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a  b  s  t  r  a  c  t

Jack  bean  urease  is  entomotoxic  to  insects  with  cathepsin-like  digestive  enzymes,  and  its  toxicity  is
mainly  caused  by a polypeptide  called  Jaburetox  (Jbtx),  released  by cathepsin-dependent  hydrolysis  of
the enzyme.  Jbtx  is intrinsically  disordered  in aqueous  solution,  as  shown  by CD  and  NMR.  Jbtx  is  able
to  alter  the  permeability  of membranes,  hinting  to a role  of  Jbtx-membrane  interaction  as  the  basis
for  its toxicity.  The  present  study  addresses  the  structural  aspects  of  this  interaction  by  investigating  the
behaviour  of Jbtx when  in contact  with  membrane  models,  using  nuclear  magnetic  resonance  and  circular
dichroism  spectroscopies  in the  absence  or presence  of micelles,  large  unilamellar  vesicles,  and  bicelles.
Fluorescence  microscopy  was also  used  to detect  protein-insect  membrane  interaction.  Significant  dif-
ferences were  observed  depending  on the type of  membrane  model  used.  The  interaction  with  negatively
charged  SDS  micelles  increases  the secondary  and  tertiary  structure  content  of  the  polypeptide,  while,  in
the  case  of large  unilamellar  vesicles  and  bicelles,  conformational  changes  were  observed  at the  terminal
regions,  with  no  significant  acquisition  of  secondary  structure  motifs.  These  results  were  interpreted  as
suggesting  that the Jbtx-lipids  interaction  anchors  the  polypeptide  to the  cellular  membrane  through  the

terminal  portions  of  the polypeptide  and  that, following  this  interaction,  Jbtx  undergoes  conformational
changes  to  achieve  a more  ordered  structure  that  could  facilitate  its interaction  with  membrane-bound
proteins.  Consistently  with this  hypothesis,  the presence  of these  membrane  models  decreases  the  ability
of Jbtx  to bind  cellular  membranes  of  insect  nerve  cord.  The  collected  evidence  from  these  studies  implies
that  the  biological  activity  of  Jbtx is  due  to  protein-phospholipid  interactions.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction
Jaburetox (Jbtx) is an intrinsically disordered polypeptide (IDP)
eleased from Jack bean (Canavalia ensiformis)  urease (JBU) upon
ydrolysis performed by cathepsin-like enzymes present in the
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digestive system of some insects [1–5]. Both JBU and Jbtx fea-
ture potential as insecticides, but the activity of the polypeptide
is greater than that of urease and it is effective over a broader spec-
trum of insect orders, because it does not require prior hydrolysis
to be active [6,7].

In 2009, Stanisç uaski and co-workers proposed a model in which
Jbtx exerts its entomotoxic role by interacting with receptors at
Rhodnius prolixus Malpighi tubule’s membranes, thus altering the
eicosanoid signaling pathway, increasing cGMP levels, and disturb-
ing trans-membrane potential, with consequent diuresis inhibition
in this insect model [8]. Recently, the central nervous system of

Triatoma infestans was  demonstrated to be a Jbtx target, with the
polypeptide interfering in enzymatic pathways of neuronal tissue,
both in vivo and in vitro [9]. Later, Fruttero et al. reported that Jbtx

dx.doi.org/10.1016/j.colsurfb.2017.08.053
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ffects the defence mechanisms in R. prolixus by affecting both the
ellular and the humoral immune responses [10]. In addition to
nsects, the activity of Jbtx against yeasts and filamentous fungi
as also been reported, with its fungicidal mechanism of action

nvolving alteration of ions transport, changes in morphogenesis
nd permeabilization of fungal cells [11].

The biological activities of Jbtx appear to correlate with its ability
o interact with cellular membranes, specifically through a protein-
ipid interaction that causes the alteration of membrane structures

ith the possible formation of pores [12–15]. In 2009, Barros and
o-workers showed that incubation with Jbtx leads to disruption
f large unilamellar vesicles (LUVs) and release of a pre-loaded
uorescent dye [12]. Additionally, Martinelli and co-workers [15]
eported that both the N- and the C-terminal half portions of Jbtx
ere able to interact with lipid vesicles and disrupt them in a sim-

lar way as observed for the entire polypeptide.
Recently, the secondary and tertiary structures of Jbtx were

stablished using circular dichroism (CD) and nuclear magnetic res-
nance (NMR) spectroscopies [5]. The CD spectrum is typical of an
ntrinsically disordered protein, a result confirmed by NMR, which
urther revealed the presence of regions with transient secondary
tructure, such as a short �-helical motif in the N-terminal region
nd two turn-like structures, one located in the central region and
nother near the C-terminal of the polypeptide [5].

Intrinsically disordered proteins (IDPs) are described as
olecules with a wide range of folding possibilities. Typically, IDPs

re composed of foldons, portions of a protein that can be folded
ndependently, and unfoldons,  regions of the protein that dynam-
cally move from order-to-disorder to be biologically functional
16,17]. This behaviour is classified as (i) binding-induced folding,
hen the disorder-to-order path is absolutely needed to achieve

he biological function, (ii) binding-induced transient folding, when
DPs are critically involved in signalling interactions, participating
n on-off type systems, (iii) binding-induced folding divergence, char-
cteristic of proteins with the ability to bind to different partners,
iv) binding-induced under-folding, applied to a system in which the
onnection to the partner generates a partial fold in the IDP, and as
v) binding and non-folding, when the interaction is dependent on
he flexibility of the protein [17,18].

Many IDPs are known to interact with cellular membranes
19], whether natural or artificial. To mimic  cellular membranes,
onic surfactants have been largely and successfully used in the
etermination of protein structure, mainly for proteins that are
nstructured, such as IDPs [20]. Sodium dodecyl sulphate (SDS),
hen in concentrations above its critical micelle concentration

CMC), can be used as a mimetic membrane due to its ability to
nfluence protein secondary structure similarly to what is observed
or natural membranes [20,21].

Due to the remarkable resemblance of lipid bilayers to nat-
ral membranes, artificial lipid vesicles have been used as
imetic cellular membranes to provide structural and quantita-

ive information regarding protein-membrane interactions [21,22].
n the past twenty years, bicelles have also emerged as a
ew class of membrane model for solid-state NMR  that pro-
ides structural information of hydrophobic molecules in their
ative state [23,24]. Bicelles are composed of a mixture of phos-
holipids and detergent. The most used combination is the

ipid dimyristoyl-phosphatidylcholine (DMPC) with the detergent
ihexanoyl-phosphatidylcholine (DHPC), which can be manipu-

ated in order to control the size and its ability to orientate itself in a
agnetic field by controlling the lipid/detergent concentration rate

q-ratio) [23,25]. Small bicelles have been used to evaluate protein

tructure as well as protein-membrane interaction [20,26].

In this work, we investigated the interaction of the intrin-
ically disordered Jbtx polypeptide with detergents and lipids
micelles, large unilamellar vesicles and bicelles) at the molecular
iointerfaces 159 (2017) 849–860

level, by using CD and NMR  spectroscopy, as well as fluorescence
microscopy.

2. Materials and methods

2.1. Cell culture and protein purification

The construct containing the Jbtx with a C-terminal
His-tag sequence was introduced into a pET-23a vector as
described in Postal et al. [11], and the corresponding protein
sequence is composed of 100 amino acids (MGPVNEANCK-
AAMEIVCRREFGHKEEEDASEGVTTGDPDCPFTKAIPREEYANKYG-
PTIGDKIRLGDTDLIAEIEKDFALYGDESVFGGGKVISHHHHHH), as
reported in Lopes et al. [5]. This vector was used to transform
Escherichia coli BL21(DE3) (Novagen, Madison, WI,  USA) by heat
shock. The expression was  performed using a previously described
protocol [5]. 15N labelled protein expression was performed by
addition of (15NH4)2SO4 in M9  medium (Sigma-Aldrich, St. Louis,
MO,  USA). The purification followed the previously reported
protocol [5] with some modifications. In detail, the cellular pellet
was harvested by centrifugation (11,000g for 10 min  at 4 ◦C) and
resuspended in 30 mL  of buffer A (50 mM Tris-HCl, pH 7.5, 500 mM
NaCl, 20 mM Imidazole). Cells were disrupted by three passages
of the crude extract through a French pressure cell system (SLM,
Aminco, Haverhill, MA,  USA) at 20,000 psi. Following the removal
of cell debris by centrifugation at 27,200g for 40 min at 4 ◦C, the
supernatant was  applied onto a Ni(II)-loaded 5 mL His-Trap HP
column (GE Healthcare, Little Chalfont, UK) previously equilibrated
in buffer A. The affinity resin was washed with 20 column volumes
(CV) of buffer A. After this step, the imidazole concentration
was increased up to 70 mM in order to remove weakly bound
contaminants. The affinity column was then connected in tandem
to a Superdex 75 16/60 column (GE Healthcare, Little Chalfont,
UK) pre-equilibrated in 50 mM sodium phosphate buffer (NaPB) at
pH 7.5, containing 1 mM EDTA and 1 mM TCEP. The two connected
columns were eluted, first using 25 mL  of buffer A containing
500 mM imidazole, and subsequently using 50 mM sodium phos-
phate buffer (NaPB) at pH 7.5, containing 1 mM EDTA and 1 mM
TCEP (Fig. S1A). The fractions containing Jbtx were collected,
concentrated using 3 kDa Amicon Ultra Centrifugal Filters (Merk
Milllipore, Darmstadt, Germany) and loaded onto a Superdex 75
10/300 column (GE Healthcare, Little Chalfont, UK), equilibrated
with the same buffer at pH 6.5 (Fig. S1B); the final fractions were
concentrated as above and stored at −80 ◦C.

Fractions of all purification steps were analyzed by SDS-PAGE
using NuPAGE Novex 12% Bis-Tris gels (Life technologies, Carls-
bad, CA, USA) and staining with ProBlue Safe Stain (Giotto Biotech,
Sesto Fiorentino, Italy). Protein quantification was performed by
the Bradford assay [27] and by absorbance at 280 nm considering a
molar extinction coefficient of 4595 M−1 cm−1 [28]. The final yield
was ca. 30 mg  of pure protein per liter of culture.

2.2. Preparation of model membranes

2.2.1. SDS micelles
SDS micelles were prepared starting from 300 mM  SDS (Sigma

Aldrich, St. Louis, MO,  USA) stock solutions. The critical micelle con-
centration (CMC) of SDS in 50 mM NaPB pH 6.5, 1 mM EDTA, 1 mM
TCEP and in MilliQ water (control) were estimated by measuring
the conductivity at controlled temperature, as previously described
[29].
2.2.2. Large Unilamellar Vesicles (LUVs)
Large unilamellar vesicles (LUVs) were prepared by the

extrusion method [30,31], using lipids (10 mg/mL  in chloro-
form) purchased from Avanti Polar Lipids Inc. (Alabaster, AL,
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SA). Lipid chloroform solutions were prepared using a mix
f lipids in different molar ratios: phosphatidylglycerol (PG,
00%), phosphatidylcholine:phosphatidylglycerol (PC:PG, 50:50%),
almitoyl-oleoyl phosphatidyl cholin (POPC, 100%), palmitoyl-
leoyl phosphatidyl cholin:ergosterol (POPC:Erg, 70:30%) and
hosphatidylethanolamine:phosphatidylcholine (PE:PC, 50:50%).

 lipid film was formed by drying the chloroform under nitrogen
ow, then rehydrated in the appropriate buffer and resuspended
y vortexing. The lipid mixture was processed at least 20 times in a
ini-extruder (Avanti Polar Lipids Inc., Alabaster, AL, USA) through

 polycarbonate filter membrane with pores of 100 nm diameter,
t room temperature. The result was a stock suspension of LUVs
ontaining a total of 5 mM phospholipids in 50 mM NaPB at pH 6.5
for CD spectroscopy) or 45 mM in 50 mM NaPB pH 6.5 containing

 mM EDTA, 1 mM TCEP and 10% D2O (for NMR  spectroscopy).

.2.3. Bicelles
The lipids 1,2-dihexanoyl-sn-glycero-3-phosphatidylcholine

DHPC), 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine
DMPC), and 1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol
DMPG) were purchased as dry powders from Avanti Polar
ipids Inc. (Alabaster, AL, USA). Bicelle samples were prepared
y suspending the appropriate amount of DMPC, DHPC and
MPG in 50 mM NaPB at pH 6.5, to achieve a [DMPC/DHPC] or

(DMPC:DMPG)/DHPC] molar ratio (q) of 0.5, and a total concen-
ration of 250 mM  of lipid mix. DHPC and DMPC were combined
t 66.6:33.4 molar ratio to prepare neutral bicelles, while a com-
ination of DHPC:DMPC:DMPG at 66.6:16.7:16.7 ratio was  used
o formulate negatively charged bicelles. The procedure followed

 published protocol [32,33] and involved 10 freeze-thaw cycles
lternated with vortexing, resulting in a uniform transparent
on-viscous emulsion in 50 mM NaBP. For NMR  analysis, 1 mM
DTA and 1 mM of TCEP were added.

.3. Fluorescence microscopy

.3.1. Fluorescent labeling
Jbtx conjugation with fluorescein isothiocyanate (Jbtx-FITC) was

arried out by incubating 50 mM jaburetox and 48 �g/mL of FITC
Sigma-Aldrich, St. Louis, MO,  USA) prepared in DMSO at room tem-
erature for 2.5 h [34] in 50 mM NaPB pH 6.5, containing 1 mM
DTA and 1 mM TCEP. The excess of FITC was removed from the
ample using a HiTrap desalting 5 mL  column (GE Healthcare, Lit-
le Chalfont, UK). The same procedure was repeated with bovine
erum albumin (BSA), used as a non-specific interaction control
BSA-FITC). The FITC-labelled proteins were used in the interaction
ssays with cockroach nerve cord and Saccharomyces cerevisiae.

.3.2. Yeast interaction assay
S. cerevisiae was cultured in Sabouraud media overnight at 28 ◦C

ith constant agitation. The cell concentration was estimated by
ptical density (OD600) and adjusted to 0.6. The incubations with
btx-FITC and BSA-FITC (23 �M)  were performed for 3 h at 4 ◦C or for

 h at 28 ◦C [35]. These preparations were analyzed using the EVOS
Loid cell Imaging Station fluorescence microscope (Thermo Scien-
ific, Waltham, MA,  USA) and the Axioskop 40–Zeiss with Axiocam

Rc  (Carl Zeiss, Jena, Germany) fluorescence microscope, respec-
ively.

Alternatively, yeast cells were lysed after incubation with the
abelled proteins (3 h at 28 ◦C) using glass beads (200 nm)  and vor-

ex (four cycles of 1 min  and 30 s of ice bath among cycles). The lysed
ells were centrifuged at 10,000g for 10 min, the supernatant was
emoved, and the pellet was washed three times with 50 mM NaPB
t pH 7.5, containing 1 mM EDTA and 1 mM TCEP. The pellets were
iointerfaces 159 (2017) 849–860 851

observed under UV light (Molecular Imager Gel Doc XR-Bio-Rad,
Bio-Rad Laboratories, Hercules, CA, USA).

2.3.3. Nerve Cord (NC) interaction assay
Cockroaches (Nauphoeta cinerea) were maintained with free

access to food and water, under controlled temperature between
22 and 25 ◦C and 12:12 h light:dark cycles. Adults were cooled at
−20 ◦C for 5 min  and immobilized ventral side up to have their
body cavity opened. The nerve cord (NC), composed by pro, meso
and metathoracic ganglia, was  dissected, and removal of other tis-
sues was done under constant bathing with 20 mM NaPB pH 6.5
containing single-use protease inhibitors cocktail (Thermo Scien-
tific, Waltham, MA,  USA). The incubation of Jbtx-FITC and BSA-FITC
with the NC was  carried out by incubation with 23 �M solutions
of either protein for 1 h at room temperature. Three washes were
performed with buffer (30 min  each) at room temperature. The
NC were placed in Lab-Tek Chamber slides (Thermo Scientific,
Waltham, MA,  USA) and analyzed using an inverted microscope
Zeiss Axiovert 200 equipped with an Axiocam MRc  (Carl Zeiss, Jena,
Germany), with AxioVision Rel 4.8 as image acquisition software.
Alternatively, homogenates of NC, after exposition to FITC-labelled
proteins and washes, were prepared by using glass beads (200 nm)
and vortex (4 cycles of 1 min  and 30 s of ice bath among cycles). The
lysed tissue was  centrifuged at 10,000g, during 10 min, the super-
natant removed and the pellet washed 3 times with 50 mM NaPB
at pH 6.5, containing 1 mM EDTA and 1 mM TCEP. The pellet was
observed under UV light (Molecular Imager Gel Doc XR-Bio-Rad,
Bio-Rad Laboratories, Hercules, CA, USA).

Fluorescence microscopy with NC and Jbtx-FITC was also per-
formed in the presence of all the artificial membranes described
in this work. The fluorescence was  measured using a Spectramax
M5  Microplate Reader (Molecular Devices, Sunnyvale, CA, USA),
with the treated NC placed in 96-wells black plates (Thermo Sci-
entific, Waltham, MA,  USA). All fluorescence measurements were
expressed as a ratio between fluorescence emission and NC mass
(mg).

2.4. Circular Dichroism (CD) spectroscopy

Circular dichroism spectra of 25 �M Jbtx solutions in 50 mM
NaPB at pH 6.5 were recorded in 0.1 cm path length cuvettes at 25 ◦C
using a Jasco 810 spectropolarimeter (Jasco Inc., Easton, MD,  USA)
in the 190 − 260 nm range, as a function of different amounts of
SDS micelles, LUVs or lipid bicelles. The fraction of �-helices of the
protein was  calculated from mean residue ellipticity at 222 nm as
previously reported [36,37]. Care was  taken to obtain signals below
the maximum value of the high-tension (HT) voltage, as provided
by the spectropolarimeter manufacturer (700 V).

2.5. Nuclear magnetic resonance (NMR)

Samples of ca. 0.5 mM 15N-labelled Jbtx in 50 mM NaPB at pH
6.5, containing 1 mM EDTA 1 mM TCEP and 10% (v:v) D2O were
used for NMR  spectroscopy. Standard 1H,15N-HSQC spectra were
acquired on a Bruker Avance 700 Spectrometer (Bruker Corpora-
tion, Billerica, MA,  USA) as previously reported [5] in the absence
and presence of different amounts of SDS micelles, LUVs or lipid
bicelles. All data were processed using iNMR v.5.4.5 (www.inmr.
net) and standard processing parameters.

3. Results
3.1. Interaction of Jbtx with biological membranes

Fluorescence microscopy demonstrated the occurrence of an
interaction between S. cerevisiae and Jbtx-FITC (Fig. 1). This interac-

http://www.inmr.net
http://www.inmr.net
http://www.inmr.net
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Fig. 1. Interaction of Jbtx-FITC with yeast cells as analyzed by fluorescence microscopy. A) S. cerevisiae cells after incubation with 23 �M Jbtx-FITC for 3 h at 4 ◦C (bar: 200 �m;
magnification 100 X; the pictures are merged (bright and dark fields)); the left and center panel show the same cells in buffer alone or containing BSA-FITC, while the right
p fter in
s nifica
2 00X (b
d  emiss

t
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t
a
w
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i
S
t
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e

anel  shows the cells in the presence of Jbtx-FITC. B) Left panel: S. cerevisiae cells a
upernatants and debris of lysed cells visualized under UV light (bar: 200 �m,  mag
8 ◦C; in the top and bottom panels the magnification is 400X (bar = 50 �m)  and 10
ark  field, respectively. In all cases, the excitation wavelength was 495 nm, and the

ion was not observed using BSA-FITC (Fig. 1A), indicating a specific
esponse to Jbtx. Similar experiments also revealed an interac-
ion between the cockroach nerve cord (NC) and Jbtx-FITC, which
ppeared in greater intensity at the ganglia (Fig. 2). Experiments
ith a BSA-FITC conjugate performed in the same conditions indi-

ated the absence of an interaction between the FITC moiety and
ipids, supporting the specificity of the Jbtx interaction with NC
Fig. 2A). Fluorescence microscopy further proved that Jbtx-FITC
nteracts with the membrane debris obtained after cellular lysis of
. cerevisiae (Fig. 1B) and tissue homogenates of NC (Fig. 2B). In order

o investigate the nature of this interaction, competition experi-

ents were designed in which fluorescence microscopy, circular
ichroism and NMR  spectroscopy were used to monitor the influ-
nce of the presence of SDS micelles, LUVs and bicelles on the Jbtx
cubation with 23 �M Jbtx-FITC (3 h at 28 ◦C), lysed using glass beads; right panel:
tion 200 X); C) S. cerevisiae cells after incubation with 23 �M Jbtx-FITC for 1 h of at
ar = 20 �m),  respectively; the left and right panels are distinguished by bright and
ion was read at 519 nm.

structure and function with respect to biological membranes. In
particular, the results of exploratory experiments, shown in Fig. 4,
revealed how increasing concentrations of SDS and different kinds
of lipids affected the Jbtx-membranes interaction as probed using
fluorescence microscopy, prompting more detailed experiments
using a multiplicity of spectroscopic approaches aimed at the deter-
mination of the secondary and tertiary structure of the polypeptide
in the different conditions.

3.2. Interaction of Jbtx with SDS Micelles
The critical micelle concentration (CMC) of SDS was  determined
by conductivity to be above 1.5 mM in 50 mM NaPB at pH 6.5, con-
taining 1 mM EDTA and 1 mM TCEP (Fig. 3 A). When incubated
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Fig. 2. Interaction of Jbtx-FITC with the nerve cord (NC) of the cockroach N. cinerea as analyzed by fluorescence microscopy. A) NC after incubation with 23 �M Jbtx-FITC for
1  the p
p sion r
l

a
w
J
o
o
t
i
�
g
o
i

 h at room temperature in bright field (left panels) and dark field (right panels) in
anels).  Magnification of 50X, bars: 500 �m; excitation wavelength at 495 nm,  emis

ysis.  Supernatant and tissue debris visualized under a UV lamp.

t room temperature and analyzed by CD, the obtained micelles
ere able to induce modifications of the secondary structure of

btx (Fig. 3B). Indeed, while the CD spectrum of Jbtx in the absence
f SDS presented a minimum centred at ca. 200 nm,  characteristic
f a random coil conformation, in the presence of 3–15 mM SDS
his feature shifted to ∼205–210 nm,  with the insurgence of a min-
mum at around 207 nm,  typical of the presence of �-helices and

-sheets; consistently, the ellipticity increase around 195 nm sug-
ests the acquisition of secondary structure by Jbtx in the presence
f SDS micelles. A second minimum appeared at 222 nm,  indicat-
ng the increase in the �-helical content from 5.8% to 13.6%, in the
resence of buffer only (top panels), BSA-FITC (middle panels) or Jbtx-FITC (bottom
ead at 519 nm.  B) Homogenates of NC after incubation with Jbtx-FITC after cellular

absence and in the presence of SDS, respectively. The 1H,15N-HSQC
NMR  spectrum of Jbtx, recorded in the absence and presence of
SDS below and above its CMC  (0.25 and 10–15 mM,  respectively,
Fig. 3C) reveals that the protein does not change its structure in the
presence of SDS below its CMC, while large chemical shifts modi-
fications are observed in solutions containing SDS above the CMC,
indicative of structural conformational changes. Attempts to specif-

ically assign the NMR  signals to the amino acid sequence of Jbtx in
the presence of SDS above the CMC, using triple resonance exper-
iments and the same approach used for Jbtx in aqueous solution
[5] failed due to the lack of key through-bond connectivities, likely
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Fig. 3. Structural analysis of Jaburetox in the presence of SDS micelles. A) Determination of SDS critical micelle concentration (CMC) by conductivity measurements; red:
50  mM NaPB pH 6.5, 1 mM EDTA, 1 mM TCEP (NaPB, pH 6.5); black: MilliQ water. B) Circular dichroism spectra of Jbtx in NaPB at pH 6.5 in the absence and presence of SDS in
c M SD
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oncentrations above its CMC (yellow: 3 mM SDS; orange: 10 mM SDS; green: 15 m
f  SDS (left panel), with 0.25 mM SDS (center panel), and 10 mM or 15 mM SDS (righ
he  reader is referred to the web  version of this article.)

eflecting conformational changes in the intermediate time-scale
egime. This observation, although qualitative, suggests that Jbtx
ecreases its mobility upon interaction with SDS micelles.

.2.1. In vitro interaction of Jbtx-FITC with insect nerve cord in
he presence of SDS micelles

Fluorescence microscopy experiments were performed to anal-
se the interaction of the protein with insect nervous tissues in
resence of SDS. Jbtx-FITC and insect NC were incubated in the pres-
nce of micelles prepared with different concentrations of SDS. The
nteractions were estimated by fluorescence microscopy as well
s by fluorimetry (Fig. 4A). In the presence of SDS below its CMC
0.1 mM),  fluorescence intensity of Jbtx-FITC remained compara-
le to the control (Fig. 4A). On the other hand, a decrease in NC
uorescence was observed upon exposure of Jbtx-FITC to SDS con-
entrations above the CMC  (10 mM).  The binding of Jbtx-FITC to

ockroach NC was reduced to ca. 25%, when either the labelled pro-
ein or the NC were pre-incubated in 10 mM SDS micelles solutions
Fig. 4A). These results indicate that SDS and insect NC compete for
btx interaction.
S). C) 700 MHz1H,15N-HSQC spectra of Jbtx (0.5 mM in NaPB pH 6.5) in the absence
et or light blue). (For interpretation of the references to colour in this figure legend,

3.3. Interaction of Jbtx with Large Unilamellar Vesicles (LUVs)

In order to follow the modifications in the secondary structure of
Jbtx, CD spectra were recorded as a function of different amounts of
LUVs. No structural changes of Jbtx were detected in the presence
of a mixture of PC and PG lipids in a proportion of 50:50 (w/w)
(Fig. 5 A) up to a final concentration of 1.0 mM.  Negatively charged
vesicles, containing only PG (Fig. 5B), produced a slight change in
the CD spectrum at lipid concentrations above 1.0 mM.  Although
the NMR  spectrum of Jbtx in the presence of 2 mM PG indicated no
significant changes of the tertiary structure, some peaks related to
amino acids at the N- and C-termini showed a decrease of intensity
under this condition (Fig. 5C), indicative of changes in the peptide
dynamics in these regions of the polypeptide.

Jbtx was  also tested in the presence of other lipid components,
such as PE:PC, POPC or a mixture of POPC and ergosterol in a pro-
portion of 70:30 (w/w)  (Fig. 6 ). In the presence of LUVs composed

by PE:PC, a neutral lipid combination, Jbtx did not acquire any
secondary structure (Fig. 6A). However, in the presence of POPC,
a zwitterionic phospholipid, or POPC:Erg, the CD spectra of Jbtx
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Fig. 4. Interaction of Jbtx-FITC with the nerve cord (NC) of the cockroach N. cinerea
in  the presence of micelles, LUVs and bicelles were analyzed by fluorescence
microscopy. A) Fluorescence was recorded for NC after incubation with Jbtx-FITC in
the  absence or presence of 0.1 and 10 mM SDS concentrations. NC incubated with
buffer alone (negative control, hatched bar), with Jbtx-FITC (positive control, gray
bar), with Jbtx-FITC followed by a vigorous wash with buffer and then added with
iointerfaces 159 (2017) 849–860 855

showed a more pronounced in absence of ergosterol (compare
Fig. 6B and C).

3.3.1. In vitro interaction of Jbtx-FITC with insect nerve cord in
the presence of LUVs

Fluorescence microscopy experiments were performed to anal-
yse the interaction of the protein with insect nervous tissues in
presence of LUVs. The results of experiments conducted by incu-
bating Jbtx-FITC and insect NC in the presence of LUVs (Fig. 4B)
indicated that negatively charged LUVs (made with PG above
1 mM concentration) affected the interaction. In particular, pre-
incubation of Jaburetox with 1 mM PG-based LUVs decreased the
subsequent binding of the protein to NC to ca. 35% (Fig. 4B), while
addition of LUVs to a preincubated Jbtx-FITC/NC mixture reduced
the fluorescence intensity by only 25%. This suggests that changes
in the structure of Jbtx and/or by sequestration of this polypeptide
from solution occur upon addition of LUVs.

3.4. Interaction of Jbtx with Bicelles

Bicelles are currently considered the best model to study
protein-membrane interactions [23,24,32]. Compared to the CD
spectrum of free Jbtx, which showed a pronounced negative peak
around 200 nm typical of random coil structures, the CD spec-
trum of Jbtx in the presence of negatively charged bicelles shows
a reduced intensity in the random coil region, indicative of an
increase in the polypeptide secondary structure content (Fig. 7A). In
the presence of neutral bicelles, the differences in the CD spectrum
are less noticeable (Fig. 7C). Superimposition of the NMR  spectra of
Jbtx in the absence and presence of bicelles revealed some changes
in the chemical shift of a number of amino acids, even though
the characteristic profile of an intrinsically disordered protein was
maintained (Fig. 7B and D). The corresponding NMR  spectra were
similar in the two cases of neutral or negatively charged bicelles,
with changes in secondary structure of Jbtx resulting more intense
in the latter case (Fig. 7A and C). The analysis of the chemical shift
perturbations along the peptide chain of Jbtx showed consistent
changes localised at the N- and C-termini of the protein (Fig. 7E).
The regions in the amino acid sequence of Jbtx that show more sig-
nificant perturbations of chemical shifts in the presence of bicelles
are shown in Fig. 7F.

3.4.1. In vitro interaction of Jbtx-FITC with insect nerve cord in
the presence of bicelles

The experiments with Jbtx and insect NC in presence of neg-

atively charged bicelles (Fig. 4C) gave results similar to those
obtained for LUVs. As shown in Fig. 4C, the interaction between
Jbtx-FITC and NC was  decreased to about 60% after addition of
bicelles prepared with 10 or 150 mM lipids. On the other hand,

different concentrations of SDS (white bars), with a solution of Jbtx preincubated
with SDS (black bars) or with SDS followed by Jbtx (plaid bar). B) Fluorescence was
recorded for NC after incubation with Jbtx-FITC in the absence or presence of LUVs
made only of PG in different concentrations (0.1, 1.0 and 2.0 mM). NC incubated
with buffer alone (negative control), with Jbtx-FITC (positive control, gray bar), with
Jbtx-FITC followed by a vigorous wash with buffer and then added with different
concentrations of PG LUVs (white bars), with a solution of Jbtx preincubated with
PG  LUVs (black bars). C) Fluorescence was recorded for NC after incubation with
Jbtx-FITC in the absence or presence of 10 and 150 mM negatively charged bicelles
made by a mixture of DHPC:DMPC:DMPG in a molar ratio of 66.6:16.7:16.7. NC
incubated with buffer alone (negative control, hatched bar), with Jbtx-FITC (positive
control, gray bar), with Jbtx-FITC followed by a vigorous wash with buffer and then
added with different concentrations of bicelles (white bars), with a solution of Jbtx
preincubated with bicelles (black bars) or with bicelles followed by Jbtx (plaid bar).
The  interaction was expressed as the percentage of the ratio of fluorescence emis-
sion and NC mass (mg), considering the value obtained for Jbtx-FITC alone as 100%.
Data are mean ± S.E.M. (**p < 0.05) and performed as a triplicate. In all cases, the
concentration ot Jbtx-FITC was 23 �M (magnification 50X).
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Fig. 5. Structural analysis of Jbtx in the presence of negatively charged LUVs.
A)  Circular dichroism spectrum in the presence of LUVs made using 50:50
(w/w) PC:PG. Blue, orange, green and yellow traces refer to Jbtx in the
presence 0, 100, 250, and 1000 �M PC:PG LUVs, respectively. B) Circular
dichroism spectrum of Jbtx in the presence of PG-LUVs. Blue, orange, green
and  yellow traces refer to Jbtx in the presence of 0, 500, 1000, and 2000 �
iointerfaces 159 (2017) 849–860

pre-incubation of Jbtx-FITC with 150 mM lipid bicelles inhibited
the binding of the polypeptide to NC to ca. 30% as indicated by
fluorescence microscopy (Fig. 4C). This suggests, similarly to what
observed for LUVs, that Jbtx is able to interact with the lipid bilayer
of bicelles.

4. Discussion

The interaction of Jbtx with membrane lipids was  postulated as
the mechanism underlying the protein’s insecticidal or antifungal
effects, either by pore formation or by alteration of cell mem-
brane properties, or a combination of both [3]. In the present work,
we provide direct demonstration of the interaction of fluorescein-
labelled Jbtx with yeast (Fig. 1) and with the cockroach nervous
cord (Fig. 2). Jbtx-yeast interaction was  demonstrated employing
fluorescence microscopy. This interaction occurred either at 4 ◦C
(Fig. 1A) or at 28 ◦C (Fig. 1B,C), the former a condition that inhibits
endocytosis [38], suggesting that targets of Jbtx are present on
the yeast external membrane. Here we  showed that fluorescein-
labelled Jbtx remains attached to cellular debris after yeast cell
lysis (Fig. 1B), confirming the presence of Jbtx’s ligands on the cell
membranes fraction.

In order to gain information on the structure of Jbtx in the
polypeptide-membrane complex, circular dichroism and NMR
spectroscopy were used to monitor changes in the secondary and
tertiary structure of Jbtx upon interaction with artificial membrane
models. This approach was chosen, instead of using yeast or insect
membranes, because the viscosity, heterogeneity, and large molec-
ular sizes of the membrane fragments obtained after cellular lysis
would hamper the structural analyses by CD or NMR.

The first model employed was made of micelles composed by
SDS [21,39,40]. Although SDS micelles are a poor model for biolog-
ical membranes [20], Jbtx promptly interacted with these vesicles
justifying further studies on this interaction. Increasing the con-
centration of SDS above the CMC, an incremental modification of
the secondary structure of Jbtx was  observed using CD and NMR
spectroscopies, and a final and stable conformation was  attained
(Fig. 3B and C). This observation indicates that Jbtx assumes a well-
defined conformation in the presence of SDS micelles. Addition of
SDS micelles disrupted the polypeptide-NC interaction (Fig. 4A),
an effect that could be due either to a competitive effect of the
micelles sequestrating Jbtx and hindering its binding to the NC,
or to the detergent effect of SDS extracting lipids from the mem-
brane, and leading to protein denaturation. In either case, this
experiment proved the existence of Jbtx-lipid interactions. SDS
micelles have been classically used to mimic membranes. How-
ever, the strong curvature of these micelles, their small size, the
low similarity of their composition as compared to the lipid com-
position of cell membranes does not make them an optimal model
for protein-membrane interaction studies. Indeed, small peptides
can be over-structured in the presence of detergents [20,41]. There-
fore, we complemented the study of SDS micelles with the use
of artificial membranes composed of phospholipids. LUVs made
of different phospholipid contents produced slight changes in the
protein CD spectra, likely reflecting a modification of secondary
structure. Vesicles made of a negatively charged phospholipid (PG)

or a zwitterionic phospholipid (POPC), lipids previously shown to
somehow interact with Jbtx [12–15], had indeed the more pro-
nounced visible effects (Figs. 4 B, 5 B and 6 B).

M PG-LUVs, respectively. C) 700 MHz1H,15N-HSQC spectra of Jbtx in the absence
(blue) or presence (yellow) of 2 mM PG LUVs. Red circles highlight the amino acids
with lower signal intensity in the NMR spectrum for Jbtx in the presence of PG
LUVs. (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web  version of this article.)
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Fig. 6. Circular dichroism spectra of Jbtx in presence of LUVs of different lipids
compositions. A) 0, 100, 250, and 500 �M PE:PC (blue, red, orange and green traces,
respectively); B) 0, 25, 50, and 250 �M POPC (blue, red, orange and green traces,
respectively); C) 0, 100, 250 and 500 �M 70:30 (w:w) POPC:Erg (blue, red, orange
and  green traces, respectively). All LUVs were prepared with buffer NaPB 50 mM
iointerfaces 159 (2017) 849–860 857

Jbtx binding to insect NC membranes was  affected by the addi-
tion of LUVs and bicelles (Fig. 4B and C, respectively). When the
polypeptide was pre-incubated with PG vesicles before addition
to the NC, the fluorescence decreased to less than 50% of the ini-
tial values (Fig. 4B). A similar effect was  observed when Jbtx was
pre-incubated with bicelles, which caused a reduction in binding
of more than 70% (Fig. 4C). This effect was seen only for Jbtx, not for
bovine serum albumin, confirming the selectivity of the polypep-
tide interaction with lipids/phospholipids [12–15]. This result also
indicated that PG vesicles competed with the insect NC mem-
branes as a target for the binding of Jbtx. The structural changes
in Jbtx seen upon its interaction with PG LUVs (Fig. 5C) were evi-
dent in the NMR  analyses as decreased backbone intensity for some
amino acids, consistent with a decrease in backbone mobility from
a fast exchange to an intermediate exchange regime. These changes
occurred in regions comprising amino acids 12–16 and 63–74, close
to the N- and C-termini of the protein, previously shown by NMR  to
feature a transient �-helix (or single helix turn) and an � turn-like
fold, respectively [5]. This observation suggests the increase of sec-
ondary structure propensity in these regions, with a local decrease
of backbone mobility as compared to the peptide alone.

A third membrane model used in this study were bicelles, in
which the membrane curvature further decreases as they are made
of large and flat lipid bilayers. The phospholipid dimyristoylphos-
phatidylcholine (DMPC) organizes itself as a bilayer membrane
stabilized by the addition of the detergent-like dihexanoylphos-
phatidylcholine (DHPC), with no aqueous portion inside the bicelle
structure [24,32]. We  applied CD to investigate the interaction of
Jbtx with these bicelles. No significant changes in secondary struc-
ture upon exposition to electrically neutral bicelles was  observed,
contrasting to Jbtx’s behaviour in the presence of negatively
charged bicelles (Fig. 7A and C). In the latter case, the CD spectrum
of Jbtx showed a decrease of ellipticity in the random coil region,
likely indicating a gain of secondary structure by the protein. These
changes in secondary structure did not lead to significant changes
at the tertiary level, because the protein remained mostly disor-
dered, as shown by NMR. On the other hand, either in the presence
of neutral or negative bicelles, the backbone NMR  chemical shifts
were slightly modified, as shown in Fig. 7E. These shifts, assigned
by simple inspection of the spectrum and using the criterion of
signal proximity, are localised in the N- and C-terminal regions of
the protein, in agreement with the modifications seen with LUVs
(Fig. 5) as well as with previous results that demonstrated that
these regions of Jbtx are able to cause leakage from lipid vesicles
[15]. In addition, the region around residues 65–73 appears to be
affected by the largest chemical shift perturbation. It is interesting
to notice that this region corresponds to that for which molecu-
lar modeling studies suggested the existence of a �-hairpin motif
[6,12], also observed in the crystallographic structure of JBU [44],
leading to the hypothesis that it could be a factor for the membrane-
disturbing activity of Jbtx [12,45]. However, later studies [14,15]
appear to exclude this region as the biologically active portion of
the molecule. It is possible that this region becomes important for
the interaction of Jbtx with selective types of membranes.

5. ConclusionS

Using biochemical and structural approaches we  investigated

the structural behaviour of Jbtx in the presence of natural mem-
branes and membrane models, showing that, when incubated with
negatively charged phospholipid vesicles, the protein undergoes
changes in its secondary structure and final conformation. The

at pH 6.5. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 7. Structural analysis of Jbtx in presence of bicelles. A) Circular dichroism spectra of Jbtx in the absence (blue) and presence (red) of 10 mM negatively charged bicelles;
B)  700 MHz1H,15N HSQC spectrum of Jbtx in the absence (blue) and presence (red) of 150 mM negatively charged bicelles; C) Circular dichroism spectra of Jbtx in the absence
(blue)  and presence (green) of 10 mM charge neutral bicelles; D) 700 MHz1H,15N HSQC spectrum of Jbtx in the absence (blue) and presence (green) of 150 mM charge neutral
bicelles; E) sequence-specific chemical shift perturbations (CSP) for Jbtx in presence of negatively charged (red) and charge neutral (green) bicelles. F) NMR  structure of Jbtx
(PDB  code 2MM8). Amino acids highlighted in blue correspond to values of CSP > 0.025 ppm. (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web version of this article.)
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hanges in the secondary structure of Jbtx in the presence of
nilamellar vesicles and bicelles were less evident than in the
resence of SDS micelles. An increase in the rigidity of the polypep-
ide backbone at its N- and C-termini segments was observed in
he presence of phospholipid vesicles, and these same segments
cquired secondary structure elements. Therefore, this study pro-
ides evidence supporting the hypothesis that Jbtx interacts with
ipids/phospholipids, complementing previous biological assays

ith structural analysis of CD and NMR  spectroscopic data. How-
ver, this interaction alone does not induce a complete transition
f the polypeptide from an unfolded to a folded state. We  spec-
late that Jbtx interacts with membrane phospholipids inducing
mall structural changes that could facilitate its binding to putative
embrane receptors with acquisition of a fully folded state. Alter-

atively, phospholipid-bound Jbtx, although still non-structured,
ould insert further into the cell membrane, altering its physical
roperties [13] or forming ion-channel-like pores [14] that could
ffect cellular functions. Either or both these two mechanisms could
erve as the basis for the protein toxic activities. Not all intrinsically
isordered proteins become folded when meeting their binding
artners. Some of them remain unfolded, even when biologically
ctive [16,42,43]. Jbtx seems to be part of this class of IDPs, because
he protein is disordered in aqueous solution and, despite its bind-
ng to lipids/phospholipids in vivo, it does not acquire a defined
old upon interaction with distinct types of phospholipid-based

embrane models.
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