harness the proton gradient
driving force [15]. The charge clamp is highly anionic at the juncture nearest to the ¢ clamp.

Different models have been put forth on how proteins translocate through the PA channel.
The extended-chain Brownian-ratchet model, on one hand, suggests that the translocating
chain is in the fully extended conformation during translocation [16]. Carboxylates in the
translocating chain are protonated on the low pH side of the membrane. Under Brownian
motion, these protonated sites then diffuse past the charge clamp, which normally repels

anionic groups, and then, the protonated residues deprotonate down the gradient, leaving

them electrostatically committed to translocate toward the high pH side of the membrane.
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The cycle repeats until the entire protein is translocated. In this proposed mechanism, the
clamp sites in the channel are largely static structures.

The helix-compression model, on the other hand, suggests that the polypeptide clamp sites
are dynamic and under allosteric control [17]. During translocation, the translocating chain
binds protons with its acidic groups and forms an a helix inside the channel. The dynamic ¢
clamp site adjusts to accommodate the wider helix. The 2 A per residue compression of the
translocating chain from the extended-chain state to a helical one is proposed to allow for a
power stroke to be created. Once helix propagates to the a clamp, an allosteric change in the
structure of the ¢ clamp drives it to the clamped state. The clamped state of the ¢ clamp
causes the peptide to convert from the helical state to the extended-chain state. This
conversion of the peptide from helical to extended-chain conformation allows it to extend
past the charge clamp and deprotonate down the gradient. The deprotonated peptide is then
electrostatically committed to translocate by the charge clamp via the development of a
repulsive event that prevents retrotranslocation. The cycle then repeats on the next segment
of polypeptide until the rest of the protein is translocated. Here, to further distinguish
between these two models, we investigate the dynamics of the ¢-clamp interactions using a
10-residue guest-host peptide probe.

Single-channel translocation reveals subconductance intermediates

A previously described guest—host peptide system of the generalized sequence,
KKKKKXXSXX, was used [18]. The guest-residue sites, designated “X”, were substituted
with Ala, Leu, Phe, Thr, Trp, or Tyr. Previously, we did not characterize the single-channel
translocations of the guest-host peptide. Here, we use the peptide to probe the interactions at
the ¢-clamp site. A single PA channel was introduced into a planar bilayer, and 20 nM of
one of the peptides was added to the cisside of the bilayer. In the initial characterization, the
voltage membrane potential (Ay) was adjusted to 70 mV so that individual blockade events
would correspond to translocations. (By definition, Ay = s — W ranss Where yans = 0.)
We observed four conductance states in these experiments for each of the guest—host
peptides. The four states included a fully open-channel state (O), a fully blocked-channel
state (B), and two intermediate conductance states (Fig. 1). One intermediate was a ~10%
subconductance state (1), and the other intermediate was a ~50% subconductance state (I,).
During the translocation of the guest—host peptides with aromatic insertions (Phe, Trp, and
Tyr), these peptides exhibited an oscillation between the 1, and B, where the oscillation
occurred for the longest durations with the Trp peptide (Fig. 1).

Stereochemical variants of the guest—host Trp peptide

To further probe the oscillation in the single-channel translocations of the guest—host
peptide, we chose the Trp peptide to vary its stereochemistry. The Trp peptide was selected
because it exhibited the longest oscillation events of the peptides tested. Also, in a prior
study, it was shown that Trp containing sequences could expedite the translocation of a two-
domain substrate [18]. Furthermore, this peptide would test the steric constraints of the PA
channel, since it was sterically bulky. In addition to the natural peptide containing all L-
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amino acids (L-Trp), we also synthesized the Trp peptide with all D-amino acids (D-Trp)
and with an alternating pattern of D- and L-amino acids (D,L-Trp). While the L-Trp and D-
Trp peptides could make right-handed and left-handed helices, respectively, the D,L-Trp
peptide could not cooperatively form either handedness of a helix. Moreover, the D,L-Trp
peptide should be the least sterically bulky on average since it can only populate extended-
chain states.

Ensemble steady-state measurements were first taken for these stereochemical variants. In
these experiments, an ensemble of multiple channels was inserted from the ¢is compartment.
The applied Ay was stepped from —20 to 110 mV at 5 mV increments, and the currents
were recorded. Then, as the peptide concentration was raised in increments in the cis
compartment, the Ay range was again probed. The data were processed as individual steady-
state binding curves (Fig. 2a). The concentration of 50% blockade or saturation (Kpapp)
could be determined from Hill model fits at each voltage. The Hill model (Fig. 2b) was
chosen because it was previously found that the Trp peptide bound in a cooperative manner
[18]. The overall shape of the Kpapp versus Ay plot was chevron- or V-shaped. There was a
positively sloped arm at high positive Ay that corresponded with translocation, and there
was a negatively sloped arm at lower positive and negative Ay that corresponded with
retrotranslocation or dissociation back to the ¢/is compartment. The L-Trp peptide
translocated most efficiently, relative to the D-Trp and D,L-Trp peptides.

Single-channel translocation experiments were also performed using the stereochemical
variants of the Trp peptide. For these experiments, a single channel was inserted into a
planar bilayer from the c¢/s compartment, and the substrate Trp peptide was added to the cis
compartment. Individual closures and openings of the channel were recorded at a range of
voltages spanning +10 to +110 mV (Fig. 3a—c). The dwell times for the closures of the
channel including all intervening intermediates were processed by the cumulative
distribution function (CDF; Fig. 3d). This distribution was representative of unblocking
either by translocation or by retrotranslocation (dissociation). The CDF at each voltage
tested was fit by a single-exponential function to get an observed rate constant (kgps). The
Kops Values obtained at each voltage were plotted against Ay as R7 In kyps, Where Ris the
gas constant and 7 is the temperature (Fig. 3¢). These plots revealed a chevron-shaped trend,
where the lower voltages sloped negatively, and the higher voltages sloped positively.
Because the slopes correspond to the charges required to cross the limiting barrier, and the
peptide is net positive +5 in charge, the negatively sloped arm of the chevron at low voltages
corresponds to dissociation back to the c¢/sside of the membrane, and the positively sloped
arm of the chevron at higher voltages corresponds to translocation through the PA channel.

The arms of the chevrons for the three stereochemical variants were roughly parallel,
meaning that the charge requirements for crossing the major rate-limiting barrier possessed
roughly the same charge dependence for each peptide. The L-Trp peptide translocated the
fastest relative to the D-Trp and D,L-Trp. D-Trp and D,L-Trp translocated ~10 fold slower
than L-Trp. Interestingly, D-Trp dissociated to the c/s side ~20 fold slower than L-Trp.
These results suggest that stereochemistry does influence the translocation of peptides, and
thus, the peptides do not simply form nonspecific extended-chain structures during
translocation.
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Subconductance intermediates are part of translocation pathway

During single-channel blockade events, the peptide may either be translocating productively
or retrotranslocating/dissociating unproductively back to the c¢is compartment. To determine
whether the subconductance intermediates were part of the translocation pathway rather than
the dissociation pathway, we tested whether the appearance of the intermediates in single-
channel experiments correlated with observations made in ensemble steady-state
experiments for wild-type (WT) PA and PA R178A channels. The R178Amutation is in the
a clamp site. The appearance of intermediates was quantified as the percentage of channel
blockade events that populated intermediates. The voltage dependence of this percentage as
a function of the applied potential was sigmoid (Fig. 4a and b). The midpoint voltage of each
sigmoid was determined. We then plotted the sigmoid midpoint voltages against the voltage
midpoints of the ensemble steady-state chevrons (Fig. 4c). The two voltage midpoints were
well correlated. Thus, the subconductance intermediates are part of the translocation
mechanism but not the dissociation mechanism.

¢ clamp mutation alters the translocation mechanism

Translocation of the Trp peptide through the ¢ clamp mutant, PA F427A, was then analyzed
from the data obtained from ensemble steady-state measurements and single-channel
experiments. The goal was to determine if the ¢ clamp site was the location in the channel
where intermediates were populated during translocation. Ensemble steady-state
measurements of L-Trp peptide through PA F427A were carried out under similar conditions
as that of WT PA. Comparison of the individual steady-state binding curves (Fig. 5a) and
Hill plots (Fig. 5b) revealed a shift in the chevrons of PA F427A toward lower voltages. The
positively sloped arm that is indicative of translocation appeared at lower positive Ay (30
mV) as compared to that of WT PA (~50 mV). This indicated that the L-Trp peptide
required less driving force and translocated more efficiently when the ¢ clamp was mutated.

Single-channel translocation experiments were also carried out on stereochemical variants of
the Trp peptide through the PA F427A channel. Individual closures and openings of the
channel were recorded at a range of voltages spanning —60 to +110 mV (Fig. 5¢c-¢). As
compared to WT PA, the traces of channel recordings showed additional intermediates,
which were more pronounced at lower positive voltages (Fig. 5f), indicating that the
translocation pathway was altered for the ¢ clamp mutant. Furthermore, the peptide rarely
fully blocked the channel, but instead, it formed the 90% blocked state in most of the events.

The data obtained were analyzed and plotted in a manner similar to that of WT PA, to obtain
chevron plots, where the positive voltages sloped positively while the negative voltages
sloped negatively (Fig. 5g). Interestingly, the positively sloped arms of the chevrons for the
three stereochemical variants overlapped, indicating that there was little difference in the
translocation of the variants when the ¢ clamp was mutated. The only difference observed
between the translocation of variants was in their rates of dissociation. The D-Trp peptide
dissociated the fastest, while the L-Trp and D,L-Trp had similar rates, unlike WT PA where
D-Trp dissociated the slowest and L-Trp dissociated the fastest. \oltages lower than those
used for WT PA were used for recording channel openings and closures for PA F427A, since
the dissociation arm did not appear until the voltage was significantly reduced. This meant
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that the translocation of the Trp peptides occurred even at low positive voltages, while
dissociation back to the c/sside of the membrane occurred only at negative voltages. The
correlation between the voltage-dependent appearance of oscillating intermediates in single-
channel experiments (Fig. 5h) and the ensemble steady-state blockade voltage midpoints
was also assessed. Interestingly, maximum intermediates were observed at lower positive
voltages, and the frequency at which the intermediates populated the pathway decreased at
higher voltages. At negative voltages, very few intermediates were observed. Thus, the PA
F427A ¢ clamp mutation altered the translocation pathway.

Constrained-helix peptide tests the flexibility of ¢ clamp site

A constrained-helix version of the Trp peptide was synthesized. In the constrained version,
two residues were linked covalently in the position of a hydrogen bond that is typically
formed in an a helix (Fig. 6a) [19]. This covalent bond prenucleates helix into the peptide,
and as a result, it exhibits CD signal consistent with a formed a helix (Fig. 6b). The covalent
linkage is referred to as a hydrogen bond surrogate (HBS). A control unconstrained peptide
was made containing an N-terminal acetylation and alanine residue at the third position in
the peptide. The goal of this experiment was to test if a sterically bulky Trp peptide, when
locked into a helix, could translocate efficiently through a WT channel. The constrained
peptide and the control peptide were each added separately to a single WTPA channel over a
range of voltages. Single-channel events were recorded for each peptide, and the events were
analyzed as CDFs to determine their Kinetics. It was found that while the control could
readily translocate at moderate voltages (Fig. 6¢), the stapled-helix version of the Trp
peptide did not show translocation until significantly higher voltages were reached (>100
mV; Fig. 6¢). This result indicated that the constrained a helix peptide was likely sterically
hindered and less able to translocate, and helix formation was responsible for the observed
defect. Therefore, it can be inferred that the translocation of the peptide through the WT PA
channel does require unfolding or some conformational change and may follow the
extended-chain model of translocation.

The ¢ clamp is a narrow arrangement of phenylalanine residues (Phe427) in the center of the
channel, which is required for translocase function. A recent electron microscopy structure
of the channel showed that the ¢ clamp has a ~6 A opening and is quite narrow [14]. To test
whether the steric hindrance observed with the HBS constrained-helix Trp peptide was the
result of the interaction with the narrow ¢ clamp, we performed single-channel translocation
experiments on PA F427A channels, which are mutated at the ¢ clamp site (Fig. 6d). It was
found that the constrained-helix HBS peptide and the unconstrained control translocated
efficiently at moderate voltages with identical voltage dependencies (Fig. 6¢). Thus, the a
helical Trp peptide experienced steric hindrance at the WT ¢-clamp site.

The individual single-channel records were examined for the population of intermediates. In
WT PA channels, the constrained-helix HBS Trp peptide did not populate the oscillating
intermediates as often as the unconstrained control Trp peptide over the entire voltage range
tested (Fig. 6e). This phenomenon suggested that the oscillating intermediates were due to a
conformational change in the peptide, which was abrogated by the introduction of the HBS
staple. In this model, the conformation precluded by the HBS constraint is likely a non-
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helical, extended-chain state. The conformational change may have also involved the ¢
clamp site, since it is the site of conductance blockade. Thus, the intermediates may have
been populated when the ¢ clamp oscillated between two different states depending on the
conformation of the peptide. On the other hand, when the ¢ clamp was mutated, the HBS-
Trp peptide once again populated the conductance-detected oscillating intermediates (Fig.
6d). This observation indicates that the ¢ clamp tightly regulates translocation in the WT PA
channel, while the PA F427A obliterates this property of the WT PA channel and is easily
able to accommaodate the sterically bulky constrained-helix HBS Trp peptide.

Discussion

When the 10-residue guest—host peptide of sequence KKKKKXXSXX translocates, it
populates four conductance states: a fully blocked channel, a 50% conducting channel, a
10% conducting channel, and a fully open channel (Fig. 1). There may be other kinetic
states of the system, but these would have conductances identical to the four states seen,
thereby masking their detection. A key question raised in these studies is what do these
states mean molecularly? Based upon the rapid oscillation observed for the Trp peptide, it
was suggested that the ¢ clamp oscillates with the peptide. Thus, the ¢ clamp is a dynamic
site in the translocation path through the channel. Of course, other possibilities exist, such as
the peptide moves rapidly between two different binding sites in the channel. These two
binding sites may lie within the cap. In this model, the ¢-clamp site remains static. We
disfavor the model of the static ¢ clamp because of the rapid rate the peptide oscillates
between states. Also, prior work has established that the ¢ clamp can dilate and populate a
more conducting state [17]. Hence, the bistable change in clamp diameter may coincide with
the observed bistable oscillation for the Trp peptide in its translocation records. Regardless
of the exact molecular picture, it is clear that the peptide—clamp interactions can be highly
dynamic.

How do the observed dynamics fit into the molecular mechanism of translocation? We found
that the events containing conductance intermediates occurred more frequently at higher
voltages (Fig. 4a and B), where translocation dominates retrograde dissociation in the
kinetics. We interpreted this to mean that the intermediates were populated during
translocation but not during dissociation. Also, the intermediates were populated nearer to
the end of a typical translocation event (Fig. 3a—c). The order in which the intermediates
were populated suggested that the intermediates were populated later in the mechanism, that
is, when the peptide was committed to translocating rather than dissociating back to the ¢/s
side of the membrane. To determine how the ¢ clamp was involved in the mechanism, we
mutated the site to F427A, and single-channel translocation events were recorded. With the
¢-clamp mutant, the intermediates appeared nearer to the start of a translocation event (Fig.
5c—e). These results demonstrated that the ¢-clamp site determined the translocation
pathway and was responsible for the population of the conductance intermediates.

The PA F427A mutant did not populate the fully blocked state very frequently. Instead, the
most-blocked state it formed was the 90% blocked state. This result mirrored a recent study
by Schiffmiller and Finkelstein, which showed that the PA F427A mutant was leaky, and it
also had trouble reaching the fully blocked state for a series of peptides attached to yellow
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fluorescent protein [20]. The site of the leak was likely at the ¢ clamp in both the prior study
and the present one. For the L-Trp translocation records obtained with the PA F427A
channel, there also was a considerable population of a 50% blocked state (Fig. 5¢). This state
is consistent with a non-helical peptide bound at a dilated F427A ¢-clamp site (Fig. 5e).

The HBS constrained helix, however, did not form appreciable subconductance
intermediates. This result suggested that in order for the intermediates to be populated, the
peptide had to transition to a non-helical state. The HBS helix of course populated the fully
blocked state, which would be expected for the sterically bulky substrate’s interaction with
the ¢-clamp. All other tested peptides including the unconstrained HBS control peptide and
the L-Trp, D-Trp and D,L-Trp peptides exhibited the subconductance intermediates. Of
these, peptides, D,L-Trp was the most interesting since it formed the subconductance
intermediates, and it presumably cannot form helix. Again, this result suggested that the
intermediates were populated as non-helical conformations, which likely included extended-
chain states.

The kinetics of peptide translocation for the various configurations of the Trp peptide
revealed several trends. The most optimal configuration of the peptide is L-Trp. It is not
surprising, given that it is the native stereochemistry of proteins. It translocated 10-fold
faster than D,L-Trp and D-Trp peptides and ~100-fold faster than the HBS stapled peptide.
The slower translocation of D,L-Trp and D-Trp demonstrated there were specific
stereochemistry requirements for efficient translocation, but these requirements were not
overbearing and the channel was fairly adaptable to all three configurations. Perhaps more
surprising was the fact that the HBS helix version of the Trp peptide translocated
substantially slower than L-Trp and the unconstrained control peptide. This result suggested
that the steric accommodation of the ¢ clamp dominated the translocation kinetics. However,
it should be noted that the HBS helix did translocate, and the channel and ¢ clamp could
sterically accommodate a prenucleated alpha helix. Since the known structure of the ¢ clamp
site has a 6-A-diameter opening, then it must be that the clamp opens to at least 12-15 A to
pass the prenucleated HBS Trp helix. That said, it is not surprising then that channels
lacking a ¢ clamp (F427A) could easily translocate the HBS stapled peptide. Therefore,
peptides locked in a helix or precluded from forming one (D,L-Trp) were defective in
translocating, suggesting that the conformational flexibility found in typical protein
sequence was required for the most efficient translocation.

Taken together, these data argue for key aspects of the helix-compression mechanism of
translocation. First, the single-channel translocation events reveal the population of distinct
subconductance intermediates. These intermediates support the model that the peptide—¢-
clamp interaction is highly dynamic especially for a sterically bulky peptide such as the Trp
peptide. The population of these intermediates was not restricted to the Trp peptide, as other
guest—host sequences populated the two subconductance intermediates (Fig. 1). These data
also argue that peptide conformational flexibility is required for efficient translocation. On
one hand, the HBS peptide (which is locked in a helix) had significant trouble translocating,
but on the other hand, the D,L-Trp peptide (which cannot form a helix) was also defective in
translocating. Thus, presumably, the most optimal sequence configuration could dynamically
access helical and non-helical conformations. In line with the helix compression model, the
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translocating chain is expected to dynamically form both helix and extended chain at key
points in the mechanism.

Materials and Methods

Peptides and proteins

Guest-host peptides were synthesized as previously described [18]. D-Trp and D,L-Trp
peptides were synthesized and purified by Elim Biopharmaceuticals, Inc. The HBS Trp
peptide and control Trp peptide were produced with solid-phase synthesis. The HBS linkage
was introduced by a previously described method [21]. WT PA, PA R178A, and PA F427A
oligomers were produced as previously described [4].

Planar lipid bilayer apparatus

Planar lipid bilayer currents were recorded with an Axopatch 200B amplifier and a Digidata
1440A acquisition system (Molecular Devices Corp., Sunnyvale, CA) [4,8]. Membranes
were painted on a 50-pum aperture of a 1-mL white Delrin cup with 3% (wt/vol) 1,2-
diphytanoyl-sr+glycero-3-phosphocholine (Avanti Polar Lipids) in /+decane. The cis (side to
which the PA oligomer is added) and #rans chambers were bathed generally in universal
bilayer buffer (UBB): 10 mM oxalate, 10 mM phosphate, 1 mM EDTA, 10 mM Mes, and
100 mM potassium chloride (pH 5.6). Single-channel recordings were filtered at 400 Hz
using a multisection Bessel filter and recorded at 800 Hz using PCLAMP10 software. When
higher time resolution was required, recordings were made using 1000 Hz electronic
filtering and recorded at 2000 Hz. Ensemble recordings were similarly made at 200 Hz with
matched filtering at 100 Hz. By definition, Ay = v gjs = W grans (W zrans = 0 V).

Ensemble steady-state peptide binding analysis

A bilayer was formed in a 50-pm white Delrin cup bathed in symmetric UBB (pH 5.6). PA
channels were inserted by adding 2 nM of PA oligomer to the c¢/s chamber at 30 mV. Upon
stabilization of the ensemble current at about 1000-2000 pA, the ¢is chamber was perfused
to exchange with fresh UBB at pH 5.6. Peptide ligand (L) was added in small increments to
the cisside of the membrane, and a range of voltages of =20 mV to 110 mV was stepped in
5-mV increments. At each voltage, fraction of open channels (Bqps) versus[L] plots were fit
to a linearized Hill model, log [Bgps/(1 — Bgps)] = — l0g Kpapp — n7log [L], to obtain a
concentration for half saturation, Kpapp, and a Hill coefficient, 7.

Single-channel analysis

The cisand trans chambers were bathed in UBB at pH 5.6. A single PA channel was inserted
into a painted bilayer at a Ay of 30 mV by adding ~2 pM of PA oligomer (freshly diluted
from a 2-uM stock) to the c/s side of the membrane [8]. Once a channel inserted into the
membrane, the desired peptide was added to the c¢/sside of the membrane at 20 to 100 nM
concentration. Data were acquired by stepping the voltage over the targeted range, collecting
recordings for 2-5 min at each voltage.

Average current levels, 7 of the blocked state, two intermediates, and the open state of
individual channels were determined using the histogram function and Gaussian fit in
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CLAMPFIT software. Absolute conductance levels, vy, for the two intermediates and open
state were determined by subtracting the blocked-state current, /., value and dividing it by
the voltage: y = (7 ic)/Avy.

Individual translocation or dissociation events were manually inspected for whether they
formed intermediates during a closure event. Fractions of events with intermediates were
tabulated and plotted against voltage. The curve empirically yielded a sigmoid relationship.
The voltage midpoint of the sigmoid was determined for each peptide-channel combination
tested.

‘Recordings were kinetically analyzed by capturing individual closure events as blocked-
state dwell times (%) using the event detector in the CLAMPFIT10 software. These fpg
values were analyzed by the CDF, that is, the probability, A, that £, is less than or equal to
time, £ or Alfyps < §). CDFs were obtained for each set of blocked-state £,s in ORIGING.
The blocked-state CDF fit well to a single-exponential function, Alfpps< ) =1 -
exp(—kAgpsd). The observed rate constants (kops) for the blocked-state dwell times were
plotted as AGt = RT In kyps and fit to the chevron function:

AGE(AY)=RTIn[exp((AGiy +2z1 FAY)/RT)+exp((AGigy+z2 FAY)/RT))

AGty1 and AGYy, are the activation energies at 0 mV of the dissociation and translocation
arms of the chevron. The 2 and 2 values are the charges required to cross the rate-limiting
barriers for the dissociation and translocation arms of the chevron. Fis Faraday’s constant.
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Abbreviations used

PA protective antigen
LF lethal factor

EF edema factor

Ay membrane potential

a clamp a helix binding clamp

¢ clamp phenylalanine clamp

CDF cumulative distribution function
WT wild-type

HBS hydrogen bond surrogate

UBB universal bilayer buffer
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Fig. 1.

Siagle—channel translocation records of small guest-host peptide. Peptides, Py, were of
sequence KKKKKXXSXX, where X is a guest residue (A, L, T, F, Y, and W). The blocked
(B), intermediate 1 (l4), intermediate 2 (I5), and open states (O) occur at characteristic levels
for each guest—host peptide. The population of these states is given by the log-scale
histograms on the right of each recording. Note that the timescale for the Trp peptide is
unique to the other five peptides (which share their time and current scale bars).
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Ensemble steady-state measurements of stereochemical variants of Trp peptide. (a) The
dissociation constants (log Kpapp) from the ensemble steady-state measurements of L-Trp
(black square), D-Trp (red circle), and D,L-Trp (blue triangle) for WT PA channels plotted
against voltage. At each voltage, fraction of open channels (6qps) Versus[L] plots were fit to

a linearized Hill model, log [Bgps/(1 — Bgps)] = — log Kpapp — 77log [L], to obtain a
concentration for half saturation, Kpapp, and a Hill coefficient, n. (b) Plot of Hill

coefficients of L-Trp (black square), D-Trp (red circle), and D,L-Trp (blue triangle) against

voltage.
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Fig. 3.

Siagle—channel measurements of stereochemical variants of Trp peptide. Single-channel
planar lipid bilayer current records at 70 mV, symmetric pH 5.6 and 100 mM KCI of WT
PA, following c/s-side addition of (a) L-Trp (b) D-Trp, and (c) D,L-Trp peptides. Open (O),
blocked (B), and intermediate (11 and 12) states are indicated. Records are Gaussian-filtered
to 50 Hz. (d) CDFs of closed-state dwell times (Zys) fit to a single-exponential function
defined in Materials and Methods. (g) Chevron plots of the observed rate constants (kgps) for
the blocked-state dwell times of WT PA in the presence of L-Trp (black), D-Trp (red), and
D,L-Trp (green), plotted as AGt = RT In kyps as a function of voltage. The data are fit to the
chevron function defined in Materials and Methods.
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Fig. 4.

Intermediates are part of the translocation pathway. Plot of fraction of events with
subconductance state(s) (oscillating events), against voltage (mV), in (a) WT PA channel in
the presence of L-Trp (black square), D-Trp (red circle), and D,L-Trp (blue triangle)
peptides; and (b) PA R178A channel in the presence of L-Trp (black square), D-Trp (red
circle), and D,L-Trp (blue triangle) peptides. (c) Plot showing the correlation of voltages
obtained from midpoint of sigmoid plots from single-channel measurements, and voltages at
which maximum binding occurs in ensemble measurements. Adjusted /2, value is 0.95.
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Fig. 5.

¢ Ec;Ialmp mutation alters translocation mechanism. (a) The dissociation constants (log
Kpapp) from the ensemble steady-state measurements of L-Trp through WT PA channels
(black) and PA F427A channels (red) plotted against voltage. (b) Plot of Hill coefficients of
L-Trp through WT PA channels (black) and PA F427A channels (red) against voltage.
Single-channel planar lipid bilayer current records at symmetric pH 5.6 and 100 mM KCI of
PA F427A, following c/s-side addition of (c) L-Trp (d) D-Trp and (e) D,L-Trp peptides at 70
mV, and (f) L-Trp at 50 mV. Open (O), blocked (B), and intermediate (11 — 14) states are
indicated. Records are Gaussian-filtered to 50 Hz. (g) Chevron plots of the observed rate
constants (kqps) for the blocked-state dwell times of PA FA27A in the presence of L-Trp
(black), D-Trp (red), and D,L-Trp (green) peptides, plotted as AGt = R7 In kypg as a
function of voltage. The data are fit to the chevron function defined in Materials and
Methods. (h) Plot of fraction of events with subconductance state(s) (oscillating events),
against voltage (mV), in PA F427A channel in the presence of L-Trp (black), D-Trp (red),
and D,L-Trp (blue) peptides.
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Fig. 6.

anstrained HBS a helix reveals the flexibility of ¢ clamp. (a) Structure of Trp peptide
showing the HBS covalent linkage. (b) CD spectra showing that the HBS linkage effectively
locks the peptide in an alpha helical conformation. Solid line represents the HBS a helix.
Dashed line represents the unconstrained control peptide. (c) Chevron plots of the observed
rate constants (Aops) for the blocked-state dwell times of WT PA in the presence of HBS
stapled peptide (red) and unconstrained control peptide (blue), and PA F427A in the
presence of HBS helix (green) and unconstrained control peptide (black), plotted as AGt =
RT In kyps as a function of voltage. The data are fit to the chevron function defined in
Materials and Methods. Single-channel planar lipid bilayer current records at symmetric pH
5.6 and 100 mM KCI of (d) PA F427A, following c/s-side addition of HBS stapled peptide
at 50 mV, and () WT PA, following cis-side addition of HBS stapled peptide at 100 mV.
Open (O), blocked (B), and intermediate (1,—I4) states are indicated. Records are Gaussian-
filtered to 50 Hz.
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