
Ion Conductance of the Stem of the Anthrax Toxin Channel 
during Lethal Factor Translocation

Aviva Schiffmiller1 and Alan Finkelstein1

1Department of Physiology and Biophysics, Albert Einstein College of Medicine, 1300 Morris Park 
Ave, Bronx, NY 10461, USA

Abstract

The tripartite anthrax toxin consists of protective antigen (PA), lethal factor (LF), and edema 

factor (EF). PA63 (the 63 kDa, C-terminal part of PA) forms heptameric channels in cell 

membranes that allow for the transport of LF and EF into the cytosol. These channels are 

mushroom-shaped, with a ring of seven phenylalanine residues (known as the phenylalanine 

clamp) lining the junction between the cap and stem. It is known that when LF is translocated 

through the channel, the phenylalanine clamp creates a seal that causes an essentially complete 

block of conduction. In order to examine ion conductance in the stem of the channel, we used 

Venus yellow fluorescent protein (YFP) as a molecular stopper to trap LFN (the 30 kDa, 263-

residue N-terminal segment of LF), and various truncated constructs of LFN, in mutant channels in 

which the phenylalanine clamp residues were mutated to alanines. Here we present evidence that 

ion movement occurs within the channel stem (but is stopped, of course, at the phenylalanine 

clamp) during protein translocation. Furthermore, we also propose that the lower region of the 

stem plays an important role in securing peptide chains during translocation.
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Introduction

Anthrax toxin consists of three proteins: edema factor (EF; 89 kDa), lethal factor (LF; 90 

kDa), and protective antigen (PA; 83 kDa). The former two are enzymes (EF is an adenylate 

cyclase1 and LF is a protease2, 3) which exert their toxic effects when present in the cell’ 

cytosol. They can gain access to the cytosol, however, only in binary combination with PA. 

PA forms channels in cell membranes that facilitate the transport of EF and LF into cells 
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(for a general review of anthrax toxin, see reference 4). Channel formation begins when 

PA83 binds to a receptor on the cell surface and is cleaved by a furin-like protease, which 

detaches a 20 kDa segment from the N-terminus. The remaining 63 kDa (PA63) segment 

stays attached to the receptor and heptamerizes4 (or octamerizes5) to form a prepore that can 

bind a maximum of three ligands (EF/LF). These ligand-receptor complexes are then taken 

up into the cell via endocytosis and end up in an acidic vesicular compartment. The low pH 

in this vesicle causes the prepore to form the (PA63)7 channel in the vesicular membrane, 

through which LF and EF can then pass into the cytosol4. Understanding the mechanism by 

which this translocation occurs may elucidate general principles of protein translocation 

across cell membranes.

The (PA63)7 channel (Figure 1A) is mushroom-shaped, with a globular cap domain and a 

cylindrical stem domain6, 7. The stem is an extended 14-stranded β-barrel, roughly 100 

Åring; long (25 Åring; crossing the lipid bilayer and 75 Åring; extending from it)8, 9. 

(PA63)7 can be reconstituted in a planar lipid bilayer membrane, forming cation-selective 

channels with a conductance of ~55 pS (in 100 mM KCl, pH 5.5)10. It has been shown that 

LFN (the 30 kDa, 263-residue N-terminal segment of LF), as well as whole EF and LF, can 

be translocated through these channels, N-terminus first, by applying positive voltages to the 

cis solution (the solution to which (PA63)7 was added)11, 12 as well as by establishing a pH 

gradient across the membrane13. In this system, LFN (in the fully extended state14) passes 

from the cis solution, through the channel stem, and into the opposite trans solution15.

A ring of seven phenylalanine residues (F427), known as the “phenylalanine clamp” (ϕ-

clamp), lies near the junction between the cap and stem of (PA63)7 and is important for LFN 

translocation. The bulky ϕ-clamp residues form a narrow “iris” in the channel that binds 

LFN stably in the lumen, causing an effectively complete block in conduction10. It is not 

known, however, whether the stem of the channel allows for any conduction during LFN 

translocation; that is, whether ions can move from the trans entrance of the channel into the 

stem. This question has important implications regarding the forces involved in voltage-

driven translocation: namely, whether the electric field is focused at the ϕ-clamp (if ions can 

enter the stem) or decays along the length of the channel (if ions cannot enter the stem). In 

this paper, we demonstrate that in the absence of the ϕ-clamp, ion conductance is not 

completely blocked in the stem of the channel when the stem is occupied by LFN. That is, 

the electrical resistance of the stem is much lower than that across the ϕ-clamp. We also find 

that the lower region of the stem (near the trans end of the channel) appears to better secure 

the translocating species in the channel than does the upper region.

General Strategy

The ϕ-clamp completely blocks ion conduction during LFN translocation. Thus, with the ϕ-

clamp present we cannot determine whether ions can enter the stem from the trans solution 

when it is occupied by LFN. Mutating the phenylalanine residues of the ϕ-clamp to alanines 

removes the block10 and thereby allowed us to observe to what extent, if any, ions may 

permeate the stem of the channel during LFN translocation.
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To anchor LFN in the stem and prevent its complete translocation, we attached YFP (yellow 

fluorescent protein) to the C-terminus of LFN (Figure 1B). YFP acted as a molecular stopper 

because it was too large to enter the stem of the anthrax toxin channel14 (even when the ϕ-

clamp was mutated). This allowed us to trap the translocating species in the channel at 

positive voltages, since LFN-YFP was unable to pass out into the trans solution (YFP is 

assumed to be stopped at the ϕ-clamp; for a comprehensive explanation of this strategy, see 

reference 14). In addition to generating LFN-YFP and His-LFN-YFP (His6-tagged LFN-

YFP), we also performed deletions from the C-terminus of LFN (as described in reference 

14) in order to create a series of truncated versions of both LFN-YFP and His-LFN-YFP 

(Figure 2), which are too short to traverse the entire length of the channel (as measured from 

the ϕ-clamp to the bottom of the stem).

We performed macroscopic and single-channel electrophysiological experiments using 

mutant (PA63)7 channels in which the phenylalanine residues of the ϕ-clamp were mutated 

to less bulky alanine residues ((PA63F427A)7). These mutant channels have a conductance 

of ~110 pS (in 100 mM KCl, pH 5.5)10. We used cis positive voltages of +20 mV and +50 

mV to drive both the full-length and truncated constructs into (PA63F427A)7 channels 

(Figures 1B and 1C) in planar lipid bilayers in order to observe the extent of ion conduction 

in the channel stem when either fully or partially occupied by an inserted protein segment. 

At +50 mV, LFN and the His6-tag are expected to be fully extended into the channel; the 

degree of extension at +20 mV is not clear14.

Results

Cis effect of LFN-YFP, His-LFN-YFP, and truncated constructs on conductance of 
(PA63F427A)7 channels

Macroscopic experiments—Cis addition of saturating amounts of LFN-YFP to 

membranes containing hundreds of (PA63F427A)7 channels (see Figure 3 for a typical 

record) yielded a ~50-fold reduction in conductance at +50 mV, which was noticeably less 

than the ~300-fold reduction in conductance observed after cis addition of LFN-YFP to 

membranes containing WT (PA63)7 channels (Figure 4). This difference was even more 

pronounced at +20 mV (a voltage at which LFN is not expected to be completely unfolded 

and/or completely extended through the channel14,15), where there was only a ~6-fold 

reduction in conductance in the mutant channel and a ~90-fold reduction in the WT channel 

(Figure 4). Cis addition of His-LFN-YFP to both WT and mutant channels yielded 

comparable results, with much greater block of WT than of mutant channels (Figure 4).

We next determined the macroscopic block in conductance produced by truncated versions 

of LFN-YFP and His-LFN-YFP. The distance required to span the length of the channel, 

from the ϕ-clamp to the bottom of the stem, is approximately 120 Åring; (YFP is presumed 

to be stopped at the ϕ-clamp when these constructs are driven into the channels at positive 

voltages14). The His-tagged series of truncated constructs (Figure 5) that did not span the 

entire length of the stem ranged from lengths of 72 Åring; (His-YFP, which is just YFP with 

a His6-tag attached) to 119 Åring; (His-LFN (1–10)-YFP, which is YFP with three linker 

residues, the first 10 residues of LFN, and a His6-tag). These lengths are based on each 

residue spanning a distance of ~3.6 Åring; in an extended peptide chain14, 16. We also 
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created a construct that was 202 Åring; long (His-LFN (1–33)-YFP), which is long enough 

to extend past the bottom of the channel when fully extended, but still much shorter than 

full-length His-LFN-YFP (1030 Åring;).

The cis effect of the His6-tagged series of truncated constructs on (PA63F427A)7 channels is 

shown in Figure 5. Overall, as the length of the construct increased, there was a greater 

block in conductance at both +20 mV and +50 mV. Additionally, the block in conductance 

produced by these constructs was less than that observed with full-length His-LFN-YFP 

(Figure 4) at both +20 mV and + 50 mV.

The cis effect of truncated LFN-YFP constructs on the conductance of (PA63F427A)7 

channels at +20 mV and +50 mV (Figure 6) was similar to the overall effect observed with 

truncated His-LFN-YFP constructs (Figure 5). While the general trend of the extent of the 

block increasing with the length of the construct holds true here as well, the His-tagged 

series produced a greater reduction in conductance (Figure 5). Compare, for example, the 5-

fold block in conductance produced by the cis addition of LFN(1–23)-YFP (108Åring; in 

length) to (PA63F427A)7 channels at +50 mV (Figure 6) versus the 10-fold block produced 

by His-LFN(1–23)-YFP (also 108Åring; in length; Figure 5). As the anthrax toxin channel is 

cation-selective, the greater block in conductance produced by the His-tagged series may be 

due to the repulsion of cations by the six consecutive histidine residues of the His6-tag, 

assuming that the cation selectivity of the peptide-occupied stem is comparable to that of the 

unoccupied stem.

Single-channel experiments—The cis addition of full-length LFN-YFP (or His-LFN-

YFP) to (PA63F427A)7 channels produced, at the macroscopic level, less of a block in 

conductance than when added to WT (PA63)7 channels (Figure 4). This can be interpreted in 

one of two ways. It is possible that this difference reflects the relative times that these 

channels remain occupied by LFN. However, it is also possible that this difference reflects a 

discrepancy in the degree of block when a channel is occupied by LFN. To distinguish 

between these two possibilities, we performed single-channel experiments.

Single-channel experiments (Figure 7) revealed that LFN-YFP remains mostly secure in the 

(PA63F427A)7 channel (as in the wild-type channel) at both +20 mV and +50 mV; thus, the 

residual ion conductance observed at the macroscopic level must be due to the presence of 

small intermediate conductance states that are not observed in the WT channel, but which 

we see in the mutant channel (Figure 7). Therefore, these results indicate that there is indeed 

a “leak” in the stem of the anthrax toxin channel that allows ions to enter it (from the trans 

side) during LFN translocation. Note that while this small residual conductance may be 

difficult to discern at the single-channel level, particularly at +50 mV, it is easily measured 

at the macroscopic level (Figure 4). Similar single-channel records were obtained for His-

LFN-YFP in both mutant and WT channels (not shown).

On the other hand, single-channel experiments demonstrated that the incomplete block in 

conductance observed with the truncated His-LFN-YFP and LFN-YFP constructs is a 

reflection of both the relative amount of time the peptide chain occupies the channel as well 

as small intermediate states of conductance even when the chain is secure in the channel 
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(Figures 8 and Figure 9). Experiments with the shortest truncated His-LFN-YFP constructs 

revealed that there is quite a bit of flickering in and out of the channel at both +20 mV and 

+50 mV (Figure 8), which presumably indicates that the peptide chain is not secure in the 

channel. However, as the length of the His6-tagged construct increases, the chain appears to 

be far more secure in the channel, particularly at +50 mV. For example, His-LFN (1–7)-

YFP, which produced only a 10-fold reduction in macroscopic conductance at +50 mV, 

hardly flickers out of the channel at all at this voltage (Figure 8). (Importantly, the same 

mean fractional block of conductance was observed on the single-channel level as on the 

macroscopic level, ~90%.) However, note that at least some of the residual conductance 

observed with His-LFN (1–7)-YFP may be attributed to an incomplete block in conductance 

even when the peptide chain is secure within the channel. Indeed, there appear to be two 

blocked substates at +50 mV: one where ~ 90% of the open-channel conductance is blocked 

and one where closer to 100% of the open-channel conductance is blocked. The first 

substate appears the majority of the time. A similar incompletely-blocked substate is 

observed in experiments with the truncated LFN-YFP constructs as well (Figure 9).

Trans effect of His-YFP and LFN (1–16)-YFP constructs on conductance of (PA63F427A)7 

channels

There were two motivating factors for studying the trans effect of selected truncated His-

LFN-YFP and LFN-YFP constructs on the conductance of (PA63F427A)7 channels. The first 

was to ensure that the β-barrel structure of the (PA63F427A)7 channel stem was not 

significantly perturbed by the ϕ-clamp mutation. If the trans addition of truncated constructs 

that were not long enough to reach the ϕ-clamp (from the bottom of the stem) produced 

similar blocking effects in both mutant and WT channels, it would indicate that the stem of 

the (PA63F427A)7 channel was structurally intact.

The second factor was that the single-channel cis experiments with truncated His-LFN-YFP 

(Figure 8) seemed to indicate that the lower region of the channel stem is important for 

securing the translocating species in the channel. Note that His-YFP, which is 72 Åring; 

long (and spans almost 2/3 of the ~120 Åring; distance from the ϕ-clamp to the bottom of 

the stem), flickers in and out of the channel rapidly. As the length of the construct extends 

further into the lower region of the channel stem, the construct hardly pops out of the 

channel at all. We therefore anticipated that His-YFP and LFN (1–16)-YFP (82.8 Åring; 

long) would be held more securely in the channel when added to the trans side instead of the 

cis side.

Macroscopic experiments—In trans experiments, the voltage protocol is reversed, so 

that negative voltages produce blocking and positive voltages produce unblocking. We were 

unable to observe the blocking effect produced at −50 mV due to the intrinsic voltage-

dependent gating of these channels. However, even at −20 mV we observed a stark 

difference between the block produced by His-YFP and LFN (1–16)-YFP when driven into 

(PA63F427A)7 channels from the trans side versus the cis side.

At the macroscopic level, His-YFP produced a ~6-fold reduction in conductance when 

added to the trans side of (PA63F427A)7 channels at −20 mV (Figure 10A), as opposed to 
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the cis effect of a ~2-fold reduction at +20 mV (Figure 5). Likewise, whereas we observed 

only a ~2.5-fold block in conductance when adding LFN(1–16)-YFP to the cis side of 

(PA63F427A)7 channels at +20 mV (Figure 6), trans addition produced an ~11-fold block in 

conductance at −20 mV (Figure 11A). We repeated these experiments with WT channels 

and obtained comparable results (data not shown).

Single-channel experiments—At the single-channel level, the trans addition of His-

YFP to (PA63F427A)7 channels revealed that the channel stem is able to secure His-YFP 

most of the time (Figure 10B). It is clear that the peptide chain occupies the channel for a far 

greater amount of time when added from the trans side instead of from the cis side (compare 

Figure 10B to Figure 8), supporting our proposal that the lower region of the stem is 

important for securing the translocating species in the channel. Single-channel trans 

experiments also confirmed that LFN(1–16)-YFP is able to remain securely in the mutant 

channel for the majority of the time (Figure 11B).

We once again repeated these experiments using WT channels and obtained records that 

were quite similar to the experiments with the mutant channels for both His-YFP (Figure 

10B) and LFN (1–16)-YFP (Figure 11B). Importantly, LFN (1–16)-YFP produced 

intermediate states of conductance in both WT and mutant channels, which seems to 

indicate that the β-barrel structure of the (PA63F427A)7 channels has not been grossly 

perturbed.

Discussion

In this paper, we have addressed the question of whether the stem of the mushroom-shaped 

anthrax toxin channel allows for ion movement within it during protein translocation. We 

found that whereas there is complete ion conduction block at the ϕ-clamp, there is 

substantial, but incomplete, block by the polypeptide chain in the stem, and we further 

characterized the extent of the macroscopic block as a function of the length of the peptide 

chain. The block may be both a steric one and an electrostatic one arising from charges on 

the polypeptide chain. This latter, in fact, may account for the larger blocking effects 

produced by the constructs having a His6-tag at the N terminus (compare Figures 5 and 6). 

We also observe a greater block at +50 mV than at +20 mV, since although the peptide 

chain likely adopts a fully-extended configuration inside the channel at both voltages, at +20 

mV the chain is expected to spend less time further down in the channel than at +50 mV, 

due to Brownian motion. All of the implications of this finding for LFN translocation 

through the (PA63)7 channels are not yet clear, but one thing is certain: in considering 

voltage-driven translocation, one must now recognize that most of the applied voltage is 

dropped across the ϕ-clamp and not along the stem.

It is possible that the mutation of the phenylalanines at the ϕ-clamp to alanines has modified 

the channel’ stem so that the incomplete conductance block there does not hold true for the 

wild-type stem. This, however, is unlikely, as in both macroscopic and single-channel 

(Figures 10B and 11B) experiments, the trans addition of His-YFP and LFN(1–16)-YFP 

produced comparable results on WT (PA63)7 and (PA63F427A)7 channels.
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That there exists an incomplete block of conductance in the channel stem during protein 

translocation has been suggested previously in studies of pH-driven translocation in WT 

(PA63)7 and (PA63F427A)7 channels13. The rate of pH-driven translocation is significantly 

slowed when the ϕ-clamp is mutated to alanines; it has been proposed that this effect is a 

result of the collapse of the pH-gradient due to a small amount of protons “leaking” through 

the mutant channel13, 17. Our demonstration that there is indeed a small residual 

conductance in the channel stem certainly bolsters this claim. Furthermore, prior voltage-

driven translocation studies have also demonstrated evidence of leaky sub-conductance 

states; the cis addition of LFN to (PA63F427A)7 at +20 mV yields intermediate states of 

conductance10.

In addition to the incomplete block of ion conductance in the channel stem during LFN 

translocation, another feature of the stem is revealed from our experiments with truncated 

versions of His-LFN-YFP that were not long enough to completely transverse the stem. 

Namely, the securing of the polypeptide chain within the channel stem appears to reside in 

the lower third of the stem. This was evidenced from the experiments in which His-LFN-

YFP constructs of various lengths were added to the cis solution (Figure 8) and was 

confirmed by the addition of the short His-YFP to the trans solution (Figure 10B). The 

implication is that the lumen of the stem narrows in its lower region, although one cannot 

preclude specific binding interactions between residues in the stem and those on the 

polypeptide chain. We must also acknowledge the possibility of YFP partially unfolding, 

which would obscure the length of the chain that is present in the channel, but we believe 

this is unlikely (for a further discussion of this matter, see reference 14).

We cannot ignore the possibility that the large block in conductance produced when adding 

His-YFP (or LFN(1–16)-YFP) to the trans side of both mutant and WT channels is due 

simply to the binding of YFP to residues on the trans end of the channel, or to the lipid 

bilayer adjacent to the trans entrance to the channel. However, we believe these scenarios to 

be unlikely. First, in experiments in which the bottom-most residues (F313 and F314) of the 

(PA63)7 channel stem were mutated to alanines, adding His-YFP to the trans side of these 

channels produced the same degree of block observed with WT channels (unpublished 

results). Second, studies have shown that YFP does not have strong associations with the 

lipid bilayers of plasma membranes18.

One last point: the single-channel records reported here are highly filtered (10–15 Hz) and 

therefore are not very revealing of the magnitudes of the sub-states and their dwell times. 

Future experiments at much higher time resolution are contemplated. These will give a finer 

picture of the Brownian motion and drift of the polypeptide chain within the stem.

Materials and Methods

Molecular biology and protein purification

His-LFN-YFP protein, with a His6-tag attached to the N-terminus of LFN and Venus YFP 

fused at its C terminus, was constructed as described previously14. Briefly, the pET-15b 

plasmid (Novagen) encodes a thrombin-cleavable His6-tag sequence (Merck) into which 
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was cloned LFN residues 1–263, followed by a serine-glycine-serine linker, followed by 

Venus YFP, for a total insert of 503 residues.

In order to create truncated constructs, complementary mutagenic oligonucleotides were 

used to delete central segments of His-LFN-YFP. Using the QuikChange Site-Directed 

Mutagenesis kit, the following constructs were generated (in all of these constructs, the 20-

residue His6-tag is attached at the N-terminus and the YFP is attached at the C-terminus): 

His-YFP (LFN and the linker residues were deleted), His-YFP (with the linker residues 

included), His-LFN(1–3)-YFP, His-LFN(1–5)-YFP, His-LFN(1–7)-YFP, His-LFN(1–10)-

YFP, His-LFN(1–16)-YFP, His-LFN(1–23)-YFP and His-LFN(1–33)-YFP (see Figure 2 for 

representative schematic constructs).

His-LFN-YFP and the truncated constructs were expressed recombinantly and purified as 

previously described10, 12, 14, 19, 20. Wild-type (PA63)7 (trypsin-nicked PA83 from which 

PA20 was removed21) was a gift from Dr. Sen Zheng. Mutant (PA63F427A)7 was the same 

sample previously reported10. In some of the experiments, the His6-tags on His-LFN-YFP 

and the various truncated constructs were cleaved with thrombin according to the Novagen 

manual protocol (Figure 2).

Planar lipid bilayers

Planar lipid bilayers were formed via the brush technique22 across a 0.5 mm hole in a 125-

µm-thick Teflon partition. The membranes separated two Lucite compartments that each 

contained 3 mL of 100 mM KCl, 25 mM potassium-succinate, 1 mM EDTA, pH 5.5. In 

experiments in which we wished to reduce the noise level further, membranes were formed 

across a 100-µm diameter aperture in a polystyrene cup23; the front compartment contained 

1.5 mL of solution and the rear compartment contained 0.75 mL. The individual 

compartments were stirred using small magnetic stir bars. Agar salt bridges (3M KCl, 3% 

agar) connected Ag/AgCl electrodes in saturated KCl solutions to the cis and trans 

compartments. The membrane-forming solution was 3% diphytanoyl-phosphatidylcholine 

(Avanti Polar Lipids, Inc.) in n-decane; membrane formation was observed visually. All 

experiments were performed under voltage clamp conditions; voltages are those of the cis 

solution (to which (PA63)7 or (PA63F427A)7 prepore heptamer was added) in reference to 

the trans solution (held at virtual ground). Current responses were filtered at 10–15 Hz by a 

low-pass eight-pole Bessel filter (Warner Instruments) and recorded on a DMP-4B 

Physiograph chart recorder, as well as an NI USB-6211 Data Acquisition Board (National 

Instruments) for digital storage14, 24.

(PA63)7 channel formation and conductance block

Following membrane formation, either wild-type (PA63)7 or (PA63F427A)7 prepore 

heptamer was added to the cis compartment, which was held at a voltage of +20 mV with 

respect to the trans compartment. When the conductance produced by (PA63)7 channel 

formation reached a steady-state, LFN-YFP (or His-LFN-YFP or one of the truncated 

constructs) was added to the cis compartment at near-saturating concentrations (~0.2 µM for 

His-LFN-YFP and LFN-YFP; ~0.47 µM for truncated His-LFN-YFP and LFN-YFP 

constructs). The blocking of the channels by LFN-YFP or one of its variants was monitored 
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by the fall in conductance at +20 mV and +50 mV (a typical record is shown in Figure 3). In 

the trans experiments, the voltage was held at −20 mV, and the truncated constructs were 

added to the trans compartment.

The protocol for single-channel experiments was the same, except that only one or two 

channels were allowed to form (by adding dilute amounts of (PA63)7 or (PA63F427A)7 

prepore heptamer).
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Abbreviations used in this paper

PA protective antigen

LF lethal factor

EF edema factor

PA63 63 kDa C-terminal portion of PA

(PA63)7 the heptameric form of PA63

LFN the 30 kDa, 263-residue N-terminal segment of LF

ϕ-clamp phenylalanine clamp

YFP yellow fluorescent protein

LFN-YFP LFN with YFP attached to its C-terminus

His-LFN-YFP His6-tagged LFN-YFP

(PA63F427A)7 the heptameric form of PA63 with an F427A mutation

WT wild-type
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Highlights

• Ion conduction in the stem of the anthrax toxin channel is analyzed.

• Block in conductance in the channel stem is incomplete during protein 

translocation.

• The lower region of the stem may secure the peptide chain during translocation.
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Figure 1. 
A14Left: Model of (PA63)7

6Right: Structure of (PA63)7, determined by negative-stain 

electron microscopy (~25 Åring; resolution)7. The red arrow denotes the presumed position 

of the ϕ-clamp; the 20 Åring; bar represents the distance from the ϕ-clamp to the presumed 

beginning of the stem; the dashed parallel lines represent the lipid bilayer. B. LFN-YFP 

trapped in (PA63F427A)7 at +50 mV. YFP is represented as a yellow β-barrel; LFN is 

represented as a grey line; the bilayer is represented as parallel dashed lines. The red arrow 

indicates the position at which the phenylalanine residues of the ϕ-clamp were mutated to 

alanine residues (adapted from reference 14). C. Truncated versions of LFN-YFP trapped in 

(PA63F427A)7 at +50 mV. YFP is represented as a yellow β-barrel; LFN is represented as a 
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grey line; the bilayer is represented as parallel dashed lines. The red arrow indicates the 

position at which the phenylalanine residues of the ϕ-clamp were mutated to alanine 

residues (adapted from reference 14).
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Figure 2. 
A. Schematic of selected truncated His-LFN-YFP constructs. The N-terminal 20-residue 

His6-tag is shown in blue, LFN residues are shown in red, linker residues are shown in 

green, and the C-terminal YFP is shown as a yellow β-barrel. B. 20-residue His6-tag. Note 

that the N-terminal methionine residue encoded by pET-15b is not present, as it is removed 

during protein expression25. The site of thrombin cleavage is shown in purple, with the 

cleavage taking place between the arginine and glycine residues. Thrombin treatment 

removes the first 16 residues of the tag, leaving behind four residues (Gly-Ser-His-Met).
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Figure 3. 
Record of cis addition of LFN-YFP to a membrane containing (PA63F427A)7 channels. 

After the current (shown as a black line) produced by (PA63F427A)7 channels reached a 

steady-state at both +50 mV and +20 mV, LFN-YFP was added at the green arrow to a final 

concentration of ~0.2 µM (voltage held at +20 mV), reducing the current by a factor of ~6. 

After the current reached a new steady-state, the channels were unblocked by applying a 

voltage of −20 mV, and subsequently re-blocked by applying a voltage of +50 mV, causing 

the current to be reduced by a total factor of ~50. Voltage is shown as a solid red line; the 

zero baseline of current is shown as a dashed red line.
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Figure 4. 
Cis effect of saturating concentrations (~0.2 µM) of LFN-YFP and His-LFN-YFP on 

conductance of (PA63F427A)7 and WT (PA63)7 channels at +20 mV and +50 mV. All 

experiments were performed in triplicate; error bars represent standard error.
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Figure 5. 
Left. Cis effect of saturating concentrations (~0.47 µM) of truncated His-LFN-YFP 

constructs on conductance of (PA63F427A)7 channels at +20 and +50 mV. All experiments 

were performed in triplicate; error bars represent standard error (bars that are not visible are 

small enough that they are obscured by the marker). Right. List of truncated His-LFN-YFP 

constructs and the number of amino acids/length of each (not including YFP, which is 

presumed not to unwind when positive voltages are applied). All of the constructs contain a 

20-residue His6-tag, as well as a Ser-Gly-Ser linker before YFP, except for His-YFP (the 

first construct on the list), which is just the His6-tag attached directly to YFP.
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Figure 6. 
Left. Cis effect of saturating concentrations (~0.47 ~M) of truncated LFN-YFP constructs on 

the conductance of (PA63F427A)7 channels at +20 mV and +50 mV. All experiments were 

performed in triplicate; error bars represent standard error (bars that are not visible are small 

enough that they are obscured by the marker). Right. List of truncated LFN-YFP constructs 

and the number of amino acids/length of each (not including YFP, which is presumed not to 

unwind when positive voltages are applied). All of the constructs contain four residual 

residues from the His6-tag (which was cleaved by thrombin), followed by the specified LFN 

residues as well as a Ser-Gly-Ser linker before YFP.
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Figure 7. 
Single-channel records of cis effect of LFN-YFP on conductance of (PA63F427A)7 (top) and 

WT (PA63)7 (bottom) channels at +20 mV and +50 mV. For each record, the upper dashed 

blue line represents the open state and the lower dashed red line represents the completely 

blocked (or closed) state. (The open-state conductance of the mutant channel is roughly 

double that of the WT channel at both +20 mV and +50 mV.) Note that the conductance of 

the WT (PA63)7 channel is completely blocked by LFN-YFP, whereas there is a small 

residual conductance at both +20 mV and +50 mV in the (PA63F427A)7 channel. Records 

are 35 seconds long and filtered at 15 Hz.
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Figure 8. 
Single-channel records of the cis effect of selected truncated His-LFN-YFP constructs on the 

conductance of (PA63F427A)7 channels at +20 mV (top) and +50 mV (bottom). For each 

construct, the upper dashed blue line represents the open state and the lower dashed red line 

represents the completely blocked (or closed) state. Note the incomplete block at +50 mV; 

the asterisks indicate the brief moments where a given channel enters a completely blocked 

(or closed) state. Also note that the conductance fluctuations are reminiscent of those seen 

with tethered DNA26. Records are 20 seconds long and filtered at 10 Hz.
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Figure 9. 
Single-channel records of the cis effect of truncated LFN-YFP constructs on the conductance 

of (PA63F427A)7 at +20 mV (top) and +50 mV (bottom). For each construct, the upper 

dashed blue line represents the open state and the lower dashed red line represents the 

completely blocked (or closed) state. Records are 20 seconds long and filtered at 10 Hz. In 

the record for LFN(1–33)-YFP at +20 mV, there was subsequent unblocking later on.
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Figure 10. 
A. Record of trans addition of 0.47 µM His-YFP to a membrane containing (PA63F427A)7 

channels. After the current (shown as a black line) produced by (PA63F427A)7 channels 

reached a steady state at −20 mV, His-YFP was added at the green arrow (voltage held at 

−20 mV), reducing the current by a factor of ~6. The zero baseline of current is shown as a 

dashed red line. B. Single-channel records of the trans effect of His-YFP on the conductance 

of membranes containing two (PA63F427A)7 channels (top) and two WT (PA63)7 channels 

(bottom) at −20 mV. Subsequent unblocking at +20 mV (not shown) confirmed that both 

channels were still present. The three dashed red lines in each record represent, respectively, 

the zero baseline of conductance, the open state conductance of one channel, and the open 

state conductance of two channels. Top record is 170 seconds long and bottom record is 90 

seconds long; both are filtered at 10 Hz.
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Figure 11. 
A. Record of trans addition of 0.47 µM LFN(1–16)-YFP to a membrane containing 

(PA63F427A)7 channels. After the current (shown as a black line) produced by 

(PA63F427A)7 channels reached a steady state at −20 mV, LFN(1–16)-YFP was added at the 

green arrow (voltage held at −20 mV), reducing the current by a factor of ~11. The zero 

baseline of current is shown as a dashed red line. B. Single-channel records of the trans 

effect of LFN(1–16)-YFP on the conductance of membranes containing one (PA63F427A)7 

channel (top) and one WT (PA63)7 channel (bottom) at −20 mV. Note the intermediate 

substates in both records. (The intermediates are smaller in the WT channel as its 

conductance is roughly half that of the mutant channel.) Subsequent unblocking at +20 mV 

(not shown) confirmed that the channel was still present. The two dashed red lines in each 

record represent, respectively, the zero baseline of conductance and the open state 

conductance of one channel. Record is 35 seconds long and filtered at 10 Hz.
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