
cal Disorders and Stroke (NINDS) peptide sequencing facility to determine
retention of deuterium atoms. CD spectra of the toxin were recorded in
20 mM Tris·HCl, 100 mM KCl buffer, pH 7.4, using a JASCO J-815 spec-
tropolarimeter, from 180 to 250 nm with 1-nm step resolution and 4-s in-
tegration time. Functional activity of the synthetic folded VSTx1 toxin (Fig.
1B) was tested using a chimeric Kv channel containing the paddle motif of
KvAP transplanted into the Kv2.1 channel, as previously described (5).

Fluorescence Spectroscopy. Large unilamellar vesicles (LUVs) were formed
by extrusion of lipid mixtures (1:1 molar ratios) of POPG and either POPC,
6,7-diBr, 9,10-diBr, or 11,12-diBr [1-palmitoyl-2-stearoyl(dibromo)-sn-glycero-
3-phosphocholine] (Avanti Polar Lipids). LUVs were added to an aqueous
solution of toxin (2 μM final concentration in 10 mM Hepes, 1 mM EDTA, pH
7.0), maintained at 25 °C with continuous stirring. Fluorescence spectra
(averaging of three spectra) were recorded between 300 and 400 nm (5-nm
bandpass, 0° polarizer) using an excitation wavelength of 280 nm (5-nm
bandpass, 90° polarizer) (SPEX FluoroMax 3 spectrofluorometer), corrected
for vesicle scattering (69), and normalized to the zero lipid fluorescence
intensity (F0) at 320 nm. The mole-fraction partitioning coefficient (Kx) was
calculated based on the best fits of the following equation to the data:
F=F0ðLÞ= 1+ ðF=Fmax

0 − 1Þ Kx [L]/([W] + Kx [L]), where F/F0(L) is the change in
fluorescence intensity for a given concentration of lipid, F=Fmax

0 is the max-
imum fluorescence increase at high lipid concentrations, [L] is the average
available lipid concentration (60% of total lipid concentration), and [W] is
the molar concentration of water (55.3 M). The quenching of tryptophan
fluorescence was examined at three lipid concentrations (0.3, 0.6, 1.3 mM)
and quenching profiles were analyzed using both distribution analysis and
the parallax method (70, 71). The average insertion depth of the tryptophan
residue (hm) was calculated based on best fits of the following equations to
the data: DA, ln(F0/Fh) = S/(σ√2π)exp(−(h − hm)

2/2σ2); PM, lnðF0=FhÞ=
πCf ½R2

c − ðh−hmÞ2� when h − hm < Rc, and ln(F0/Fh) = 0 when h − hm ≥ Rc.
F and F0 are the fluorescence intensities in the absence and presence of
the diBr quenchers, h is the depth of the quencher based on X-ray diffrac-
tion measurements (72), C is the quencher concentration, σ is dispersion, S is
area, Rc is radius of quenching, and f is fraction of the quencher in the
tryptophan vicinity.

Solid-State 2H NMR Spectroscopy. 2H solid-state NMR spectroscopy was used
to measure the order parameters, S(n), for methylene and terminal methyl
segments of the palmitoyl chain of 1-palmitoyld31-2-oleoyl-sn-glycero-3-phos-
phocholine (D31-POPC), or 1-palmitoyld31-2-oleoyl-sn-glycero-3-phospho-(1�-
rac-glycerol) (D31-POPG) in the POPC:POPG (1:1) mixture in the absence or
presence of the peptide VSTx1 (VSTx:lipid ratio of 1 mol%). The POPC:POPG
prepared with either D31-POPC or D31-POPG were dried from chloroform
solution under N2 and in vacuum and resuspended in 20 mM Tris·Cl, pH 7.4.
The lipid mixture was passed through a polycarbonate filter (100 nm) using an
Avestin extruder. VSTx1 was added to liposome emulsion in different ratios
and incubated at room temperature for 2 h. Liposomes were sedimented
using ultracentrifugation (100,000 × g, 1 h, room temperature), and the
amount of VSTx1 in the supernatant was confirmed to be minimal using HPLC.
Liposome pellets were transferred into glass NMR containers via centrifuga-
tion. The sample was lyophilized and rehydrated with H2O to the final water-
to-lipid molar ratio (RW/L) of 30:1.

Oriented multilayer samples were prepared by dissolving the VSTx1
peptide in a mixture of trifluoroethanol and hexafluoroisopropanol (1:2
ratio) and the lipid in chloroform (VSTx:lipid ratio of 1 mol%). Treatment of
VSTx1 in a mixture of trifluoroethanol and hexafluoroisopropanol did not
result in deterioration of peptide structure or inhibitory qualities as detected
by CD spectroscopy (Fig. S1) and electrophysiology recordings (Fig. 1B). The
solution was deposited on a glass slide, dried under vacuum, and rehydrated

Fig. 5. Modeling of the preferred orientation of the VSTx1 in lipid bilayers.
(A) Deuterium atoms were replaced for hydrogens at specific positions on
the side chains of the “hydrophobic patch” of VSTx1 (8 2H in F5, 5 2H in F7, 3 2

H in M6, 8 2H in V29, and 10 2H in L30) using the solution structure (accession
code 1S6X). Each deuterium atom was described by Gaussian distributions
centered at position (zD) with a width governed by the Debye–Waller factor
(B) (Experimental Procedures). Rigid body rotations (Rx, Ry) and translation

(Tz) were applied until the projection of the deuterium atom distribution on
the normal to the bilayer (red line) met the experimental SLD profile (dark
green line). The preferred toxin orientation was determined with param-
eters of the best model fit (white). The uncertainty band (thick light green)
was determined by a Monte Carlo sampling method (Experimental Proce-
dures) and includes uncertainties in the measured structure factors due to
counting statistics and uncertainties in the amplitude scaling factors due to
sample composition. (B) VSTx1 in the preferred orientation, showing a clus-
ter of hydrophobic amino acids pointing toward the hydrocarbon core and
basic residues pointing toward the aqueous phase. (C) SGTx oriented by
superimposition on the VSTx1 structure in the preferred orientation. The
surface shown, containing R3, L5, F6, R22, and W30, has been implicated in
binding to voltage-sensing domains.
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to 86% relative humidity. Smoothed order parameter profiles were calcu-
lated as described (73).

All spectra were recorded on a 800-MHz Bruker AV800 spectrometer
(Bruker Biospin) using either a static 1H/X double-resonance probe with
a home-built flat coil for oriented samples, or a triple-resonance 1H/13C/2H
4-mm MAS probe for liposome pellets, operated without spinning, at a 2H
NMR resonance frequency of 122.8 MHz. 2H NMR spectra were acquired
with a quadrupolar echo pulse sequence (59): 90° pulse flat-coil probe, 4.5
μs, echo delay time, 50 μs; MAS probe, 90° pulse, 5.2 μs, echo delay time, 25
μs; acquisition delay time, both probes, 0.2 s, spectral width, 500 kHz.
Powder pattern 2H NMR spectra were de-Paked (74, 75). The order param-
eter S(n) of the C–D bonds were calculated according to the following
formula:

SðnÞ=ΔvQðnÞ
��

3=4* e2qQ
�
h
�
,

where n is the carbon atom number of the palmitoyl chain, ΔνQ(n) is
quadrupolar splitting, and e2qQ/h is the quadrupolar coupling constant (167
kHz for deuterons in a C–D bond). The hydrophobic thickness of the bilayers
was calculated from chain order parameters as described by ref. 61. Pro-
cessing of NMR data and spectral analysis were performed with a program
written for Mathcad (PTC).

Neutron Diffraction. Neutron diffraction measurements were performed us-
ing the MAGIk (formerly AND/R) Instrument at the National Institute of
Standards and Technology Center for Neutron Research (Gaithersburg, MD)
(63). Lamellar samples containing 1,000–2,000 bilayers were prepared in
a similar fashion as for solid-state NMR experiments using oriented bilayers
at partial hydration. Samples were hydrated at 86% relative humidity.
Monochromatic cold neutrons of wavelength λ = 5 Å and a wavelength
spread Δ λ/λ = 1% were diffracted by the samples and counted with a pencil-
type 3He gas-filled detector. Diffraction from (h, 0, 0) set of planes of the
aligned lamellar samples, probing the axis perpendicular to the bilayer plane
(z axis), was used to determine the one-dimensional SLD profiles of the bi-
layer. Typically, five Bragg diffraction peaks (h = 1–5) were observed for
each of the measured samples. Sets of five structure factors Fðh= 1÷ 5Þ were
obtained as square root of the integrated intensities, corrected for back-
ground, absorption, and extinction, and their phases determined by deu-
terium contrast, as previously described (62, 76, 77). Structure factors were
converted, by Fourier synthesis, into a projection of the unit cell content
(half bilayer plus associated water) onto the bilayer normal (78), and SLD
was calculated according to the following equation:

SLDðzÞ=Auc

X
i

wiρi +
2
d

X
h

fðhÞcos
�
2π  h  z

d

�
:

The first term is the average SLD of the compositional unit cell of the bilayer
that can be described here as a cylinder with cross-sectional area Auc mea-
sured along the surface of the bilayer, and height d/2, measured along the
z axis. All components of the bilayer (lipid, water, VSTx1) contribute their
SLD ðρiÞ and their molar fraction ðwiÞ to the unit cell. The second term of the
equation describes the fluctuations in SLD about the average, where f(h) are
the calibrated structure factors. Auc varies dramatically with composition,
hydration, or temperature. Therefore, for convenience, all profiles are de-
termined here on an “absolute-relative” scale (79) that leaves Auc un-
determined. A set of structure factors is determined for each sample
composition or measurement condition. To determine a calibration (scale)
factor for each set, we used reference samples containing D4-lipid [POPC
with four deuterium atoms in the phosphocholine –(CH2–CH2)– groups] for
calibration (62). Deuterium is introduced at specific locations in the lipids or
VSTx1 to highlight different regions of interest in the lipid bilayer or the
protein. Although the molecular structure is not affected by this isotopic
exchange, contrast is created due to higher neutron scattering length of
deuterium relative to hydrogen. The profile of the deuterium across the
bilayer is determined by the Fourier synthesis of the structure factor dif-
ferences (deuterium difference) between two independently measured
samples: a deuterated sample and an equivalent hydrogenated sample.

Determining the Orientation of VXT1 in the Bilayer. To determine the orien-
tation of VSTx1 in bilayers from neutron diffraction data, sets of five sta-

tistically significant structure factors, scaled to reflect the composition of the
unit cell, were determined for the pair of samples: deuterated versus non-
deuterated, as explained above. These sets and their SDs (Table S2, D-VSTx1)
were used to calculate the SLD profile of the deuterated patch and its as-
sociated profile uncertainties (Fig. 5), and constitute here the experimental
data for fitting purposes. For modeling of the deuterium distribution, we
used the available NMR solution structure for VSTx1 in which deuterium
atoms are replaced for hydrogens at the specified locations. Each deuterium
atom was represented by a Gaussian distribution whose width can be de-
scribed in terms of the thermal B factor, analogous to the Debye–Waller
temperature factor, that represents a measure of the amplitude of the
thermal fluctuations of an atom around its mean position (zD) (80). By mass
spectroscopy analysis, we found that 96% of an expected total of 34 deu-
terium atoms is present is the deuterated sample. The 4% deuterium un-
accounted for was converted into a scale factor in the model. With this
information, we applied rigid body rotations of the toxin around its long
axis (θx) and an axis perpendicular to that (θy), and translation along the
z axis (Tz), until the envelope of all Gaussian distributions describing the
deuterium atoms projected on the z axis best approximated the experi-
mental data. A weighted least-square minimization procedure was applied
using the standard Levenberg–Marquardt algorithm (81), starting with
various sets of initial fit parameters (θx, θy, and B) in an exhaustive search for
the best solution. The procedure was performed for a few different con-
formers of the NMR solution structure that all converged to the same overall
orientation of the toxin, as described in Results. In using this procedure, we
made three reasonable assumptions. First, we assumed that the structure of
the VSTx1 does not change significantly upon membrane partitioning, given
the rigidity conferred by the three disulfide bonds and the absence of any
detectable changes in the CD spectra of the toxin in the presence of mem-
branes (Fig. S1). Second, all deuterium atoms were assigned the same
thermal B factor. Because of the very high thermal disorder of the bilayer,
there is no reason to expect significant differences in B factors among the
side chains. We determined that the B factor for the lipid (–CH2–CH2–) group
takes a value of 300–400 Å2. We expect similar values for the B factor de-
scribing the deuterium atoms in VSTx1. Indeed, our fitting procedure yields
B factors of ∼220 Å2 for the individual deuterium atoms. For a thorough
exploration of the solutions space, allowed by the measured uncertainties in
the structure factors, we applied a Monte Carlo sampling procedure (78) by
which a few hundred sets of structure factors selected randomly from nor-
mal distributions around their measured values were tested. Only singular
solutions were found that satisfied the criteria described above (Fig. S4).
Each model for the deuterium atoms (Model) was compared with the ex-
perimental data (Exp) (Table S2, D-VSTx1) using a weighted Chi-squared
minimization routine as follows:

Exph =Δf = fD− fH

Modelh =C *
X
z

e−Bh
2=ð2dÞ2 cos

�
2πhzD

d

�

Chisq=
X
h

ðExph −ModelhÞ2
σ2exp

:

The constant C = 2*cD*(bD − bH), accounts for the molar fraction of deuterium
in the sample (cD) per composition unit cell, and the difference between the
scattering length for deuterium and hydrogen (bD − bH) = 1.04 × 10−4 Å.
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Fig. S1. CD spectra of VSTx1 in the absence and presence of lipids. VSTx1 concentration is 10 μM and POPC:POPG liposomes were added at concentration of 1 mM.
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Fig. S2. Changes in the C–D 2H NMR lipid order parameters for liposomes in the absence and presence of VSTx1. (A) Powder pattern 2H NMR spectra of D31-
POPC:POPG (1:1) mixture. A spectral width of 500 kHz was used for samples studied in the liquid-crystalline phase (295.1 K). (B) Order parameters of lipid C–D
bonds calculated by the dePakeing procedure. (C) Powder pattern 2H NMR spectra of D31-POPG. (D) Order parameters of lipid C–D bonds calculated by the
dePakeing procedure. In all cases, the ratio of VSTx1 to lipid is 1 mol%.
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Fig. S3. Neutron diffraction data obtained for lipid multilayers with or without VSTx1. (A) Raw diffraction data for POPC:POPG (1:1) alone (black) and the
POPC:POPG (1:1) in the presence of 1 mol% VSTx1 (green). Measurements were done at 86% relative humidity at 25 °C. The diffraction signal was collected in
a (Θ-2Θ) specular mode, maintaining the momentum transfer normal to the bilayer planes. Water contrast (H2O/2H2O) measurements were used to obtain the
phase information for the lipid bilayer structure factors. The repeat distances (d) of the lamellar structures were 52.5 Å for lipid and 51.6 Å for lipid plus 1%
toxin. (B) Neutron diffraction data from POPC/POPG lipid multilayers containing 1.75% VSTx1 in either protonated (green) or patch-deuterated forms (red).
Data are presented as measured, before corrections and scaling. Repeat spacing is 51.2 Å.
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Fig. S4. Illustration of a Monte Carlo procedure where model fitting was performed using mock sets of structure factors with values randomly selected from
normal distributions around their measured value (Δf). (A) SLD profiles of the deuterium patch resulting from trial structure factor datasets (black) and fitting
attempts (red). Typically, from hundreds of attempts, only singular solutions were found that were considered reasonable, under the criteria described in
Experimental Procedures. Those solutions for the toxin orientation agree with the best fit results found overall, as described in Results. (B) Measured difference
structure factors for the deuterated patch (black) and best-fit solution (red).

Mihailescu et al. www.pnas.org/cgi/content/short/1415324111 4 of 6

www.pnas.org/cgi/content/short/1415324111


Fig. S5. VSTx1 position and orientation from model fitting. Modeling results indicate that the C terminus together with the (K-17, D-18) pair are positioned in
the bilayer below the phosphate headgroups, facing the hydrocarbon core. A layer of basic amino acids (blue) point toward the water phase. The three
tryptophan residues form a ridge aligning with the lipid headgroup–water interface. Representative α-carbon z positions of residues in the preferred orientation
(results are from model fitting using NMR solution structure conformer number 7 as a starting conformation): z(E-1) = 13.3 Å; z(K-8) = 22.3 Å; z(R-24) = 22.0 Å;
z(L-30) = 13.9 Å; z(K-17) = 8.5 Å; z(D-18) = 8.9 Å; z(F-34) = 8.8 Å. Also shown are the SLD profiles of the lipid bilayer (gray) and water distribution (blue).

Table S1. Structure factors for diffraction from lipid multilayers of POPC/POPG (1/1 molar
ratio), and POPC/POPG containing 1 mol% VSTx1

Diffraction index fH (lipid) Δf (lipid) D31 fH (1% VSTx1) Δf (1% VSTx1) D31

1 −5.744 ± 0.006 14.011 ± 0.018 −8.952 ± 0.016 14.576 ± 0.034
2 −4.932 ± 0.008 −4.482 ± 0.027 −4.753 ± 0.026 −3.286 ± 0.042
3 4.851 ± 0.011 −1.788 ± 0.042 4.382 ± 0.043 −1.307 ± 0.084
4 −2.524 ± 0.023 1.157 ± 0.073 −2.012 ± 0.078 0.420 ± 0.174
5 −1.135 ± 0.055 0.347 ± 0.140 −0.553 ± 0.178 −0.408 ± 0.219

POPG deuterated in the palmitoyl chain (D31) was used to determine the chain distribution by deuterium
difference analysis. The amplitudes of the measured structure factors were rescaled using the D31 distribution as
a calibration reference, and knowing to best approximation the sample composition. Uncertainties in the
structure factors represent 1 SD due to counting statistics.

Table S2. Calibrated structure factors used to construct the SLD profiles shown in Fig. 4

Diffraction index fH H2O Δf (2H2O) Δf –(CD2)2– Δf D-VSTx1 Δf_model D-VSTx1

1 −8.714 ± 0.010 −5.976 ± 0.015 −3.013 ± 0.013 −0.585 ± 0.015 −0.612
2 −5.058 ± 0.023 3.068 ± 0.036 0.739 ± 0.029 −0.175 ± 0.030 −0.201
3 4.229 ± 0.034 −0.764 ± 0.045 0.961 ± 0.040 0.559 ± 0.041 0.524
4 −1.461 ± 0.066 −0.038 ± 0.100 −1.305 ± 0.090 −0.151 ± 0.081 −0.178
5 −0.910 ± 0.096 0.042 ± 0.189 0.806 ± 0.169 −0.077 ± 0.141 −0.062

Deuterium difference structure factors (Δf) for diffraction from lipid multilayers containing deuterated species: water (2H2O), D4–
phosphocholine, and deuterated toxin (D-VSTx1) relative to the hydrogenated homologue (fH). The deuterium peak corresponding
due to D4 label was used for calibration. Uncertainties in the structure factors represent 1 SD derived from counting statistics in the
measured neutron counts. Structure factors for a model that best describe the experimental D-VSTx1 distribution (Fig. S4B) are shown in
the last column.
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Table S3. Calibrated structure factors (f) for diffraction from lipid multilayers containing
deuterated VSTx1 and increasing amounts of 2H2O in the hydrating vapor

Diffraction index fH H2O fD 20% 2H2O fD 50% 2H2O fD 100% 2H2O

1 −9.052 ± 0.010 −15.114 ± 0.011 −23.984 ± 0.016 −39.416 ± 0.022
2 −5.330 ± 0.019 −2.248 ± 0.030 1.683 ± 0.035 8.707 ± 0.026
3 4.802 ± 0.023 4.044 ± 0.033 2.917 ± 0.061 0.825 ± 0.180
4 −1.794 ± 0.048 −1.723 ± 0.043 −1.437 ± 0.108 −1.140 ± 0.111
5 −1.032 ± 0.103 −0.936 ± 0.101 −1.022 ± 0.196 −1.057 ± 0.219

Mihailescu et al. www.pnas.org/cgi/content/short/1415324111 6 of 6

www.pnas.org/cgi/content/short/1415324111

