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activities. The Canatoxin entomotoxic activity is mostly due to an internal peptide, named pepcana-
tox, released upon the hydrolysis of the protein by insect cathepsin-like digestive enzymes. Based on
pepcanatox sequence, Jaburetox-2Ec was produced in Escherichia coli. JBU and its peptides were shown
to permeabilize membranes through an ion channel-based mechanism. Here we studied the JBU and
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SAXS Jaburetox-2Ec interaction with platelet-like multilamellar liposomes (PML) using Dynamic Light Scat-
Liposomes tering and Small Angle X-ray Scattering techniques. We also analyzed the interaction of JBU with giant
Jaburetox-2Ec unilamellar vesicles (GUVs) using Fluorescence Microscopy. The interaction of vesicles with JBU led to a

slight reduction of hydrodynamic radius, and caused an increase in the lamellar repeat distance of PML,
suggesting a membrane disordering effect. In contrast, Jaburetox-2Ec decreased the lamellar repeat dis-
tance of PML membranes, while also diminishing their hydrodynamic radius. Fluorescence microscopy
showed that the interaction of GUVs with JBU caused membrane perturbation with formation of teth-
ers. In conclusion, JBU can interact with PML, probably by inserting its Jaburetox “domain” into the PML
external membrane. Additionally, the interaction of Jaburetox-2Ec affects the vesicle’s internal bilayers
and hence causes more drastic changes in the PML membrane organization in comparison with JBU.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction bean urease (JBU) isolated from Canavalia ensiformis seeds was
the first enzyme to be crystallized in 1926 by Sumner [2] and its
Ureases are nickel-dependent metalloenzymes that catalyze the crystallographic structure was elucidated only 83 years later by

hydrolysis of urea to form ammonia and carbon dioxide [1]. Jack Balasubramanian et al., 2010 [3]. JBU consists of identical ~90 kDa
subunits, containing two nickel ions each, which in the native
enzyme associate into trimers or hexamers [4]. C. ensiformis has
three isoforms of urease: JBU, Jack bean urease II (JBURE-II) and
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The Canatoxin entomotoxic activity is mostly due to an internal
peptide, named pepcanatox, released upon the protein hydroly-
sis by insect cathepsin-like digestive enzymes [12-14]. Based on
the N-terminal sequence of pepcanatox, an analogous peptide was
cloned based on the ]JBURE-II sequence and expressed in Escherichia
coli. This recombinant peptide, called Jaburetox-2Ec, carries a V5
epitope and a His tag [15][14,15] and it displays a potent entomo-
toxic effect against insects with either cathepsin- or trypsin-based
digestive systems. Later on, a recombinant peptide called simply
Jaburetox, containing only the His-tagged urease-derived sequence
and the same biological properties described for Jaburetox-2Ec was
produced [16]. Jaburetox and JBU share several biological proper-
ties such as insecticidal activity, neurotoxicity and inhibition of
insect diuresis, as well as antifungal effect on filamentous fungi
and yeasts [11], suggesting that the JBU region encompassing the
peptide sequence accounts for most of its biological activities. High
resolution Nuclear Magnetic Resonance, Circular Dichroism, Static
and Dynamic Light Scattering were applied to study Jaburetox
structural properties revealing that this peptide behaves mostly as
an intrinsically disordered protein (IDP) in aqueous solution [17].
The IDP characteristics of Jaburetox could be an important aspect
for determining its interaction with liposomes, since it is known
that some IDPs may undergo disorder to order transitions in the
presence of ligand [18,19].

Jaburetox-2Ec was shown to permeabilize carboxy-fluorescein
loaded anionic unilamellar liposomes [20]. Molecular dynam-
ics applied to Jaburetox predicted that its ability to anchor
at a polar/non-polar interface is the basis for its membrane
permeabilization-promoting effect [20]. Piovesan et al. [21]
reported the first direct demonstration of the capacity of JBU and
Jaburetox to permeabilize membranes through an ion channel-
based mechanism. JBU, Jaburetox and truncated versions of the
peptide formed well-resolved, highly cation-selective channels
[21]. In that study the region comprising Jaburetox (G222 to [314)
in the JBU molecule (total of 841 amino acids) was hypothesized to
be the membrane-interacting domain of the protein [21].

Lipid vesicles, commonly referred to as liposomes, are colloidal
structures having an aqueous internal core and a membrane formed
by phospholipids self-associated in aqueous solution [22-24].
Because of their organization into lipid bilayers, liposomes have
been widely used as biological membranes models [25]. The lipo-
somal stability is a key point to their diverse applications in
pharmaceutical research and industry as a representative model
of cellular membranes [25].

Based on the evidence of an ion-selective pore-formation mech-
anism employed by JBU to permeabilize phospholipid membranes
[21], the present study aims to investigate the interaction of lipo-
somes with both JBU and Jaburetox-2Ec. For that, multilamellar
liposomes (PML), consisting of a mixture of lipids character-
istic of human platelet membranes were tested with JBU and
Jaburetox-2Ec. Their interactions were studied by Small Angle
X-ray Scattering (SAXS) and Dynamic Light Scattering (DLS). In
addition, the interaction of giant unilamellar vesicles (GUVs) with
JBU was studied by Fluorescence Microscopy.

2. Materials and methods
2.1. Materials

The lipids L-a-phosphatidylcholine (PC, >98%), cholesterol
(CHOL, >99%), L-a-phosphatidylethanolamine, (PE, >99%), sph-
ingomyelin (SM, >97%), L-a-phosphatidyl-L-serine (PS, >97%),
and L-a-phosphatidylinositol (PI, >50%) were purchased as a
powder from Sigma-Aldrich, and dissolved in chloroform. Ure-
ase type Il from C. ensiformis (Jack bean) was obtained from

Sigma-Aldrich. The 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(Lissamine rhodamine B sulfonyl
(ammonium salt) - (Rhodamine-PE, >99%) was purchased from
Avanti Polar Lipids. Triton X-100 was purchased from the InLat
Company.

2.2. Urease and Jaburetox preparation

Crystalline Jack bean Urease (type C3, Sigma) was dissolvec
in and dialyzed against buffer (20 mM sodium phosphate, 1 mM
EDTA and 5mM [-mercaptoethanol pH 7.5), in order to remove
salts. JBU solutions (Mw 540.000 Da, 0.75 mg mL~1) were stored a
4°C. Jaburetox-2Ec expression and purification were carried ou
as described elsewhere [15]. The recombinant Jaburetox-2Ec com-
prises 93 amino acid residues derived from JBURE-II sequence, :
V-5 epitope of 28 amino acids, and a 6 His-tag, with a total molecu-
lar mass of 13.668 kDa and an isoelectric point of 5.30. The disorde:
propensity of Jaburetox-2Ec was evaluated using algorithms (VLXT
VL3 and VSL2) of the PONDR family (www.pondr.com).

2.3. Liposome preparation

Platelet-like multilamellar liposomes (PML) with the main lipic
composition found in human platelets [26] were prepared by apply-
ing the reverse phase evaporation method [27,28]. Accordingly
60 mg of lipids (34.1% PC, 25.8% CHOL, 24.3% PE, 7.7% SM, 6.1% P
and 2% PI, expressed as percent mole) were dissolved in chloroform
and dispersed in water by ultra-sound. An organogel was obtainec
after chloroform evaporation which reverts into a suspension o
PML upon addition of water and agitation [28]. The zeta poten-
tial of PML in aqueous solution was found to be of —37 +£3 mV
In interaction experiments, JBU or Jaburetox-2Ec (final concentra
tion 0.5 M) were added to the aqueous suspension (0.15 M NaCl
containing PML. In order to establish whether the JBU interactior
with PML is due to a detergent-like action, we performed contro
experiments by adding 1% Triton X-100 to PML.

2.4. GUVs preparation

Giant unilamellar vesicles (GUVs) were produced following the
electroformation method [28]. Briefly, 10 p.L of a lipid mixture solu.
tion (1 mgmL-! of lipids consisting of 34.1% PC, 25.8% CHOL, 24.3%
PE, 7.7% SM, 6.1% PS, 97%, and 2% PI in chloroform) and 0.5% o
Rhodamine-PE (molmol~!) were spread on an indium tin oxide
(ITO)-coated glass slide. After drying the lipid film under vacuun
for 30 min, a chamber was formed with a second ITO slide and
Teflon spacer. This chamber was filled with 0.2 M sucrose solution
The osmolarity was measured with an osmometer (Osmomat 030
Gonotec, Berlin, Germany). An alternating electric field was appliec
across the chamber for 2 h. The amplitude and the frequency o
the field were 1V and 10Hz, respectively. The obtained GUV:
were transferred to an Eppendorf tube. For visualization in the
microscope, a solution of 0.2 M glucose was added to the GUVs sus.
pension. Because of the difference in density between glucose anc
sucrose, the sucrose-containing GUVs settle at the bottom of micro-
scope slides, allowing visualization of the vesicles. For fluorescence
microscopy experiments, the JBU solution was first transferred tc
a glass slide, followed by addition of GUVs. Microscopy image:
were collected immediately thereafter. The effect of JBU in GUV:
was tested at three protein concentrations of 0.01 M, 0.1 M anc
0.5 WM. At least 10 independent visualization experiments were
performed for each JBU concentration.
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2.5. Dynamic light scattering

Normalized electric field correlation functions g;(t), calculated
from the intensity autocorrelation functions g,(t), were analyzed
using the algorithm REPES (incorporated in the GENDIST program)
which employs the inverse Laplace transformation according to Eq.
(1) [29].

2
g2(t) - 1ﬂ[/A(r)exp(—t/r)df}

where t is the delay time of the correlation function and 3 is a
coefficient accounting for ideal correlation. The relaxation time T
or the relaxation frequency I'(t-1) is associated with a diffusion
coefficient D through the relation

D = I/q? 2)

where q is the scattering vector.

Finally, the hydrodynamic radius (R,) is derived from the deter-
mined value of D using the well-known Stokes-Einstein relation
[30]:

_ ICBT
"= 6mnD

wherein kg is the Boltzmann constant, Tis the absolute temperature
and n is the viscosity of the solvent.

Measurements were performed at 25+0.1°C using a
Brookhaven Instruments standard setup (BI200M goniometer,
BI90O0O0AT digital correlator) with a vertically polarized Coherent
He-Ne laser (A=632.8 nm) as light source. The scattering volume
was minimized using a 0.4mm aperture. The time correlation
functions were measured in the multi-t mode using 224 channels.
The samples were filtered through 0.45nm pore diameter mem-
branes (Millipore) into dust-free vials, which were placed in a cell
containing decahydronaphthalene (Aldrich), an index-matching
liquid, for the light scattering experiment. The scattered light was
analyzed and the values of R;, were obtained at 90°. Measurements
were done in triplicate, and results are shown as means + standard
deviations.

2.6. Zeta potential

These analyses are based on the Laser Doppler Velocimetry and
the zeta potential ({) is deduced from the electrophoretic mobility
(Ug) according to the Henry’s equation:

2etf(ka)

UE7377

(4)
where ¢ is the dielectric constant, 7 is the viscosity of the medium
and f{ky) is the Henry’s function. Considering the Smoluchowski
model for particles of 200 nm or more of diameter, f{k;)=1.5 was
assumed [31].

The zeta potential measurements of the particles were per-
formed on a Zetasizer (Malvern Instruments model ZEN3500) with
a coherent He-Ne 632.8 nm laser, 4.0 mV as light source. The sam-
ples were diluted (0.2% v/v) in 1 mM NaCl and the measurements
were conducted in triplicate at room temperature.

2.7. Small angle X-ray scattering

In a Small Angle X-ray Scattering (SAXS) experiment, the num-
ber of scattered photons is counted as a function of the scattering
angle (0). In this case, the scattering vector module q is not depen-
dent on the refractive index. The range of q typically available varies

from 0.006 to 6 nm~!. For a certain system of scattering particles,
the intensity of scattered X-rays I(q) is given by [32]:

I(q) =nP(q)S(q) (5)

where n is the numeric density of the particles, P(q) refers to the
form and size of the particles and is related to the scattering of a
simple isolated particle and S(q) comes from interactions between
different particles.

The structure factor (S(q)) was modeled by the modified Caillé
theory (MCT) [33] as given in Eq. (6):

N+20

Smc(q,N,d, n1,y) = Z XKk Sk, MC (6)
Ng=N-20

where y is Euler’s constant and Sy, ;¢ is defined by:

Ng+1

d\?2 [(%)zqzm}
Sk.mc = Nk + ZZ(NK — m)cos(mqd) exp — (E) q*my | (zm)

(7)

The fitting parameters considered here were the total number
of layers within the scattering domain N, the lamellar repeat dis-
tance d, the Caillé parameter 1 — a measure for bilayer bending
fluctuations [34].

The fitting procedure was performed by using the SASfit soft-
ware which makes use of the least-squares fitting approach to
minimize the chi squared (%) parameter. The SASfit software pack-
age was developed by J. Kohlbrecher and it is available online [35].

SAXS experiments were performed at the SAXS2 beamline of
the Brazilian Synchrotron Light Laboratory (LNLS - Campinas, SP,
Brazil). The liquid unfiltered samples were placed in a stainless steel
sample holder closed by two mica windows with 25 mm of thick-
ness and kept at 25°C with an accuracy of +£0.1°C. An exposure
time of about 10 min was required for all samples. The wave-
length of the incident beam was 1.488 A. Isotropic 2D-images were
obtained, and corrected by taking into account the detector dark
noise and normalized by the sample transmission considering the
360° azimuthal scan. The above procedure has been undertaken
using the FIT2D software developed by Hammersley [36].

2.8. Fluorescence microscopy

An inverted TE 200 microscope (Nikon, Japan), equipped with
a 60x Water Immersion, 1.2 NA Plan Apo DIC objective was used.
A mercury lamp provided the illumination for fluorescence experi-
ments. A fluorescent block with filters Ex. 450-490 nm/BA 520 nm
and a 505 nm dichroic mirror was used. Pictures were recorded
via a digital camera (NDIAG 1800; Diagnostic Instruments, Sterling
Heights, MI) onto the hard disk of a personal computer, with a pixel
depth of eight bits.

3. Results
3.1. DLS

In order to study the influence of JBU on PML, their hydrody-
namic radii (Rh) were analyzed in the presence of 0.5 M JBU (final
concentration), at 10 min, 30 min and 24 h after exposition to the
protein as shown in Fig. 1. In the absence of JBU, PML showed a
distribution with one peak only, corresponding to Rh 155 (4+7) nm.
After 10 min and 30 min of JBU addition, a two-peak distribution
was observed, corresponding to Rh 9 (+1)nm and 141 (+6)nm,
respectively. The smaller particles correspond to JBU molecules in
solution, considering the REPES analysis of a protein solution that
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Fig. 1. Distribution of relaxation times obtained by DLS for platelet-like multilamel-
lar liposomes (PML) in the absence and after 10 min, 30 min and 12 h in the presence
of (a) 0.5 wuM JBU; (b) 0.5 wM Jaburetox-2Ec; (c) 1% Triton X-100. A typical result for
each compound out of a triplicate is shown.

yields Rh 10 (4+0.5)nm. This Rh value is close to the 7 nm value
found for JBU by Follmer et al., 2004 [37].

The Ry, value of 141 nm is related to PMLs upon interaction with
JBU. After one day, only one large and broad peak was observed
(Fig. 1a), indicating that all JBU molecules interacted with PML,
clearing the solution of any free protein.

Interaction of Jaburetox-2Ec with PMLs was also studied by
following changes of Ry, using the same parameters as used for
JBU. After exposition of PMLs for 10min, 30min and 24h to
0.5 uM Jaburetox-2Ec, two peaks appeared in the distribution of
relaxation times, corresponding to R, of 2 (£0.75)nm and 135
(£5)nm, respectively (Fig. 1b). The smaller particles (R; 2nm)
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Fig. 2. SAXS curves of platelet-like multilamellar liposomes (PML) in the absenct
and after 10 min, 30 min and 12h in the presence of (a) 0.5uM JBU: (b) 0.5 ulv
Jaburetox; (c¢) 1% Triton X-100. A typical result for each compound out of a triplicate
is shown.

correspond to free Jaburetox-2Ec peptides in solution. Indeed
according to Lopes et al. [17], Jaburetox presents a Rh of 2.7 nm ir
50 mM sodium phosphate buffer, pH 7.5, 1 mM EDTA, 1 mM TCEI
(tris(2-carboxyethyl)phosphine) [17]. The larger particles (130 nm
reflected the interaction of Jaburetox-2Ec with the PMLs.

In order to verify whether the interactions of JBU or Jaburetox:
2Ec with PML were similar to the detergent action of Triton-X-100
we performed a control sample of PML in the presence of 1% Tri-
ton X-100. Fig. 1c shows the distribution of relaxation times of PMI
in the presence and absence of Triton X-100. After 10 min, 30 mir
and 24 h of the addition of Triton X-100, the presence of two pop-
ulations of particles, one with Rj, 3.5 (+0.25) nm and another witl
Rj 125 (£4)nm, were observed. The smaller population could be
ascribed to mixed micelles (lipid/Triton X-100) or Triton X-10(
micelles (R, =3.5), as determined by REPES) [38]. The larger popu
lation corresponds to vesicles upon interaction with Triton X-100
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Table 1

Form and structure (when present) factor parameters of PML in the presence of
0.5 uM JBU, 0.5 M Jaburetox-2Ec, or 1% Triton X-100 after 10 min and 12h of
exposition. Values of x? were <5 for all fits obtained.

Form Factor? Structure Factor®
Sample tp (nm) t; (nm) d(nm) n N
PML 1.41 2.29 6.23 0.96 14
PML+]BU - 10 min 1.40 2.72 6.48 0.64 7
PML+]BU - 12h 1.40 2.37 6.98 0.53 7

PML +Jaburetox-2Ec - 10min 1.38 2.75
PML + Jaburetox-2Ec - 12 h 1.48 2.40 - -
PML +Triton X-100-10min ~ 1.52 224 4.75 0.90 10
PML + Triton X-100-12h 1.40 2.25 - - -

6.32/4.72° 0.96/0.852 14/9"

2 Parameters obtained from fitting theoretical curves to experimental data.

b Structure factor parameters related to first peak/second peak, respectively. In
the table, t;, is the thickness of outer part of bilayer, t; is the thickness of inner part
of bilayer, d is the lamellar repeat distance, 1 is the Caillé parameter and N is the
number of layers within the scattering domain. Values of x? were <5 for all fits
obtained.

The distribution with two peaks seen after 10 min persisted until
24 h of observation.

3.2. SAXS

Fig. 2a shows SAXS curves obtained for PML before and after
10min, 30 min, and 12h of addition of JBU at 0.5 wM final con-
centration. A progressive decrease in intensity of the Bragg peak
(q=1.00nm~1) was observed up to 12 h, at which point the peak is
effectively undistinguishable from the form factor, indicating that
JBU caused disorder in the PML membrane, changing the liposome
organization mostly to a unilamellar state.

Similarly, SAXS analyses were performed for the interaction of
Jaburetox-2Ec with PMLs before and after 10 min, 30 min and 12h
of addition of 0.5 uM Jaburetox-2Ec (Fig. 2b). The SAXS curve of
Jaburetox-2Ec plus PML showed two superimposed Bragg peaks
on a broad scattered background. The position of the Bragg peak
(q=1.00nm™') found in the SAXS for PML alone was not affected
by Jaburetox-2Ec interaction. However, the appearance of a second
Bragg peak observed at g=1.33nm™! indicated an interaction of
Jaburetox-2Ec with lipids. This peak reflects the partially perturbed
hydrocarbon side chains, suggesting an interaction of Jaburetox-
2Ec with some fraction of the lipids. As it was seen for JBU, the Bragg
peaks disappeared after 12 h, indicating that at this time mostly
unilamellar liposomes remained in the sample.

2c shows PML SAXS curves in the absence or presence of 1%
Triton X-100, after 10 min, 30 min, and 12 h. The presence of Tri-
ton X-100 causes a shift in the Bragg peak of q=1.0nm™! to
q=1.33nm~! with an increase in its intensity. In contrast to the
liposome interaction with Jaburetox-2Ec, no significant sign of a
peak at q=1.0nm~! remained after 12h. The Bragg peak is not
observed because only unilamellar vesicles are present in the sus-
pension, similar to what was observed for PMLs after 12 h in the
presence of JBU or Jaburetox-2Ec. Supplementary Figs. S4, S5 e S6
shows the superimposed SAXS curves of the PML before and after
12 hofinteraction with JBU, Jaburetox-2Ec and Triton X-100. Exper-
iments carried out with PMLs exposed to 0.1 wM JBU and 0.1 wM of
Jaburetox-2Ec showed the same SAXS profile as with 0.5 .M ones
(Supplementary Fig. S7). The experimental margin of error for all q
values is of £0.01 nm~! or less.

Theoretical fitting of the Jaburetox-2EC SAXS curve was best
achieved by combining two structure factor curves (Fig. 3). The first
one had parameters very similar to those of the pure PMLs in solu-
tion, while the second one presented a considerably lower value
for lamellar repeat distance (d), as well as reduced Caillé parame-
ter (n) (Table 1). The SAXS profile remained largely identical for the

measurements in the first 40 min, but after 12 h both peaks disap-
peared, as observed in JBU experiment

Fitting of the interaction of the vesicles with Triton X-100
showed a decrease in lamellar repeat distance, similar to that
indicated by the second peak of the Jaburetox-2Ec interaction. In
contrast, unlike both JBU and Jaburetox-2Ec, Triton X-100 did not
cause a significant decrease of the Caillé parameter (Table 1).

According to data summarized in Table 1, upon interaction with
JBU there was a slight increase in the lamellar repeat distance (d) of
PML after 10 min and 12 h. On the other hand, the number of lamel-
lar repeat (N) and the Caillé parameter (1) decreased following the
interaction of JBU with the PML membrane. The reduction of the
Caillé parameter indicates that JBU caused an increase in the rigid-
ity of the bilayer lipid [34], reflecting the insertion of the protein
into the bilayer.

In the case of the liposome’s interaction with Jaburetox-2Ec, a
considerable decrease of the lamellar repeat distance is seen for the
second peak. A reduction of the Caillé parameter, although not as
large as in the JBU interaction, is also observed and interpreted here
as aresult of the insertion of the smallest peptide into the bilayer. A
decrease in the number of lamellar repeat (N) was verified as well.

3.3. Fluorescence microscopy

The effect of JBU on GUVs was tested for three protein concen-
trations (0.01, 0.1 and 0.5 wM), using a fluorescence microscopy
technique. At the lowest JBU concentration (0.01 wM) perturba-
tions of the membrane were seen, with the formation of tethers
(long, thin protuberances originating from the membrane [39])
inside or outside the GUVs (Fig. 4a). This phenomenon occurs
within few minutes after the transfer of GUVs into the JBU solu-
tion, but not all vesicles were affected. At concentration of 0.1 uM
of JBU (Fig. 4b), besides the formation of tethers, severe deforma-
tions and budding of the membrane were seen. Fig. 4b shows a
sequence of GUV deformation events observed few minutes after
exposition to JBU at 0.5 wM; besides the membrane perturbation,
most GUVs developed outside threads (Fig. 4c). After 24 h of the
first analysis, GUVs samples exposed to JBU, as well as control
GUVs in the absence of JBU, were analyzed again. All samples con-
taining JBU presented a low number of GUVs, with sizes smaller
than 10 wm, while control GUVs remained mostly unchanged. Over
the time, with most JBU molecules inserted into GUV membranes,
the membrane permeability was altered, facilitating the influx of
the smaller glucose molecules (r=0.44 nm) more than the outflux
of larger internal sucrose molecules (rs=0.55nm), thus causing
water’s movement into the vesicle to maintain the osmotic equi-
librium [40]. This led to rupture of the vesicles permeabilized by
JBU, while control GUVs remained intact.

4. Discussion

In this work, we investigated the interaction of JBU and its
derived peptide, Jaburetox-2Ec, with PML and its effect on the vesi-
cles’ R,. Both urease-derived peptides, Jaburetox and Jaburetox-2Ec
(containing a V5 epitope) present the same biological proper-
ties and are equipotent in terms of molar concentration [16].
Here we employed Jaburetox-2Ec due to its higher production
yield and its increased stability when in solution. DLS analysis
showed that interaction with both JBU and Jaburetox-2Ec caused
a slight R, reduction in the liposomes, while Triton X-100 led to
a more pronounced Rh reduction. Triton X-100 did not destroy
PML completely under our experimental time lapse, reflecting the
stable multilamellar nature of the liposomes. In contrast, in tests
with unilamellar liposomes, both here as well as in [38], a com-
plete solubilization of unilamellar liposomes after exposition to 1%
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Fig. 3. Best fitting of SAXS curve to (a) PML, (b) PML in the presence of 0.5 uM JBU after 10 min, (c) PML in the presence of 0.5 wM Jaburetox-2Ec after 10 min, and d) PML ir
the presence of 1% Triton X-100 after 10 min. The insets in each graphic show the results for the same samples after 12 h. A typical result for each compound out of a triplicatc

is shown. Parameters obtained to the form and structure factor are listed in Table 1.

Triton X-100 was observed, showing that the number of lamellae
is important in the mode of action of Triton X-100 [38].

Although multilamellar liposomes are not widely used to eval-
uate the cellular interactions of proteins and peptides, using them
in this work allows the analysis of the Bragg peak, a typical variable
of multilamellar structures, which provided important parameters
that revealed the JBU and Jaburetox-2Ec mode of interaction with
PML [40]. Liposomes with a lipid composition typical of human
platelets membrane were used in this study because of the well-
known property of JBU and other plant and bacterial ureases to
activate and aggregate blood platelets [41,42].

Other studies of peptides interaction with multilamellar lipo-
somes using similar techniques were reported. Willumeit et al.
[43] developed an antimicrobial peptide named NK-2 that binds
to anionic phosphatidylglycerol liposomes, causing a thinning of
the membrane, due to electrostatic and hydrophobic interactions.
Pabst et al. [44] used X-ray diffraction to observe the perturba-
tion of saturated acyl chain phosphatidylglycerol bilayers caused
by the antimicrobial peptide peptidyl-glycyl-leucinecarboxyamide
(PGLa), that is dependent on the length of the hydrocarbon chain.

As indicated by results obtained by SAXS, JBU caused a slight
increase in PML'’s lamellar repeat distance (d) both after 10 min and
12 h, while Triton X-100 led to a reduction of the lamellar repeat
distance after 10 min, and disappearance of the peak after 12h.
Interaction with Jaburetox-2Ec, however, led to the formation of
a second Bragg peak with a significant smaller lamellar repeat dis-

tance (d), while still retaining the characteristic peak of the original

PMLs. In the present study, the number of lamellar repeat (N) wa:
reduced in all cases, suggesting that JBU, Jaburetox-2Ec, and Tri
ton X-100 caused a decrease of PML size. The presence of JBU o
Jaburetox-2Ec promoted a reduction in the Caillé parameter () -
more significant in the former - indicating higher membrane rigid-
ity due to the protein/peptide insertion into the lipid membrane(s)
The higher increase in rigidity observed for JBU likely reflects it:
larger size comparing with Jaburetox-2Ec.

Hence, we concluded that JBU interacts with PML by insert:
ing itself into the membrane, as indicated by the disappearance
of the free JBU peak, the observed membrane disorder as well a:
a breakdown of lamellar order in the liposomes, reflected by the
reduction of the Bragg peak after 12 h (Fig. 3b inset). Moreover, :
decrease of the form factor in the SAXS curve of liposomes afte!
12 h in presence of JBU as compared to the pure liposome sam:
ple was observed (Supplementary material Fig. S4). The decrease
of 0.6 in the absolute intensity value in the curve indicates a los:
of lamellae by this same factor due to interaction with JBU. Nc
great changes of the form factor q values were seen after 12h
The estimated total mass of JBU in the sample was 2.7 x 1073 g
compared to an estimated mass of 3.0 x 10~ g of lipids. The inser-
tion of |BU into the liposome membrane might cause a removal ol
redistribution of lipids from the membrane through the formatior
of filaments and/or induction of a different lamellar organization
This insertion process is possibly centered around the pepcanato:
(which is equivalent to Jaburetox-2Ec) region of the JBU molecule
(Fig. 5). Crystallographic studies of the JBU molecule showed tha
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Fig. 4. Effects of JBU on GUVs. (A) 0.01 wM JBU, 10 min exposition. The arrows show tethers inside the vesicles. (B) 0.1 wM JBU, 10 min exposition. Membrane budding and
deformations in GUVs are seen in the presence of the protein. (C) 0.5 uM JBU. Tethers are seen outside the GUVs. A typical result for each JBU concentration (N=10) is shown.

Scale bars span 10 pm.

thisregion is well exposed at its surface, consisting of a big loop with
few structural elements, among which a prominent beta-hairpin
and small amphiphilic helices (Fig. 6a) that could potentially medi-
ate the interaction of the protein with cell membranes [3]. One can
hypothesize that the large size of the JBU molecule causes steric
hindrance to its clustering together as to effectively disrupt the
bilayer structure, as well as preventing the molecule to traverse
through any pore formed on the external bilayer, or to affect the
internal ones.

On the other hand, the smaller Jaburetox-2Ec peptide presents
the same hydrophilic and hydrophobic portions seen in Jaburetox
[45]. When in solution, Jaburetox behaves as an intrinsically disor-
dered polypeptide (Fig. 6b), a class of molecules prone tointeraction
with different ligands including lipids [17-19]. Fig. 6¢ shows the
intrinsic disordered nature of Jaburetox-2Ec using disorder pre-
dictor algorithms of the PONDR family. The N-terminal region of
Jaburetox-2Ec probably is the region that interacts with lipids, as
disordered-based binding sites were predicted in this region of
Jaburetox [17]. Thus, it is conceivable that Jaburetox peptide(s)
could anchor to the hydrophobic core of the membrane bilayer
through its hydrophobic groups, and subsequently insert and clus-
ter itself in the membrane. The smaller size of Jaburetox-2Ec could
also allow the peptide to cross any membrane pores and affect the
internal bilayers, causing drastic changes in the PML structure as
seen in the SAXS analysis, which may be representative of a new
lamellar structure [46]. Also, unlike the JBU, the larger number of
the smaller Jaburetox-2Ec molecules in solution led to a portion
of the peptide remaining free in the aqueous solution after 12 h,
despite the estimated total mass of Jaburetox-2Ec in the sample
(6.8 x 1072 g) being one order of magnitude smaller than the mass
of lipids. The decrease of the form factor of liposomes after 12 h in
presence of Jaburetox (Fig. 3¢ inset) is smaller than the decrease

seen for JBU (Supplementary material Fig. S5). This small decrease
might indicate that the liposomes membranes did not lose a large
amount of lipids upon interaction with the polypeptides, although
becoming a little thinner, as indicated by the decrease in the d
parameter. The loss of the structure factor peak after 12 h, how-
ever, indicates that these remaining bilayers have lost their original
multilamellar arrangement [47].

Triton X-100 interacts with PML by “removing” lipids of its
most external layers, with the formation of a new population of
micelles composed by Triton X-100 and lipids, leading to progres-
sive decrease of lamellar repeat distance and Rh, resulting 12h
thereafter in only unilamellar PML detectable in the suspension.
Additionally, a decrease of 0.6 was seen in the form factor values of
the Triton X-100-(Fig. 3d inset) and of JBU-treated (Supplementary
material Fig. S6) liposomes after 12 h. Moreover, a displacement
of the whole form factor to a higher range of q values was also
observed. The detergent Triton X-100, which is present in the sam-
ple in a mass ratio 300-fold higher than the lipids, destroyed the
lamellar structure of the liposomes in 12 h. These results point to
differences in the mode of interaction of JBU, Jaburetox-2Ec, and
Triton X-100 with the PML, where JBU and Triton X-100 cause a
general disorder and destruction of the liposomes and Jaburetox-
2Ec causes a change in its structural organization, at least part of
its lipid bilayer.

The zeta potential of PML in aqueous solution was —37 +=3 mV,
reflecting its colloidal stability [48]. This negative potential is due
to the presence of anionic phospholipids (PS and PI) in the com-
position of the PMLs. Barros et al. [20] reported the ability of
Jaburetox-2Ec to permeabilize anionic lipid bilayers without caus-
ing rupture of the vesicles. In this study, Jaburetox-2Ec in solution
(pH 7.5) was above its isoelectric point (IP), thus presenting nega-
tive charge. JBU in solution (pH 7.5) was also above its IP (4.5) and
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“Top” view “Side” view Jbtx-region

hydrophobic hydrophilic

Fig. 5. Surface properties of JBU hexamer (reference structure PDB id 3LA4 [3]). The location of the pepcanatox/Jaburetox sequence in one of the monomers shown at the
right side of each panel. (A) Electrostatic properties of JBU, colored according to the electrostatic potential (red, negative; blue, positive). (B) Hydrophobicity properties o
JBU, colored according to the Kyte-Doolittle scale (orange, hydrophobic; light blue, hydrophilic). “Top” and “side” views of the oligomer are relative rather than absolutc
representations; the Jbtx-region of one monomer is represented in the same orientation as the “side” view. Image generated with UCSF Chimera [55] using APBS tools [56
and Kyte-Doolittle scale [57]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Jaburetox-2Ec and Jaburetox disordered features. (A) Crystal-derived Jaburetox structure, from entire JBU (PDB ID 3LA4, [3]); (B) NMR-derived Jaburetox structur
(PDB ID 2MMS3, [17]); (C) Structural disorder prediction for Jaburetox-2Ec, according to PONDR software [58]. A and B depicted to scale, N-terminus to the left. The grey ba:

indicates the most disordered region of Jaburetox-2Ec.



204 Y.VLS. viicneletto et al. / Collowas and surjaces b. bilointerjaces 140 (£U10) 5/06-500

negatively charged. Thus, it seems that hydrophilic/hydrophobic
interactions are more important than the electrostatic attraction
regarding the insertion of JBU into the liposome membrane. As
observed in Fig. 5, JBU has a predominant negative electrostatic
potential and the majority of its surface is hydrophilic. The region
of JBU that encompasses the pepcanatox sequence - the Jaburetox-
2Ec “domain” of the protein - is well exposed on its surface. Due to
its amphiphilic nature and flexibility, we suggest that this Jabure-
tox “domain” can insert itself into lipid bilayer in order to drive the
interaction of JBU with the liposome’s membrane.

We also studied the interaction of JBU with GUVs by means of
fluorescence microscopy. GUVs are well accepted models of bio-
logical membranes with sizes similar to living cells (5-50 m) and
are easily observed under an optical microscope. Thus, GUVs have
been used in studies of membrane properties and interaction with
biological molecules [49,50]. The data on interaction of GUVs with
JBU showed a concentration-dependent effect. At lower concen-
trations JBU (0.01-0.1 wM) caused formation of tethers inside and
outside GUVs but their membranes remained impermeable to glu-
cose; while after 12 h of higher concentrations, JBU (0.5 wM) caused
lysis of the vesicles due to altered permeability of their membranes.
The effects of JBU on the multilamellar lipid vesicles reached a
“plateau” after 12h, when the vesicles were found mostly in a
unilamellar state due to the interaction with the protein.

Worth mentioning is that the concentrations of JBU tested on
GUVs are within the range in which it promotes effects on a variety
of cellular models [51,52], and the protein is not cytolytic or cyto-
toxic at these same doses, nor does it display any direct or indirect
phospholipase activity. [8,53].

Mally et al. [39] investigated the interaction between the
pore-forming peptide melittin and GUVs by micromanipulation
and direct optical observation of vesicles. They observed a dose-
dependent response for melittin ranging from slight perturbation
of the membrane to disintegration of the vesicle. A model for
melittin-vesicle interaction was proposed based on transmem-
brane positioning and dimerization of melittin [39]. Sanchez et al.
[54] described the interaction of Crotalus atrox-secreted phos-
pholipase A2 (sPLA2) with GUVs composed of single and binary
phospholipid mixtures, as visualized through two-photon exci-
tation fluorescent microscopy. They observed that, regardless of
their lipid composition, all GUVs were reduced in size as sPLA2-
dependent lipid hydrolysis proceeded.

5. Conclusion

In this work we studied the interaction of JBU and Jaburetox-
2Ec with liposomes consisting of a mixture of lipids characteristic of
human platelet membranes. Our results indicated that JBU interacts
with PML by inserting its Jaburetox “domain” into the liposome,
thereby causing membrane perturbation and disorder. However,
this interaction is different than a simple detergent-like action as
observed for Triton X-100. On the other hand, the intrinsically
disordered Jaburetox-2Ec peptide probably anchors itself within
the hydrophobic core of the membrane bilayer with subsequent
insertion, affecting the internal bilayers and causing more drastic
changes in the PML membrane than ]BU. These results shed light on
the often proposed, but biophysically elusive, property of ureases
and its derived peptides to interact with biological membranes.
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