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ABSTRACT: The roles of surrounding membrane lipids in the functions of
transmembrane and peripheral membrane proteins are largely unknown.
Herein, we utilize the recently reported structures of the TRPV1 ion channel
protein bound to its potent protein agonist, the double-knot toxin (DkTx),
as a model system to investigate the roles of toxin−lipid interfaces in TRPV1
activation by characterizing a series of DkTx variants electrophysiologically.
Together with membrane partitioning experiments, these studies reveal that
toxin−lipid interfaces play an overwhelmingly dominant role in channel
activation as compared to lipid-devoid toxin−channel interfaces. Additionally,
we find that whereas the membrane interfaces formed by one of the knots of
the toxin endow it with its low channel-dissociation rate, those formed by
other knot contribute primarily to its potency. These studies establish that
protein−lipid interfaces play nuanced yet profound roles in the function of
protein−protein complexes within membranes.

Membrane lipids have long been considered passive
entities that serve merely to anchor membrane proteins,

allowing them to execute complicated processes such as the
transport of ions and small molecules across the membrane
bilayer, catalysis of biochemical reactions, and signal trans-
duction. This classical view has been challenged by recent
advances in structural biology1−6 and mass spectroscopy7−10

that reveal that lipids engage in intimate and specific inter-
actions with a diverse range of membrane proteins including
ion channels, transporters, and membrane enzymes, suggesting
that protein−lipid interfaces may play important roles in
protein function.11−19 A detailed understanding of the func-
tional roles of these protein−lipid interfaces, therefore, is
imperative to fully understand the function of both integral and
peripheral membrane proteins.
Recent structural work on the complex of the homotetra-

meric rat TRPV1 ion channel protein and its potent agonist,
the double-knot spider toxin (DkTx;1,2 Figure 1a) provides
one of the best available snapshots of protein−protein com-
plexes in a native membrane-like milieu. These studies have
demonstrated that each of the two lobes (cystine knots K1 and
K2) of the toxin interacts with the channel by inserting two of
their loops (loops 2 and 4) into the membrane to form a
toxin−lipid−channel tripartite complex (Figure 1a and b).
DkTx20 belongs to the family of the inhibitory cystine-knot
(ICK) toxins21−23 known to target several types of ion channels
and is the only member of this family of toxins that contains two
ICK motifs (K1 and K2 separated by a seven-amino-acids-long
linker). Another unique aspect of DkTx is that it is the only
pore-binding toxin that is known to partition into the
membrane.2 Indeed, other membrane-partitioning toxins such

as Hanatoxin24−26 inhibit voltage-activated ion channels by
targeting their voltage sensors that are far removed from yet
tightly coupled to the pore. In contrast to the DkTx−TRPV1
complex, no structural information is available currently on the
toxin−channel complexes formed by these voltage sensor-
binding toxins, thereby obviating molecular-level investiga-
tions into the role of toxin−lipid interfaces in channel modu-
lation.
A notable feature of DkTx is that it demonstrates extreme-

ly slow wash-off of the toxin after channel activation20,27

(Figure 1c)an intriguing observation considering that the
TRPV1−DkTx complex structures1,2 do not reveal any electro-
static,28 cation−pi,29 or pi stacking30 interactions between the
residues of the toxin and those of the channel that commonly
underlie tight complex formation between proteins.31 In contrast
to this relatively sparse protein−protein interaction landscape,
the structures depict two intimate protein−lipid interfaces, one
formed by the K1 knot of DkTx and the other one formed by
its K2 knot (Figure 1a, right panel). This observation engen-
ders the hypothesis that protein−lipid interfaces play a major
role in the binding and potency of the toxin. Taken together,
these structural and functional attributes of the DkTx−TRPV1
complex render it an ideal model system for mechanistic inves-
tigations into the poorly understood roles of protein−lipid
interfaces in the function of protein−protein complexes pres-
ent within membranes.
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■ RESULTS AND DISCUSSION
Results. DkTx−TRPV1 Structures Enable Generation of

Protein−Lipid and Protein−Protein Interaction Maps. To com-
pare and contrast the roles of protein−protein interactions
with protein−lipid interactions in DkTx-mediated activation of
TRPV1, we performed systematic site-directed mutagenesis to
generate DkTx variants and characterized their TRPV1 acti-
vation properties electrophysiologically. Our selection of toxin
residues for substitution was guided by the recent cryo-EM
structure of the rat TRPV1−DkTx complex solved in a lipidic
environment1 and by another recent study2 that utilized mole-
cular dynamics simulations to predict lipid-binding sites on the
toxin and also reported a molecular model of the DkTx−
TRPV1 complex structure. We classified the toxin residues
lying within 4.4 Å of the atoms of the nearby channel residues/
lipid molecules in either of these structural frameworks as
“interacting.” The interaction maps depicting all contact points
obtained from these analyses are tabulated in Table S1,
Supporting Information. These maps enabled us to pinpoint 27
toxin residues that interact with the channel or/and lipids,
13 of which were observed to be exclusively channel-interacting
(no lipid contacts) and 14 of which were identified as lipid-
interacting, depicted in green and blue, respectively, in Figure 1b.
Among the lipid-interacting residues, eight (E7, V8, I28, and
H30 of the K1 knot of the toxin and E49, V50, I68, and Y70 of
the K2 knot) were observed to directly interact only with lipids
and not with the channel, whereas six (W11, E26, and F27 of

K1 and W53, A66, and F67 of K2) were identified as inter-
acting both with lipids and with channel residues.

DkTx−Lipid Interfaces Play Crucial Roles in the Efficacy of
the Toxin for TRPV1 Activation. After identifying channel or/
and lipid-interacting DkTx residues, we generated alanine
variants of each of these residues, except for A66, which was
substituted to serine. Wild-type DkTx and its variants were
expressed recombinantly in E. coli inclusion bodies and refolded
and purified to homogeneity by HPLC (representative protein
purification data are depicted in Figure S1, Supporting Inform-
ation; HPLC traces for purity evaluation of each of the variants
except for E49A that did not refold under the conditions tested
are depicted in Figure S2; and the MALDI mass characterization
data of each variant are tabulated in Table S2). Subsequently, the
toxin variants were characterized by performing two-electrode
voltage clamp experiments on rat TRPV1 expressed in Xenopus
laevis oocytes to yield dose−response curves that are depicted
in Figure 2a (representative electrophysiological recordings
obtained for each of the toxin variants are depicted in Figure S3,
Supporting Information). These dose−response curves clearly
show that the variants of DkTx residues that interact with
channel residues independent of lipids (Figure 2a, top panel)
demonstrate, at best, a moderate effect on the potency of the
toxin. Indeed, except for the alanine variants of the G12 and
G54 residues of DkTx present at similar positions of the K1
and K2 knots (sequence alignment of K1 and K2 is provided at
the bottom of Figure 1b) that yielded an 8- and 9-fold increase

Figure 1. DkTx−TRPV1 complex. (a) The DkTx−lipid−TRPV1 tripartite complex viewed sideways from within the membrane, PDB: 5irx,1 and a
zoomed-in view of the complex depicting the pore domains of three channel monomers (right panel; the fourth monomer is not depicted to
enhance clarity). The solid horizontal lines represent the membrane boundaries (the region above the top line is extracellular, and the region below
the bottom line is intracellular). (b) Structure of DkTx depicting residues that interact exclusively with TRPV1 residues and not with lipids in green
and those that interact with lipids in blue. Only the lipid-interacting residues are labeled. The same color code is used to denote the sequence of the
K1 and K2 knots of DkTx at the bottom. The residues of loops 2 and 4 of each knot are boxed. (c) A two-electrode voltage clamp
electrophysiology recording of TRPV1 depicting activation by capsaicin (Caps, 5 μM) and subsequently by DkTx (3.3 μM), followed by wash-off
for 30 min, and ultimately complete channel block by ruthenium red (RR, 7 μM). The dotted line represents zero current.
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in the EC50 values, respectively, as compared to the wild-type
toxin (Table S2), the other 11 exclusively channel-interacting
variants gave EC50 values that were within 2−4 fold of that of
the wild-type toxin (bars in green in Figure 2b and Table S2).
In contrast, variants of several of the lipid-interacting toxin
residues demonstrated a profound abrogation of toxin potency
(bottom panel of Figure 2a and blue bars in Figure 2b).
In particular, the W11A and W53A DkTx variants of the K1
and K2 knot respectively demonstrated a substantially reduced
potencywhereas the W11A variant yielded an 80-fold higher
EC50 value (Table S2) than the wild-type toxin, the W53A
variant was such a poor TRPV1 agonist that we were unable to
generate its complete dose response curve due to a lack of
solubility of the toxin at the high concentrations required to
achieve full channel activation (Figure 2a), demonstrating that
the EC50 value of this variant was well above 100-fold higher
than that of the wild-type toxin. Our interaction maps (Table S1)
show that these tryptophan residues interact intimately with both
the channel residues and also with lipid molecules. To inves-
tigate the importance of the W11 and W53 residues further, we
generated their leucine and tyrosine variants and characterized
their activity. Similar to the alanine variants of these residues,
their leucine variants also demonstrated poor TRPV1 acti-
vation properties, whereas their tyrosine variants demonstrated
significant rescue of toxin activity (EC50 values obtained for the
W11Y and W53Y variants were ∼10-fold higher than that of
the wild-type toxin; Figures 2a,b), suggesting that an aromatic
side chain is important for toxin activity at these positions.
The alanine variant of another DkTx residue that constitutes
the toxin−lipid interface, V8, located in loop 1 of the K1 knot,
demonstrated an appreciably reduced potency (∼16-fold higher
EC50 value) as compared to the wild-type toxin (Figure 2 and
Table S2). The alanine substituent of the corresponding residue

of the K2 knot, V50, also demonstrated a similarly significant
loss of toxin potency (Figure 2b). Interestingly, neither of our
two interaction maps (Table S1) depicts these two valine
residues in the proximity of any channel residues and, instead,
shows both of them as exclusively lipid-interacting. Strikingly,
except for the lipid-interacting residue E7 of loop 1 of the K1
knot whose alanine substituent demonstrated an 11-fold higher
EC50 value as compared to the wild-type toxin (Figure 2 and
Table S2), not a single charged or polar residue of the toxin
was observed to play an important role in the toxin’s activity.
Indeed, the residues that were found to be most important for
toxin activity were hydrophobicwhereas some of them were
aliphatic (V8, I28, V50, and I68), the others were aromatic
(W11, F27, W53, and F67).

Protein−Lipid Interfaces Formed by the K1 Knot of DkTx
Are Responsible for Slow Toxin Wash-Off. A prominent
observation from our electrophysiological recordings was that
several of our DkTx variants demonstrate enhanced wash-off rates
as compared to the wild-type toxin (Figure 3a). Interestingly, all
the DkTx residues whose variants demonstrated fast wash-off
(W11, F27, I28, and V8) are lipid-interacting residues of the
K1 knot. Moreover, none of the variants of the exclusively channel-
interacting DkTx residues, except G12 (another K1 residue), and
none of the K2 knot DkTx variants demonstrated this pheno-
type (Figure S3). The fastest wash-off rates were observed for
the W11A variant that washed off completely within ∼3 min
(Figure 3a), in contrast with the wild-type toxin that does not
wash-off completely even after 30 min of buffer perfusion
(Figure 1c).
The large differences in the wash-off kinetics demonstrated

by DkTx variants motivated us to study toxin wash-off in more
detail. We began our studies by first determining whether toxin
wash-off rates were dependent on the concentration of the

Figure 2. Effects on the potency of DkTx for TRPV1 activation upon alteration of protein−protein and protein−lipid interfaces. (a) Dose−
response plots of the variants of exclusively channel-interacting (top) and lipid-interacting (bottom) residues of DkTx. The K1 knot variants of
DkTx are depicted on the left and K2 variants on the right. (b) EC50 values of all DkTx variants. The bars in green correspond to variants of
exclusively channel-interacting DkTx residues, and the ones in blue are of those that interact with lipids. The EC50 values for the W53A and W53L
variants could not be obtained owing to their extremely low potency (this is denoted by the arrows on the top of the bars corresponding to these
variants). “WT” is an abbreviation for “wild-type”. Each data point is an average of three to five recordings, and the error bars correspond to
standard deviation values.
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applied toxin. We observed that when a low concentration
(0.06 μM) of wild-type DkTx was employed to activate TRPV1,
the toxin washed-off completely in 12 min (Figure 3b, top
panel), in contrast to the much slower wash-off observed with
3.3 μM of the toxin (Figure 1c). Wash-off studies with a range
of concentrations of DkTx revealed that wash-off kinetics were
indeed concentration dependentwhen 0.01 μM of wild-type
DkTx was employed to activate TRPV1, the wash-off was
complete within 1 min, in stark contrast to the negligible
wash-off in 3 min observed upon channel activation with 2.2 μM
toxin (Figures 3b, middle panel). These studies established
an inverse correlation between the wash-off rates and the con-
centration of the toxin used in the experiment (Figure 3b,
bottom panel; Pearson’s r = −0.90). The observation that
wash-off kinetics depends on the concentration of the toxin
used for channel activation suggests the possibility that wash-off
kinetics vary as a function of channel occupancy. Consequently,
we reasoned that a valid comparison of wash-off kinetics between
the toxin variants can only be performed at toxin concentrations
where the channel occupancy is the same in each case, for
example at the top of each variant’s dose response curve, where
all channels would be toxin-bound resulting in 100% channel
occupancy before wash-off. All subsequent wash-off experiments

were therefore performed with saturating concentrations of each
of the toxin variants.
The wash-off current traces obtained over a 5 min buffer

perfusion time-period subsequent to channel activation with satu-
rating concentrations of our fast washing-off DkTx variants,
W11A, W11L, W11Y, V8A, F27A, and I28A, are depicted in
Figure 3c (left panel). Notably, none of the DkTx variants of
the K2 knot demonstrated fast wash-off (see Figure S3 for
representative traces). Indeed, the wash-off kinetics obtained
with saturation concentrations of W53Y, F67A, and I68A and
the V50A variants overlapped with that of the wild-type toxin
(right panel of Figure 3c). Toxin variants W53A and W53L
were not amenable to these experiments as their poor potency
obviated preparation of toxin solutions at concentrations required
to attain saturation of their dose−response curves (Figure 2).
Our entire wash-off data set for both the channel-interacting
and lipid-interacting residues of the DkTx depicted in Figure 3d
shows that none of the residues of the toxin that interact with
the channel residues exclusively via protein−protein interactions
(green bars), except for G12A, demonstrated significantly faster
wash-off rates as compared to that of the wild-type toxin.

K1 Knot-Driven Efficient Membrane Partitioning of DkTx
Underlies Its Slow Wash-Off. The observation that the
fast washing-off toxin variants were generated by substituting

Figure 3. Toxin wash-off studies. (a) Electrophysiological recordings obtained for fast washing-off DkTx variants. Capsaicin was applied at a
concentration of 5 μM, and the toxins were applied at 6.6 μM, except for V8A, which was tested at 13.2 μM. (b) Wash-off studies on wild-type
DkTx showing fast wash-off when applied at a low concentration (top panel) and concentration dependence of wash-off kinetics (middle and
bottom panels). The y axis of the plot on the bottom panel depicts % reduction in current after 3 min of buffer perfusion post wild-type DkTx-
mediated channel activation. The blue line shown was generated by fitting a linear equation to the data. (c) Averaged wash-off current traces
obtained for wild-type DkTx and fast washing-off lipid-interacting K1 variants of DkTx (left panel) and those of their corresponding K2 variants
(right panel). (d) Bar graph depicting the percentage reduction in current after 3 min of buffer perfusion post-toxin-mediated channel activation for
all variants (bars corresponding to the variants of lipid-independent channel-interacting residues are depicted in green and those for lipid-
interacting residues are depicted in blue). The experiments (in both c and d) were performed at saturation concentrations of the respective toxins
denoted within parentheses in Figure 3d. Each current trace/data point is an average of three to five recordings, and the error bars correspond to
standard deviation values.
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lipid-interacting residues suggests that the wash-off kinetics are
linked to toxin−membrane lipid interactions. To compare the
intrinsic membrane lipid-interacting properties of our toxin
variants, we subjected them to tryptophan fluorescence-based
membrane partitioning experiments on POPC−POPG (1:1)
large unilamellar vesicles (LUVs) by employing approaches
similar to the ones previously reported.2,32−34 Consistent with
the results of a previous study,2 our experiments with wild-type
DkTx revealed that it partitions well into vesicles. Indeed, in
the presence of LUVs generated from 0.1 mM lipid concentra-
tion, a robust increase in fluorescence emission with a concomi-
tant blue shift of 13 nm was observed (black traces in Figure 4a),
characteristic of proteins that interact favorably with mem-
brane lipids and partition into the membrane. In comparison,
the W11A variant demonstrated merely a 3 nm blue shift and a
modest increase in emission intensity in the presence of vesi-
cles generated with the same concentration of lipids (red traces
in Figure 4a). Consistent with these observations, normalized
relative fluorescence versus lipid concentration plots (Figure 4b)
revealed that in contrast to the wild-type toxin that partitions so
well that the curve saturates at ∼0.25 mM lipid concentration,
the W11A variant partitions poorly, not saturating even at a
1.25 mM lipid concentration. Other fast washing-off K1 knot
variants of DkTx, W11L, and F27A also demonstrated greatly
abrogated membrane partitioning as compared to the wild-type
toxin (Figure 4b). The variants of analogous K2 knot residues

of DkTx, W53A, and F67A, on the other hand, yielded curves
that overlapped with that of the wild-type toxin demonstrating
that they partition very well into membranes (Figure 4b).
We generated similar partitioning plots for our other fast washing-
off DkTx variants and their analogous K2 knot variants that
yielded slow wash-off and obtained their Kx values (see Figure S4
of the Supporting Information for each variant’s partitioning
plots and fluorescence emission spectra, and Table S2 for their
Kx values). Plotting the Kx values of the wild-type toxin and
those of the K2 and fast washing-off K1 variants versus the %
wash-off yielded the plot shown in Figure 4c, and fitting a
linear equation to the plot for the fast washing-off K1 variants
gave a good correlation (Pearson’s r = −0.90). The K2 variants
of DkTx such as W53Y, I68A, and F67A that wash-off slowly
demonstrated efficient membrane partitioning (open squares in
Figure 4c and Figure S5) similar to wild-type DkTx. These results
are consistent with the notion that the slow wash-off demon-
strated by DkTx is a consequence of its high intrinsic affinity
for the membrane that is orchestrated by the protein−lipid intera-
ctions of the K1 knot, and not the K2 knot.
To investigate the interactions of DkTx and its variants with

more physiologically representative membranes, we characterized
their binding to Xenopus laevis oocytes. These experiments were
performed by following previously reported protocols developed
by Swartz and co-workers for studying the membrane-interacting
properties of toxins that target voltage-activated ion channels.33

Figure 4. Toxin−membrane interaction studies on DkTx and its variants by employing tryptophan fluorescence (a−c) and oocyte depletion (d,e).
(a) Tryptophan emission spectra of wild-type DkTx (black) and the W11A variant (red) in the presence of 1:1 POPC−POPG liposomes (total
lipid concentration: 0.1 mM) have been depicted as solid curves, whereas the ones obtained in the absence of lipids are shown as dashed curves.
(b) Plots of normalized relative fluorescence intensity (F/Fo) at 320 nm for the wild-type toxin and the variants of analogous phenylalanine and
tryptophan residues of the K1 and K2 knots as a function of the available lipid concentration. (c) Plot of % wash-off of wild-type DkTx and K1
variants (solid squares), and those of K2 variants (open squares) after 3 min of buffer perfusion post TRPV1 activation by saturation
concentrations of the toxins (obtained from the electrophysiology experiments) versus mol. fraction partitioning coefficients (Kx) values (obtained
from the tryptophan fluorescence experiments). The blue line shown was generated by fitting a linear equation to the data for the K1 variants.
(d) HPLC traces depicting toxin depletion upon incubation of DkTx and its variants with Xenopus laevis oocytes. Traces in black correspond to the
controls wherein the toxins solubilized in buffer devoid of oocytes were subjected to HPLC analysis, whereas those in red were obtained when the
supernatants of toxin solutions incubated with 100 oocytes were subjected to HPLC. (e) Plot of % wash-off of wild-type DkTx and K1 variants
(solid squares) and K2 variants (open squares) after 3 min of buffer perfusion post TRPV1 activation by saturation concentrations of the toxins
(obtained from the electrophysiology experiments) versus fractional depletion (obtained from HPLC peak areas as described in the Supporting
Information section). The blue line shown was generated by fitting a linear equation to the data for the K1 variants. Each data point is an average of
three to five recordings/assays, and the error bars correspond to standard deviation values.
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Oocytes were incubated in toxin solutions, and the unbound
toxin was quantitated by subjecting the supernatant to HPLC.
The depletion in the concentration of DkTx and its variants
due to partitioning into oocyte plasma membranes was cal-
culated by using the areas under the HPLC peaks corresponding
to the toxins as a measure of the amount of the unbound toxin
(details in the Supporting Information). The results of these
experiments (Figure 4d,e) revealed that, whereas the slow
washing-off toxins (wild-type DkTx and the variants of the K2
knot residues W53, F67, and I68) were substantially depleted,
the fast washing-off K1 variants (W11A, W11L, and F27A)
demonstrated significantly lower depletion. The HPLC
chromatograms for the depletion of the variants not depicted in
Figure 4d are provided in Figure S6a (Supporting Information),
and the results of a control experiment demonstrating enhanced
DkTx depletion upon incubation with TRPV1-expressing oocytes
is shown in Figure S6b. Plotting % wash-off vs fractional
depletion for the fast washing-off K1 variants (akin to the
analysis depicted in Figure 4c for LUVs) and fitting a linear
equation to this plot gave a good correlation (Pearson’s r =
−0.94). In contrast to their wash-off kinetics, the EC50 values
of DkTx and its variants did not correlate well with their
membrane partitioning parameters (Kx, Figure S7a; and
fractional depletion, Figure S7b), suggesting that bulk
membrane partitioning properties of DkTx do not contribute
substantially to the toxin’s potency. Taken together, the results
of these depletion experiments performed on physiological mem-
branes are consistent with those of the fluorescence-based
membrane partitioning experiments on LUVs and implicate the
high membrane affinity of DkTx for its slow washing-off feature.
The conclusions drawn from the results described above are

valid only if the toxin variants fold properly and retain the wild-
type toxin’s overall structure. To answer this question, we per-
formed CD experiments on wild-type DkTx and our most fun-
ctionally disrupted DkTx variants (V8A, W11A, F27A, I28A,
W53A, F67A, and I68A). The CD spectra of these variants
were observed to be identical to that of the wild-type toxin
(Figure S8, Supporting Information) demonstrating that the
toxin variants fold properly.

■ DISCUSSION
The overarching goal of this study was to elucidate the fun-
ctional roles of protein−membrane lipid interfaces by leveraging
the power of electrophysiology that enables the characteriza-
tion of the function of ion channel membrane proteins under
physiological conditions. By complementing these studies with
fluorescence-based membrane partitioning and cellular depletion
experiments, we have dissected the functional contributions of
protein−lipid and protein−protein interactions orchestrated by
the spider toxin, DkTx, to its TRPV1 ion channel activation
properties.
An important insight that our results provide is that protein−

lipid interactions do not merely subtly modulate but, rather, can
drive protein function. To illustrate this point, the entire data
set obtained from our electrophysiology experiments on DkTx
is summarized in the potency (EC50 values) versus channel-
dissociation rate (% wash-off) plots depicted in Figure 5, sepa-
rately for the K1 and K2 knots (except for the lipid-interacting
K2 knot variants, W53A and W53L, that could not be fully
characterized owing to their low potency). The plot for the K1
knot variants depicts several data points (corresponding to the
W11A, W11L, V8A, G12A, W11Y, I28A, and F27A variants)
that are localized at its top-right portion, implying that

substituting these K1 knot residues of the toxin resulted in a
substantial increase in channel-dissociation rates of the toxin as
well as appreciable ablation of the toxin’s potency. Except for
G12, all of these residues are lipid-interacting. On the other
hand, the majority of the data points for the K2 knot variants
are clustered toward the left side of the plot, highlighting that
these variants demonstrate slow wash-off similar to the wild-
type toxin. Several K2 knot variants, however, demonstrate a
considerably reduced potency for activating TRPV1 including
the W53A, W53L, V50A, F67A, W53Y, G54A, and I68A
variants, among which all except G54A are variants of lipid-
interacting toxin residues (Figure 5b). This observation that
the lipid-interacting K1 residues contribute profoundly to both
the toxin’s potency and in endowing it with slow channel-
dissociation rates, whereas those of the K2 knot contribute
substantially to the former but negligibly to the latter, reveals
the ability of protein−lipid interactions to fine-tune protein
function in different ways. This functional dichotomy of the K1
and K2 lipid-interacting interfaces is particularly noteworthy
considering that both map to similar regions of two structurally
similar motifs (K1 and K2 knots) present within the same
protein molecule.
Mapping of the functionally critical toxin residues identified

in this study to the DkTx−TRPV1 complex structure reveals
that the toxin activates the channel by employing a unique
mechanism that entails the formation of two hydrophobic
interfaces comprising membrane lipids, hydrophobic residues
of the toxin, and those of the channel (Figure 6). The high
degree of hydrophobicity of both of these tripartite complexes
(one formed by the K1 knot and the other by the K2 knot) is
prominently seen in their surface renditions colored by employing
the Eisenberg hydrophobicity scale35 (right panels of Figure 6a
and b). Each complex lies at the interface of two adjacent
channel subunits (labeled subunits 1 and 2 for the K1 knot
complex and subunits 2 and 3 for the K2 knot complex in
Figure 6) such that the entire DkTx−TRPV1 complex spans
three subunits of the tetrameric channel. Whereas one of the
TRPV1 subunits of each complex contributes the hydrophobic
F655, A657, V658, and I661 residues of its S6 helix, the other
contributes the Y631 residue of its pore helix. Consistent with
our discovery that these toxin−lipid−channel interfaces play
critical roles in toxin activation of the channel, variants of two
of these channel residues, A657 and Y631, have been shown to
disrupt the DkTx-sensitivity of the channel.20 The complexes

Figure 5. Plots of potency for TRPV1 activation (EC50 values) versus
channel-dissociation rates (% wash-off), of DkTx variants. (a) DkTx
variants of the K1 knot residues and (b) those of the K2 knot
residues. Data points for the variants of lipid-interacting residues are
depicted in blue, those of channel-interacting residues in green, and
that for the wild-type toxin in black. Percentage wash-off depicts the %
reduction in current after 3 min of buffer perfusion post channel
activation with saturation concentrations of the toxin variants.
The dotted lines represent the data for wild-type DkTx.
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contain three putative phosphatidylethanolamine lipid mole-
cules each, one of which (lipid 1 of the K1 knot complex and
lipid 4 of the K2 knot complex) is embedded deep in a hydro-
phobic pocket formed by the functionally critical toxin residues
identified in this studyV8, W11, I28, and F27 of the K1 knot
and V50, W53, I68, and F67 of the K2 knot and channel
residues F655, A657, V658, and I661 (Figure 6). The tryp-
tophan residues of the toxin form the floor of these hydro-
phobic pockets, whereas the walls of the pockets are formed by
the hydrophobic side chains of the isoleucine and phenylalanine
toxin residues on one side and those of the channel residues,
F655, V658, and A657, on the other, whereas the channel
residue I661 forms the outer edge of the pocket. The tails of
each of the lipid molecules in the pdb file for the structure are
truncated, and no structural information on their peripherally
located CH2 groups is available. It is, however, tempting to
speculate that the hydrophobic valleys formed by the phe-
nylalanine residues of the toxin (F27 in case of the K1 knot
complex and F67 in case of the K2 knot complex) and I661 of
the channel serve as hydrophobic conduits for one of the
hydrophobic tails of lipid 1 and lipid 4 to thread through, and
that the other hydrophobic tail of each of these lipids threads
through the hydrophobic valleys formed by the side chains of
the V8/V50 and I28/I68 residues of the toxin (right panels of
Figure 6a and b). In addition to binding to the toxin and
channel residues, lipids 1 and 4 also engage in hydrophobic inter-
actions with lipids 2 and 5 that are located nearby (Figure 6).
The third lipid of each complex (lipid 3/lipid 6) forms a

second hydrophobic patch adjacent to the one detailed above.
Whereas lipid 1 and lipid 4 interact with loop 1 and loop 2 of
the knots, lipid 3 and lipid 6 form hydrophobic patches with
the I28/I68 and F27/F67 residues of loop 4 of the knots along
with the Y631 residue of the pore helix of an adjacent TRPV1
subunit. Interestingly, one of the functionally important
residues identified in this study, G12 (Figures 2b, 3d, and 5),
does not make direct contact with any of the lipids in the
structure (Table S1). Considering the unique property of
glycine to confer conformational flexibility to protein structure,36,37

it is possible that G12 enables the adjacent W11 residue to
reach down into the membrane and form the heart of the
tripartite complex. A similar logic may explain the functionally
important roles of the G52 and G54 residues of the K2 knot
that flank its critical W53 residue.
Previous work has demonstrated that the individual knots of

DkTx can activate TRPV1 albeit with a lower potency than
that of the double knot and that the K1 knot’s potency is much
lower than that of the K2 knot.20,27 If the contributions of the
individual knots toward the potency of the double knot are in
accordance with their potency as single knots, variants of the
K1 knot residues of DkTx would be expected to cause minimal
alteration of the toxin’s potency. In contrast to this expectation,
we observed that several K1 knot variants dramatically disrupted
TRPV1 activation properties. Indeed, among the 15 K1 knot
variants we tested, eight (W11A, W11L, V8A, E7A, W11Y,
G12A, I28A, and F27A in the order of increasing potency)
demonstrated a >7-fold increase in the EC50 values as

Figure 6. Functionally critical toxin residues of the (a) K1 knot and (b) K2 knot, identified in this study mapped onto the structure (pdb: 5irx1)
along with the TRPV1 residues and lipid molecules they interact with. The left panels depict the toxin residues in blue, the lipids in the sticks
representation, and the channel residues in the color employed to depict the channel subunit they belong to (the color scheme used to render the
channel subunits is the same one that was used in Figure 1). The right panels depict the same interface shown on the left panel in the surface
orientation rendered by employing the Eisenberg scale, wherein the intensity of the red color is proportional to the hydrophobicity.
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compared to that of the wild-type toxin (Figure 5a and Table S2).
This dependence of the toxin’s potency on K1 knot residues
despite its low intrinsic potency as a single knot suggests that
the knots on their own activate the channel by employing a
different mechanism as compared to that of the double knot.
This notion is supported by the observation that, whereas intro-
ducing the L65A substitution into the K2 single knot sub-
stantially reduces its potency,2 this substitution has only a mod-
erate effect in the context of the double knot (Figure 2).
Obtaining structures of single knots bound to the channel in
lipidic environments coupled with mutagenesis-based struc-
ture−function studies on the individual knots akin to the one
reported in this work on the double knot can enable testing of
this intriguing hypothesis.
One of the most striking results we obtained in this study is

that in contrast to wild-type DkTx, several variants of lipid-
interacting residues of the K1 knot of DkTx demonstrate rapid
wash-off rates (Figures 3 and 5a). Interestingly, these wash-off
rates are inversely correlated with the membrane partitioning
ability of these toxin variants measured both on artificial lipid
vesicles (Figure 4c) and also on cells (Figure 4e). Since the
partitioning experiments were performed on lipid vesicles/cells
not containing the TRPV1 channel, this observation suggests
that the high intrinsic membrane affinity of the wild-type toxin
underlies its slow wash-off. Efficacious membrane partitioning
of the toxin will lead to its accumulation at high concentrations
within the membrane, suggesting that the slow wash-off phe-
notype of the toxin may be due to its presence at high concentra-
tions in the membrane. These results are consistent with a “toxin
relay mechanism” depicted in Figure 7. When the toxin is applied,

it accumulates in the membrane at high concentrations owing to
its highly efficient partitioning ability, and a few of these mole-
cules bind to TRPV1 channels resulting in channel activation.
Upon subsequent initiation of wash-off by buffer perfusion, the
channel-bound toxin molecules (the knots of which are depicted
as filled ellipses) begin to get dislodged and are rapidly replaced
by the surrounding membrane-partitioned toxin molecules that
are present at a high concentration. Buffer perfusion also causes
toxin molecules within the membrane that are not bound to
TRPV1 (whose knots are depicted as open ellipses) to wash-
off, resulting in depletion of the toxin in the vicinity of the

channels, thereby slowing down the relay process, leading to an
increase in the population of the toxin-free closed channels
that manifests itself as a slowly decreasing TRPV1 current in
the electrophysiology recording. This model convincingly
explains our observation that the toxin variants that partition
poorly wash-off rapidly (Figure 4c and e) and can also explain
the concentration dependence of toxin wash-off kinetics
(Figure 3b). The slow channel-dissociation rate of the toxin
is, therefore, not merely due to a tight bimolecular binding
event but also due to the high concentration of neighboring
toxin molecules in the membrane that are available to replace
channel-bound toxin molecules as they are lost due to buffer
perfusion.
Taken together, our studies on DkTx-activation of TRPV1

reveal that this process is driven primarily via protein−lipid
interfaces, and minimally by lipid-independent protein−protein
interactions. Furthermore, we report that DkTx activates the
TRPV1 ion channel by employing a mechanism that entails the
formation of hydrophobic toxin−lipid−channel interfaces, rather
than by utilizing its charged amino acids to interact directly with
the channel, as observed in the case of the potassium channel-
targeting pore-blocking toxins such as charybdotoxin,38,39 and
also for the acid-sensing ion channel (ASIC)-activating toxin
psalmotoxin.40,41 It remains to be seen whether a similar mech-
anism of action is employed by the voltage sensor-targeting
toxins, the channel complexes of which await structural char-
acterization. Finally, our functional and membrane partitioning
data support a mechanistic model that posits that the high
propensity of DkTx for membrane partitioning in addition to its
bivalent mode of binding underlies its slow channel-unbinding
property.

■ METHODS
Please see the Supporting Information for the interaction map table
and detailed experimental procedures for the recombinant production
of DkTx and its variants, electrophysiology, membrane partitioning,
and CD experiments.
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sentative electrophysiological recordings of the DkTx
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Figure 7. Our proposed “toxin relay” model that explains the slow
wash-off feature of DkTx. DkTx is represented by a dumbbell-shaped
object with its two ellipses denoting the two knots of the toxin.
The knots of the toxin molecules that do not bind to the channel are
depicted as empty ellipses and those that bind to the channel as filled
ellipses. The wavy blue curves depict buffer flow.
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