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ABSTRACT Recent studies of several ICK ion-channel blockers suggest that lipid bilayer interactions play a prominent role in their
actions. Structural similarities led to the hypothesis that bilayer interactions are important for the entire ICK family.Wehave tested this
hypothesis by performing direct measurements of the free energy of bilayer partitioning (DG) of several peptide blockers using our
novel quenching-enhanced fluorescence titrationprotocol.Weshow that various ICKpeptidesdemonstratemarkedlydifferentmodes
of interaction with large unilamellar lipid vesicles. The mechanosensitive channel blocker, GsMTx4, and its active diastereomeric
analog, D-GsMTx4, bind strongly to both anionic and zwitterionic membranes. One potassium channel gating modifier, rHpTx2gs,
interacts negligibly with both types of vesicles at physiological pH, whereas another, SGTx1, interacts only with anionic lipids. The
slope of DG dependence on surface potential is very shallow for both GsMTx4 and D-GsMTx4, indicating complex interplay of their
hydrophobic and electrostatic interactionswith lipid. In contrast, a cell-volume regulator, GsMTx1, andSGTx1 exhibit a very steepDG
dependence on surface potential, resulting in a strong binding only for membranes rich in anionic lipids. The high variability of 5 kcal/
mole in observed DG shows that bilayer partitioning is not a universal property of the ICK peptides interacting with ion channels.
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Abbreviations used: ICK, inhibitor cysteine knot; LUV, large unilamellar vesicles; POPC,

palmitoyloleoylphosphatidylcholine; POPG, palmitoyloleoylphosphatidylglycerol; PC, egg yolk

phosphatidylcholine; PS, bovine brain phosphatidylserine;

GsMTx1, YCQKWMWTCDEERKCCEGLVCRLWCKKKIEW;

GsMTx4, GCLEFWWKCNPNDDKCCRPKLKCSKLFKLCNFSF-Amide;

rHpTx2gs, GSDDCGKLFSGCDTNADCCEGYVCRLWCKLDW;

SGTx1 (D24A), TCRYLFGGCKTTADCCKHLACRSAGKYCAWDGTF.

A variety of peptide toxins from venomous animals are

known to block different ion channels selectively andwith high

affinity. Twoback-to-back articles that appeared inNature, one
on voltage-sensor toxin VsTx1 (1) and another on mechano-

sensitive channel inhibitorGsMTx4 (2), and the accompanying

commentary (3), suggested a new concept for their action,

which assigns a prominent role to interactions with the bilayer.

Both peptides, along with a number of other channel blockers

and gating modifiers (e.g., SGTx1, HpTx2), share the same

ICK fold and have a well-demarcated hydrophobic face (4–9).

(Sequence alignment of 17 such peptides is presented in Lee

andMacKinnon (1).) These structural similarities have led to a

commonperception that lipid bilayer interactions are important

for all ICK blockers, which we challenge here.

The hydrophobic face of ICKblockers is often dominated by

aromatic residues (e.g., F-5,W-6,W-7, F-27, F-32, and F-34 in

GsMTx4, or Y-1,W-5,W-7,W24, andW-31 in a cell-volume

regulator GsMTx1), which are expected to contribute strongly

and favorably to the free energy of bilayer partitioning, DG
(10). Bilayer interaction of tryptophan-containing peptides

often results in strong changes in intrinsic fluorescence, which,

after appropriate corrections (11), can be used to determine the

DG of bilayer partitioning using equilibrium titration (12).

Surprisingly, we found that the addition of LUV to a GsMTx4

solution leads to marginal changes in tryptophan’s emission

(4). In contrast, therewas a pronounced reduction in quenching

by aqueous ions in the presence ofLUV, indicating shielding of

tryptophan residues by the lipid bilayer. We have taken

advantage of this differential fluorescence quenching between

free andmembrane-boundpeptide todevelop a highly sensitive

titration protocol that allowed us to quantify accurately their

membrane interactions (4). The protocol was first verified on

the well-studied peptide melittin and then applied to GsMTx4.

The experiments reveal GsMTx4’s substantial affinity for both

zwitterionic POPC (DG ¼ �6.1 kcal/mole) and anionic

25POPC:75POPG LUV (DG ¼ �8.3 kcal/mole) (4). Here

we apply the samemethodology to other blockers, all of which

have at least one tryptophan residue. All experimental details

are the same as described in Posokhov et al. (4).

Despite their structural similarity to GsMTx4, none of the

other peptides (except for the all-D enantiomer D-GsMTx4)

were found to bind vesicles made of purely zwitterionic
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lipids or even those with a low content of anionic lipids (e.g.,

GsMTx1 Fig. 1 A, squares). Whereas GsMTx1 and SGTx1

bind strongly to vesicles rich in anionic lipids (Figs. 1 A and

2), no binding of rHpTx2gs was detected at pH 7.0 (Fig. 1 B,
solid symbols). rHpTx2gs is unusual among the toxins in this

study, in that it has six acidic amino acids. Lowering the pH

to 4.6, which neutralizes the acidic amino acids, leads to a

moderate level of binding. The latter appears to be virtually

independent of lipid composition (Fig. 1 B, open symbols),
consistent with primarily hydrophobic interactions at low

pH. Given the precision of our fluorescence measurements

and assuming that limiting spectroscopic response at infinite

lipid concentration (Imax) is pH-independent, we estimate a

negligible free energy of DG . �3.5 kcal/mole for mem-

brane interactions of rHpTx2gs at the physiologically

relevant pH of 7.0.

We have summarized our results for membrane binding

properties the toxins by showing the dependence of the free

energy of partitioning on the surface potential of the bilayer,

u (Fig. 2). The latter can be altered by changes in the content

of anionic lipids (solid symbols) or by increased salt con-

centration (open symbols). All seven data points for GsMTx4

fall comfortably on a straight line, indicating that the DG
doesn’t depend on whether the surface potential was created

by mixing POPC and POPG (solid squares), PC and PS

(diamonds), orwas adjusted for 25POPC:75POPGbya10-fold

increase of ionic strength (open square). Both GsMTx4 and its

enantiomer D-GsMTx4 exhibit similarly strong binding with

an identical slope, suggesting that chirality has a small effect on

the lipid interactions of this peptide.

The slope of the DG versus u-plot is proportional to the

effective charge of the peptide Zeff, which may differ from its

physical charge (13). Remarkably, (D-)GsMTx4 peptides

have an effective charge of only 10.8, which is much lower

than the nominal charge of 15. A reduction of Zeff is often
observed for peptides that are hydrophobic and charged, and

is considered a hallmark of the nonadditive contributions

from electrostatic and hydrophobic interactions (13). SGTx1

and GsMTx1, on the other hand, exhibit a sharp drop in

binding when u of 25POPC:75POPG LUV (Fig. 2, solid
blue and green symbols) is reduced by a twofold increase in

ionic strength (corresponding open symbols), consistent with
the total lack of interaction with POPC-rich LUV (Fig. 1 A).
This behavior is indicative of the predominantly electrostatic

nature of interaction of these cationic peptides with anionic

FIGURE 1 Quenching-enhancedfluorescence titrationof two ICK

blockerswith LUVmadeof lipids specifiedongraphs (experimental

details are described in Posokhov et al. (4)). Whereas GsMTx1 (A)

requires high concentration of anionic POPG lipid for binding,

rHpTx2gs (B) will only interact with vesicles at acidic pH (open

symbols), but not at neutral pH (solid symbols).

FIGURE 2 Free energy of partitioning of four ICK blockers into

membranes with various surface potential. GsMTx4 data were

collected for (solid squares) POPC, 95POPC:5POPG, 75POPC:

25POPG, and 25POPC:75POPG; (diamonds) PC and 25PC:75PS;

and (open square) with 25POPC:75POPG in the presence of

additional 450 mM KCl (all other samples contain 50 mM KI).

D-GsMTx4data (circles)werecollected forPOPC:POPGmixtures.

SGTx1 (blue triangles) and GsMTx1 (olive triangles) data were

collected for 25POPC:75POPG with (open symbols) or without

(solid symbols) of additional 50 mM KCl. The effective charge for

(D-)GsMTx4 peptides calculated from the slope of these depen-

dences, Zeff, is much smaller than the net charge of the peptide. A

large Zeff observed for SGTx1 and GsMTx1 is indicative of pre-

dominantly electrostatic interactions.
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membranes. The observed difference between these two

peptides and GsMTx4 indicates that their mode of interac-

tion with lipid bilayers is different and that their binding in

the vicinity of an ion channel in vivo will be highly depen-

dent on membrane potential.

The News and Views editorial (3) accompanying the initial

publications suggesting the importance of bilayer partitioning of

ion channel blockers VsTx1 (1) and GsMTx4 (2), ends with the

suggestion that ‘‘it remains to be determinedwhether membrane

partitioning is a common mechanism for all ion-channel gating

modifiers.’’ The thermodynamic evidence presented here

suggests that it is not. The five blockers we studied can be

classified into three categories depending on their ability to

interact with lipid bilayers. The mechanosensitive channel

blocker GsMTx4 and its active enantiomer D-GsMTx4 belong

to the first group, characterized by strong binding to both

anionic andzwitterionic lipidsvia hydrophobic and electrostatic

interactions. VsTx1may also belong to this group, although the

evidence of its ability to bind to zwitterionic membranes (1) has

been recently questioned (8). The second group, composed of a

cell-volume regulator GsMTx1 and the Kv2.1 channel gating

modifier SGTx1, is characterized by strong electrostatic bind-

ing to anionic membranes. Finally, the Kv4 gating modifier

rHpTx2gs does not bind lipid vesicles at physiological pH

conditions. The structural features that determine why any

peptide belongs to a given category are not obvious (e.g., the

hydrophobicity pattern appears tobe similar (Fig. 3)) and should

be investigated with the help of site-directed mutagenesis. It is

clear, however, that lipid membrane binding of tightly folded

ICK peptides should be experimentally investigated in a

quantitative manner before their membrane binding ability

can be predicted from the sequence, as it can be done for the

unfolded and helical peptides (10,13,14).
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FIGURE 3 Primary amino acid sequence alignment of the four

blockers used in this study, plus VsTx1 aligned along the posi-

tions of cysteines (blue). The rest of the residues are shaded in

accordance with the Wimley-White hydrophobicity scale (10),

with the most hydrophobic residues (W, Y, F, L, and I) in green,

and the least hydrophobic (charged) in red.
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