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Jaburetox is a polypeptide derived from jack bean (Canavalia ensiformis)

urease and toxic to a broad spectrum of insects, phytopathogenic filamen-

tous fungi and yeasts of medical importance. The elucidation of the struc-

tural basis for the mode of action of Jaburetox is the focus of this

multifaceted study. Jaburetox in solution is a monomer of 11.0 kDa featur-

ing a large hydrodynamic radius, suggestive of a disordered polypeptide.

The intrinsically disordered nature of Jaburetox was theoretically predicted

by a comprehensive bioinformatics analysis and experimentally confirmed

by light scattering as well as by circular dichroism and NMR spectroscopy.

NMR signal assignment provided backbone secondary chemical shifts that

indicated that Jaburetox has a low propensity to assume a stable secondary

structure. 15N relaxation studies revealed significant backbone mobility,

especially in the N-terminal portion of the polypeptide. The solution struc-

ture of Jaburetox shows the presence of an a-helical motif close to the N

terminus, together with two turn-like structures situated in the central por-

tion of the protein and close to the C terminus. Similar regions were pre-

dicted as potential protein–protein interaction sites using computational

tools. The knowledge of the structural properties of Jaburetox in solution

is a key step to correlate its structural and biological activities.

Abbreviations

HSQC, heteronuclear single quantum coherence; IDP, intrinsically disordered protein; JBU, jack bean urease; LUV, large unilamellar vesicle;

MALS, multiple-angle light scattering; MoRF, molecular recognition feature; QELS, quasi-elastic light scattering; SEC, size exclusion

chromatography; SSP, secondary structure propensity; TCEP, tris(2-carboxyethyl)phosphine.
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Introduction

Ureases (EC 3.5.1.5) are non-redox nickel dependent

enzymes [1] that catalyze urea hydrolysis into ammonia

and carbon dioxide [2–5]. Jack bean (Canavalia ensifor-

mis) urease (JBU) (Fig. 1A) represents an important

milestone in the history of biochemistry. It was the first

enzyme ever crystallized [6], and also the first enzyme

found to have nickel ions in its active site [7]. In addition

to JBU, C. ensiformis displays two additional isoforms

of urease, named JBURE-II [8,9] and canatoxin [10].

Canatoxin, a toxic protein isolated from C. ensifor-

mis seeds [11] and identified 20 years later as an iso-

form of urease [10], displays insecticidal properties

[12]. This toxicity involves an internal polypeptide of

10 kDa (pepcanatox), released from the protein upon

hydrolysis by cathepsin-like digestive enzymes of

insects such as Callosobruchus maculatus, Rhod-

nius prolixus, Nezara viridula, Dysdercus peruvianus

and Oncopeltus fasciatus [13–16] (Fig. 1A,B). Based on

the N-terminal sequence of pepcanatox and using as a

template the cDNA of the urease isoform JBURE-II,

A

B

C D E

Fig. 1. Purification, stability and hydrodynamics of Jaburetox. (A) Ribbon scheme of the structure of jack bean urease: the a6 hexamer is

shown in the central panel, while the left and right panels display the two trimers that compose the overall protein tilted by 90° along the

horizontal axis; the trimer on top is colored red, orange and green for the three a subunits, while the trimer on the bottom highlights in blue

the protein portion that corresponds to the Jaburetox polypeptide; the nickel atoms in the active site are shown as green spheres. (B)

Sequence alignment of Jaburetox (abbreviated as Jbtx) with the corresponding sequence of the two isoforms of urease in jack bean;

a-helices and b-strands in the crystal structure of JBU-I are highlighted in yellow and cyan, respectively. (C) SDS/PAGE profile of the final

purified Jaburetox (right lane) and the molecular mass reference markers (left lane). (D) Thermal denaturation assay of Jaburetox using

Thermofluor. The plot represents the first derivative of the melting curve of the raw data obtained at pH 3.5 (red), pH 4.5 (orange), pH 5.5

(yellow), pH 6.5 (green), pH 7.5 (cyan), pH 8.5 (blue) and pH 9.5 (indigo). The Tm values correspond to the apex. (E) Molar mass distribution

of Jaburetox eluted from a SEC column and evaluated using MALS-QELS. The solid line indicates the trace from the refractive index

detector, whereas the dots are the weight-averaged molecular masses measured every second.
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the recombinant polypeptide Jaburetox-2Ec (carrying

a V5 epitope and a His-tag) was produced heterolo-

gously in Escherichia coli [17]. Jaburetox-2Ec shows a

broader spectrum of insecticidal activity, which also

includes insects not susceptible to the full-length cana-

toxin such as Spodoptera frugiperda [17] because the

hydrolysis of the protein to release the polypeptide is

no longer required. Jaburetox-2Ec causes inhibition of

diuresis in R. prolixus by a mechanism that involves

cGMP and disturbance of the transmembrane poten-

tial of Malpighian tubules [18]. Moreover, Jaburetox-

2Ec permeabilizes large unilamellar vesicles (LUVs),

displaying membrane-disruptive activity on acidic lipid

bilayers [19]. A variant form of the recombinant poly-

peptide, corresponding to the His-tagged urease-

derived sequence with no V5 epitope and simply

named Jaburetox, also displays antifungal properties

against filamentous fungi (Mucor sp. and Penicil-

lium herguei) and yeasts (Candida (Ca.) albicans,

Ca. parapsilosis, Ca. tropicalis, Kluyveromyces marxi-

anus, Pichia membranisfaciens and Saccharomyces cere-

visiae), in addition to its entomotoxic activity [20].

In order to understand the mode of action of Jabu-

retox-2Ec, molecular modeling studies were carried out

that suggested the existence of a b-hairpin motif at the

C-terminal portion [17,19]. This motif was indeed sub-

sequently observed in the crystallographic structure of

JBU [21], suggesting that it could be a factor for the

membrane-disturbing activity of Jaburetox [19,22]. In

order to confirm the importance of this b-hairpin for

the biological activity of Jaburetox, three mutated ver-

sions of this polypeptide were analyzed: one lacking

the b-hairpin motif, and two additional peptides corre-

sponding to the N-terminal and the C-terminal por-

tions of the recombinant Jaburetox, respectively [23].

The peptide lacking the b-hairpin motif showed all the

properties of the wild-type Jaburetox, thus excluding

this region as the biologically active portion of the

molecule. On the other hand, injection assays into

O. fasciatus and R. prolixus showed that only the

N-terminal portion of Jaburetox carries its insecticidal

activity. However, both parts caused almost the same

mortality rate seen for the N-terminal peptide upon

feeding to R. prolixus, indicating different modes of

action for the two peptides depending on the different

tissues of the insect. Although with different potencies,

both the N- and C-terminal portions of Jaburetox

caused the neuromuscular blockage of the cockroach

Phoetalia pallida nerve-coxal muscle preparation, while

both peptides were equipotent in inhibiting the fluid

secretion in the Malpighian tubules of R. prolixus and

in disrupting LUV membranes. These data suggested

that the N-terminal portion carries the entomotoxic

activity of Jaburetox, and that its C terminus probably

contributes to the polypeptide activity by interacting

with cell membranes [23]. Other studies have demon-

strated that Jaburetox and its mutants can form well-

resolved, highly cation-selective channels. The peptide

corresponding to the N-terminal part of Jaburetox is

more active in negative potentials, while the ion-chan-

nel activity of Jaburetox and the other mutants do not

display voltage dependence [24].

The objective of the present study was the experi-

mental characterization of the structural, dynamic and

folding properties of Jaburetox. The hydrodynamic

properties of the polypeptide were determined using

size exclusion chromatography (SEC) coupled with

light scattering experiments. The protein folding was

examined using circular dichroism (CD), differential

scanning fluorimetry and high resolution NMR spec-

troscopy. Based on NMR data, backbone mobility

studies were carried out and the 3D structure of Jabu-

retox was determined. The properties that were estab-

lished indicate the presence of a large ensemble of

highly disordered conformers in solution with three

more ordered segments.

Results

Jaburetox expression and purification

Jaburetox was expressed and purified as a His-tagged

polypeptide in order to avoid additional steps in the

purification protocol that might have led to decreased

yields. Indeed, the presence of this tag does not inter-

fere with the biological insecticidal [17] and fungicidal

[20] activities of this urease-derived peptide. The

expression protocol of Jaburetox was optimized in this

work to typically yield 30 mg of Jaburetox per liter of

culture. The previously described protocol had a pro-

tein yield of 10 mg�L�1 [20,23]. Screening of different

culture conditions allowed a maximal yield of protein

expression at 19 °C, 0.87 mM IPTG and 16 h of

expression time to be obtained. Moreover, before pro-

tein induction, LB medium was exchanged with fresh

M9 minimal medium and the biomass was four-fold

concentrated, according to a previously reported

method [25]. In addition to the advantage of increasing

the cellular performance by removing secondary

metabolites that might inhibit cellular growth, this

method reduces isotope consumption for producing

NMR samples: indeed, the majority of cell biomass is

generated using unlabeled media, while labeled protein

is produced in a reduced volume of isotopically labeled

minimal medium. The purification protocol was

improved by adding a SEC separation after the first
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affinity chromatography purification step. The SDS/

PAGE profile of the final purified protein is shown in

Fig. 1C. Notably, although the predicted molecular

mass determined from the amino acid sequence of

Jaburetox with the six-histidine extension is 11 kDa,

the protein exhibited a 2 kDa shift in the SDS/PAGE

and migrated as a 13 kDa polypeptide. This aberrant

migration during SDS/PAGE experiments is a typical

feature of intrinsically disordered proteins (IDPs)

[26,27], determined by their unusual amino acid com-

positions typically characterized by a high ratio of

charged to hydrophobic residues. As a result, these

disordered proteins interact less efficiently with SDS

and are characterized by a decreased migration veloc-

ity, giving an apparent molecular mass that is higher

than the real one [28].

Jaburetox stability by thermal differential

scanning fluorimetry

Jaburetox tends to aggregate after long-term storage

[19,23], a process that negatively affects the biological

activity of this protein [29]. In order to find condi-

tions to stabilize the protein solutions, the effect of

pH was explored by performing thermal denaturation

assays using differential scanning fluorimetry (Ther-

mofluor [30]). In this assay, a fluorescent probe

(SYPRO Orange) added to the protein solution binds

to exposed hydrophobic residues, thereby increasing

its fluorescence. Maximal fluorescence intensity is

expected when the protein unfolds, which corre-

sponds to a peak in the first derivative plot occurring

at the melting temperature (Tm). Similar curves and

melting temperatures were consistently observed in

the pH range between 3.5 and 9.5 (Fig. 1D). These

curves revealed the presence of an unfolding process

occurring at an average melting temperature of

54.6 � 0.9 °C. If Jaburetox were totally unfolded at

room temperature, no melting transition would be

observed [30], thus indicating the presence of some

degree of folding that is largely independent of pH.

Substitution of the reducing agent b-mercaptoethanol,

previously used in the storage buffer [20,23], with tris

(2-carboxyethyl)phosphine (TCEP) significantly

decreased the tendency of Jaburetox to aggregate

both at 25 °C and at low temperatures (�80 °C),
and the same oligomeric state was obtained after

freezing and thawing. No difference was observed in

the melting temperatures in the absence and in the

presence of TCEP, suggesting that the improved

effect of TCEP versus b-mercaptoethanol is related

to the more efficient reduction of disulfide bonds that

could form over time by oxidation of cysteine thiol

groups, and not to an overall stabilization of the

protein fold.

Hydrodynamic properties and aggregation state

Light scattering measurements were carried out in

order to study the aggregation state of Jaburetox in

solution by combining in-line SEC, static multiple-

angle light scattering (MALS) and dynamic quasi-elas-

tic light scattering (QELS) (Fig. 1E). SEC experiments

showed a single peak eluting from the column, indicat-

ing that, in solution, Jaburetox exists in a single and

homogeneous oligomeric form. The latter, according

to MALS measurement, presents a molar mass of

11.03 � 0.01 kDa, fully consistent with the theoretical

molar mass of the monomeric protein (10 951 Da)

based on its amino acid sequence that includes the six

histidines (http://web.expasy.org/protparam/). The

hydrodynamic radius measured by QELS is

2.7 � 0.1 nm. This value is larger than the expected

value of 1.74 nm for a well-folded protein of the same

molecular mass [31], and is very close to that predicted

for intrinsically disordered pre-molten globular pro-

teins (2.46 nm) or random coil proteins (2.77 nm) of

the same molecular mass [31]. This observation sup-

ports the idea that Jaburetox exists in an extended

conformation in solution, probably due to the lack of

secondary or tertiary contacts. To experimentally eval-

uate the amount of secondary structure of the protein

in solution, CD spectroscopy was applied.

Secondary structure of Jaburetox by circular

dichroism

The CD spectrum of the protein under native condi-

tions (Fig. 2A) presents features typical of a random

coil conformation, with a minimum centered at

200 nm. No strong negative signals above 205 nm,

characteristic of a-helix or b-sheet structures, were

observed. Accordingly, the software CAPITO (http://cap-

ito.nmr.fli-leibniz.de/), a tool that distinguishes differ-

ent folding states of polypeptides on the basis of their

far-UV CD spectra [32], indicated that the CD spec-

trum of Jaburetox is compatible with a native ensem-

ble of disordered conformations in a pre-molten

globular state, featuring a small amount of secondary

structure (Fig. 2B). The CD spectrum of the protein

undergoes minor changes upon temperature increase

(Fig. 2A), suggesting a modest influence of tempera-

ture on the structural distribution among the ensemble

of protein conformers. In particular, at 90 °C the min-

imum at 200 nm shifts to 202 nm, and the ellipticity at

222 nm, typical of a-helical composition, slightly
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increases. In addition, a positive band appears at

192 nm indicative of the presence of some a-helices or

b-strand elements. The spectrum of the protein at

50 °C is intermediate between the spectrum at 25 °C
and at 90 °C. Overall, this reveals a small expansion

of the secondary structure content at high temperature.

This behavior was previously reported for IDPs [33,34]

and can be explained by the known increased strength

of hydrophobic interactions at higher temperatures.

The effect is particularly significant in the case of

strong electrostatic repulsions by a large number of

electric charges that destabilize the hydrophobic attrac-

tions at lower temperatures [33]. The spectrum of the

native Jaburetox at 25 °C was fully recovered after

cooling the temperature, indicating that the changes

induced by temperature onto the secondary structure

composition are fully reversible (Fig. 2A). The super-

imposition of the spectra obtained at different temper-

atures reveals an isodichroic point at 211 nm, with a

mean residue ellipticity of �2700 deg�cm2�dmol�1

(Fig. 2A, inset). The presence of a wavelength in

which the molar absorptivity is the same for two (or

more) protein spectra is indicative of the presence of

two prevalent conformational states in equilibrium.

For proteins with prevalence of a-helices, isodichroic

points are observed around 203 nm and are related to

the helix–coil transition upon protein unfolding [35].

On the other hand, isodichroic points at higher wave-

lengths have been observed upon conformational tran-

sitions of IDPs, such as a-synuclein [36], and have

been interpreted as indicative of conformational transi-

tions within the random coil ensemble [37]. The pres-

ence of a conformational change between two different

population states observed here is consistent with the

thermal differential scanning fluorimetry experiments,

which showed the presence of a transition induced by

temperature.

Computational analysis of disorder propensity

In a previous study [23], the tertiary structure of Jabu-

retox was calculated by homology modeling, suggest-

ing that Jaburetox contains very few secondary

structure elements, with ~ 70% of the protein in the

random coil conformation. A 13-residue a-helix was

modeled in the N-terminal portion of the protein,

while the C-terminal fragment was proposed to con-

tain a b-hairpin. Molecular dynamics simulations sug-

gested that the protein undergoes a further increase of

the random coil conformation that, at the end of the

simulation, comprised 84% of the protein structure,

with the N-terminal portion losing the a-helical con-

tent and a short b-sheet appearing at the C terminus

[23]. Previous molecular dynamics studies [17,19,22]

also suggested that Jaburetox adopts a b-hairpin in its

C-terminal region, as observed in the X-ray crystallo-

graphic structure of JBU [21].

Consistently with the intrinsically disordered nature

of Jaburetox revealed by CD and hydrodynamic

analyses, various computational tools indicated that

this polypeptide is characterized by high intrinsic dis-

order propensity. First, we used the known fact that

the amino acid compositions of ordered proteins and

IDPs are very different, with disordered proteins being

systematically enriched in disorder-promoting residues

(A, R, G, Q, S, E, K and P) and depleted in order-

promoting residues (W, Y, F, I, L, V, C and N)

[38,39]. The results of this analysis are shown

in Fig. 3A, which illustrates that Jaburetox is depleted

in major order-promoting amino acids and enriched in

A

B

Fig. 2. Circular dichroic properties of Jaburetox. (A) CD spectrum

of Jaburetox at 298 K (green), 323 K (yellow), 363 K (red) and

298 K after cooling temperature (cyan); the inset shows the region

closer to the dichroic point at 211 nm. (B) Conformational

classification of Jaburetox according to its CD spectrum performed

using the web server CAPITO (http://capito.nmr.fli-leibniz.de/).
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some disorder-promoting residues, particularly D, G,

A, K, E and P, relatively to typical ordered proteins.

Also, the Uversky plot of mean net absolute charge

versus mean hydrophobicity [40] (access to which is

available at the PONDR� website http://www.pondr.

com [41]) indicated that this protein is predicted as

disordered even though it lies close to the boundary

between proteins predicted to be extended and compact

(Fig. 3B). Analysis of the per-residue disorder propen-

sity of Jaburetox by a family of PONDR predictors

revealed the presence of long disordered regions in this

protein (PONDR scores above 0.5), especially in its

N-terminal part (Fig. 3C).

It is known that protein–protein interactions are

commonly mediated by disordered regions that

undergo disorder to order transitions as a result of

binding. Amino acid sequences of such disordered

binding regions contain specific signals that can be

identified by several specialized computational tools,

such as A-MORF-PRED [42,43], general MORFPRED [44],

MFSPSSMPRED [45] and ANCHOR [46]. Figure 3C

shows that Jaburetox contains several potential disor-

der-based binding sites, such as a-MoRFs, general

MoRFs, sites identified by MFSPSSMPRED and ANCHOR-

indicated binding sites (AiBSs), which completely or

partially overlap with each other. A larger agreement

is observed among the various tools in the case of a

potential binding site located in the N-terminal region

(residues 1–21) compared to that found in the central

portion (residues 43–55) or in the C-terminal region

(residues 72–81). This is probably due to the fact that

the potential binding site at the N terminus has a

stronger a-helical signal, which is recognized by the

computational tools used in this study.

The presence of these potential disorder-based bind-

ing sites is an indication that one of the functions of

the disordered Jaburetox might be related to providing

an interaction platform with various binding partners.

Notably, earlier studies revealed that the majority of

the biological activity of this protein resides preva-

A

B

C

Fig. 3. Evaluation disorder propensity of Jaburetox. (A)

Compositional analysis of Jaburetox in comparison with the

composition of typical ordered proteins. The compositional profile

of typical IDPs from the DisProt database is shown for comparison

(black bars). Positive bars correspond to residues found more

abundantly in Jaburetox than in ordered proteins, whereas negative

bars show residues in which Jaburetox is depleted. (B) Charge–

hydropathy plot for Jaburetox; data for ordered and disordered

proteins are shown as blue squares and red circles, respectively,

whereas the position of Jaburetox is shown as a green diamond.

The black line represents a boundary separating compact and

extended proteins. (C) Evaluating the per-residue intrinsic disorder

propensity of Jaburetox using four members of the PONDR family:

PONDR VL-XT (blue line), PONDR VSL2 (green line), PONDR VL3

(dark yellow line), PONDR-FIT (red line); sections with scores

higher than 0.5 correspond to disordered regions. Light pink

shadow around the PONDR-FIT line corresponds to standard errors

of disorder prediction by PONDR-FIT. Location of potential binding

sites predicted by MFSPSSMPRED, ANCHOR, general MORFPRED and a-

MORF-PRED are shown as bold dark pink, dark green, dark blue and

pink bars respectively.
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lently in the N-terminal portion of Jaburetox [23], as

opposed to the b-hairpin presumably located within

the C-terminal portion [17,19,22]. In order to derive

experimental structural information for Jaburetox,

NMR spectroscopy was applied.

Assignment of the NMR spectra of Jaburetox

Figure 4 shows the 1H-15N heteronuclear single quan-

tum coherence (HSQC) spectrum of Jaburetox. The

spectrum is characterized by low signal dispersion in

the proton dimension, indicative of a disordered state

of the protein. Heteronuclear 2D and 3D triple reso-

nance NMR spectra of Jaburetox were recorded and

analyzed, and the assignment of the chemical shifts of

backbone 1H, 15N and 13C nuclei was obtained using

the scalar connectivities derived by a computer-assisted

resonance assignment software (CARA) [47], following a

standard sequential assignment procedure. The identifi-

cation of backbone 1HN and 15N amide peaks was

obtained for 84 of the expected 86 residues of the pro-

tein, corresponding to 97.7% (not counting P3, P38,

P41, P47 and P57, in addition to M1, usually featuring

an –NH3
+ group and not readily observable because

of exchange with solvent, and G2, which is placed

between the two unassigned residues M1 and P3). Res-

idues E14, D61 and D77 were tentatively assigned

based on their chemical shifts. The only unassigned

residues were E49 and K62. Nearly complete assign-

ments were achieved for the other backbone nuclei

(100% for 13Ca, 100% for 13Cb and 85.2% for 13CO)

while side chain assignments are complete to 80.2%

considering only aliphatic 1H and 13C nuclei. The reso-

nance assignments were deposited in the BioMagRes-

Bank (http://www.bmrb.wisc.edu) under accession

number 19830.

Secondary structure propensity of Jaburetox

from NMR chemical shifts

Disordered proteins tend to feature only few long-

range tertiary contacts, and therefore local structural

constraints on the backbone are important in order to

describe the ensemble of possible conformers of the

protein. In this perspective, the structural information

encoded in the chemical shifts of backbone nuclei has

emerged as a key indicator of IDP ensemble properties

[48]. Therefore, the experimental chemical shifts of

backbone Ca, Cb and Ha nuclei of Jaburetox were

used to predict the residue-specific secondary structure

propensity (SSP) for this polypeptide in solution using

the program SSP [49]. A positive SSP score indicates a

propensity for a-structure, while a negative score indi-

cates a propensity for b-structure or extended loops.

Residues in fully formed a-helices and b-strands are

given scores of +1 and �1, respectively. Figure 5A

Fig. 4. In vitro NMR spectrum of

Jaburetox. 800 MHz 1H-15N HSQC

spectrum of Jaburetox in 90% H2O, 10%

D2O, pH 6.5, T = 298 K. Assigned cross-

peaks are labeled with one-letter amino

acid type and sequence number.

Tentatively assigned residues, as well as

the initial histidine of the His tag, are

indicated by red labels.
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shows that Jaburetox is largely disordered, featuring

only a small helical propensity, with slightly smaller

SSP values in the N-terminal (larger predicted disor-

der) compared to the C-terminal portion (smaller pre-

dicted disorder). The average SSP score is 0.23 � 0.08.

Some correlation is observed between the SSP score

based on chemical shifts and the score calculated using

PONDR (Fig. 3). An analogous approach carried out

using TALOS+ [50] did not yield any secondary structure

with acceptable level of confidence, consistent with the

picture obtained using SSP, suggesting a very small pro-

pensity to assume any organized secondary structure.

The results of the SSP analysis were used as input to

calculate a structural ensemble representing Jaburetox

in solution using FLEXIBLE-MECCANO [51]. This

approach entails the use of amino acid specific statisti-

cal coil sampling to describe the unfolded state of the

protein on the basis of the primary sequence; we fur-

ther implemented the residue-by-residue conforma-

tional propensities, calculated by SSP as described

above, into the calculation. The large range of gyra-

tion radii calculated using FLEXIBLE-MECCANO (Fig. 5B)

suggests a largely diversified ensemble of conformers.

The resulting average value of Rg (2.7 � 0.7 nm),

together with the hydrodynamic (Stokes, RS) radius of

2.7 � 0.1 nm determined experimentally using QELS

(Fig. 1E), provides support for the nature of Jaburetox

as an intrinsically disordered polypeptide that retains

considerable residual structure in solution: indeed the

Rg/RS ratio is predicted to be ~ 0.775, ~ 0.9 or ~ 1.5

for proteins in a globular, pre-molten globular or fully

unfolded state [52,53]. The probability of each residue

existing in a-helix, b-sheet, polyproline II or random

coil conformations was also calculated using FLEXIBLE-

MECCANO (Fig. 5C), further supporting the preponder-

ant presence of helices along the sequence, with

slightly larger probability for helical propensity in the

N-terminal portion of the polypeptide compared to the

C-terminal region. Clustering analysis of the 10 000

structures of Jaburetox explicitly calculated using FLEX-

IBLE-MECCANO was performed using the g_cluster mod-

ule of GROMACS 4.6 [54–57] and the GROMOS algorithm

[58]. A 1.5 nm cutoff for the rmsd was used to include

structures in the same cluster. A total of 71 clusters

were identified, with the first five clusters accounting

for 64% of the overall conformational ensemble.

Figure 5D shows the superimposition of the representa-

tive structures of these five clusters selected by g_clus-

ter. These show the consistent presence of an a-helix at

the N terminus, of ~ 40 residues, followed by a coiled

region of ~ 20 residues and by another ~ 40-residue

long a-helix in the C-terminal region, observed in two

A B

C D

Fig. 5. Secondary structure of Jaburetox.

(A) SSP scores calculated using Ca and Cb

chemical shifts for Jaburetox. Residues in

fully formed a-helices and b-strands are

expected to give scores of +1 and �1,

respectively. (B) Radius of gyration

distribution profile calculated for 10 000

conformers of Jaburetox using FLEXIBLE-

MECCANO. (C) Population probability of

secondary structure (cyan, b-sheet; yellow,

polyproline II; red, a-helix; blue, random

coil) calculated for 10 000 conformers of

Jaburetox using FLEXIBLE-MECCANO. (D)

Representative conformers of the

structural clusters that are most populated

by Jaburetox according to the FLEXIBLE-

MECCANO/SSP analysis. Ribbons are colored

from deep blue in the proximity of the N

terminus to red at the C terminus. The

structures are superimposed on residues

1–36 for clarity.
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of the five most populated clusters covering ~ 42% of

the overall ensemble. A parallel analysis performed

with FLEXIBLE-MECCANO without the use of SSP scores

yielded a structural ensemble characterized by the

absence of conserved extended secondary structure ele-

ments. The consistency of the calculated structural

ensemble, obtained using FLEXIBLE-MECCANO and SSP

scores, with experimental data obtained using NMR-

based distance constraints was tested by determining

the structure of Jaburetox in solution.

Solution structure of Jaburetox by NMR

The 3D structure elucidation of folded proteins in

solution relies on the availability of long-range dis-

tance information obtained from the nuclear Overha-

user enhancement (NOE). Regions of the protein

distant in the primary sequence but close in space in

the folded structure give rise to NOEs that are utilized

to determine the global fold. As expected, in the case

of Jaburetox, no long-range interactions indicative of

the presence of stable tertiary structure were observed.

However, a few medium-range NOE constraints indic-

ative of helical or turn-like structures were observed,

corresponding to the regions V4–E20, R48–G56 and

I63–I74. The solution structure of Jaburetox was cal-

culated using CYANA based on geometrical constraints

derived from these NOEs and dihedral angle con-

straints obtained from TALOS+ (Table 1). In total, 844

NOE-based upper distance limits and 12 φ and w
torsion angles were used to derive the Jaburetox struc-

ture. The geometrical constraints and coordinate files

of the Jaburetox structural ensemble were deposited in

the Protein Data Bank under the accession code

2MM8. The NMR-derived solution structural ensem-

ble of Jaburetox, featuring large values of rmsd, con-

firms its disordered fold, as predicted by earlier [23]

and the present bioinformatics studies (Fig. 3). How-

ever, some elements of secondary structure are found

in three different parts of this protein consistently for

all structure conformers of the selected ensemble

(Fig. 6, Table 1): a small a-helical motif at the N ter-

minus (A12–V16), and two turn-like structures located

in the middle of the protein (R48–G56) and at its C

terminus (I63–E74). These regions with transient sec-

ondary structure coincide with the potential disorder-

based binding sites identified by the bioinformatics

analysis described above (Fig. 3C). The presence of

these regions with more structured fold is consistent

with the presence of a peak in the thermal shift assays

that implies an unfolding process, highlighting the

power of this methodology to predict the folding state

of proteins. Figure 6 illustrates the Jaburetox struc-

tural ensemble with the lowest target function superim-

posed using the three different fragments with residual

secondary structure. To allow a more detailed investi-

gation of the structural organization of these regions,

the structure of each fragment was calculated sepa-

rately from the rest of the protein and further refined

following the same protocols as for the full protein

(Fig. 7, Table 1). Although bioinformatics analysis

predicted a slightly longer N-terminal a-helix com-

posed of 13 amino acids (V4–E20), in fact only five of

them (A12–V16) were experimentally confirmed to be

involved in the a-helix formation as indicated by the

presence of the characteristic NOE distance con-

straints. The rest of the residues in this region

(V4–A11) exhibited some a-helical propensity which,

together with the backbone relaxation data, may sug-

gest that the formation of a more extended a-helix in

principle could take place in slightly different sample

conditions.

Overall, the NMR-based structural ensemble of Ja-

buretox shows some features that are similar to the

ensemble determined by FLEXIBLE-MECCANO using only

sequence and secondary chemical shift information:

the helical fragment found by NMR close to the N

terminus is composed within the much longer helix

predicted to exist using the FLEXIBLE-MECCANO/SSP

approach but shows a reduced extension; concomi-

tantly, the helical region suggested to appear in the

C-terminal portion of Jaburetox is in fact absent in

the structural family determined by distance and dihe-

dral constraints by NMR, and only two short

sequences with some consistent prevalence of a turn

motif are found in the NMR structure. Overall, these

observations can be interpreted as indicating an over-

estimation of the helical propensity in Jaburetox as

derived from the combination of intrinsic sequence

properties and chemical shift index. We speculate,

however, that helical regions could indeed be formed

under solution conditions so far unattained.

In order to explore the protein folding under more

physiological conditions, the disordered nature of

Jaburetox was investigated by in-cell NMR spectros-

copy, a technique that allows the acquisition of struc-

tural data on biomolecules in the cytoplasm [59–62].
1H-15N HSQC spectra were recorded on E. coli cells

overexpressing Jaburetox upon induction with IPTG

and growth in 15N-labeled media. A typical spectrum,

shown in Fig. 8, demonstrates that, although some

modifications of the backbone are evident by chemical

shift perturbations compared to the spectrum in solu-

tion (possibly derived from differences in the physical

parameters of the milieu), Jaburetox disorder is pre-

served within the cell, and it is not an in vitro artifact
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caused by the purification process. Similarly, in-cell

NMR experiments have been used to demonstrate that

disorder is maintained in the case of a-synuclein over-

expressed in E. coli cells [63] or for the tau-protein

microinjected into Xenopus oocytes [64].

NMR studies of Jaburetox dynamics

The results of the computational and structural analy-

ses of chemical shifts described above prompted us to

investigate more directly the protein dynamics of Jabu-

retox using 15N relaxation measurements. NMR relax-

ation parameters provide valuable insights into the

internal molecular motions of unfolded or partially

folded proteins. The 15N relaxation rates R1 and R2

and the 1H-15N NOE values of all assigned backbone

amide groups of Jaburetox were determined and are

shown in Fig. 9A,B,C, respectively. The presence of

local internal motions in the picosecond–nanosecond
time scales contribute to the R1, R2 and NOE values,

while conformational exchange processes occurring on

the microsecond–millisecond time scale additionally

contribute to increase the R2 rates [65]. Therefore, the

analysis of these parameters can provide information

Table 1. Structural statistics and geometrical constraints derived from NMR for Jaburetox.

Restraints used in structure calculation

NOE constraints for the full protein 844

NOE constraints for the V4–E20 fragment 190

NOE constraints for the R48–G56 fragment 63

NOE constraints for the I63–I74 fragment 168

Torsion angle constraints for the full protein 12

Structure statistics

CYANA target function value for the full protein (�A2) 281.52 � 0.73

CYANA target function value for the V4–E20 fragment 44.7 � 0.09

CYANA target function value for the R48–G56 fragment 11.8 � 0.05

CYANA target function value for the I63–I74 fragment 65.8 � 0.04

Mean global backbone rmsd for the full protein (�A) 9.36 � 2.45

Mean global backbone rmsd for the V4–E20 fragment (�A) 0.31 � 0.18

Mean global backbone rmsd for the R48–G56 fragment (�A) 1.07 � 0.86

Mean global backbone rmsd for the I63–I74 fragment (�A) 0.70 � 0.41

Mean global heavy atom rmsd for the full protein (�A) 10.43 � 2.55

Mean global heavy atom rmsd for the V4–E20 fragment (�A) 1.11 � 0.25

Mean global heavy atom rmsd for the R48–G56 fragment (�A) 2.41 � 1.16

Mean global heavy atom rmsd for the I63–I74 fragment (�A) 1.35 � 0.58

Amber energies (kcal�mol�1)

Amber energy for the full-length protein �1.98E+05

Amber energy for the V4–E20 fragment �2.91E+04

Amber energy for the R48–G56 fragment �2.37E+05

Amber energy for the I63–I74 fragment �2.14E+04

PROCHECK NMR Ramachandran statistics

Residues in favorable regions for the full-length protein (%) 32.9

Residues in favorable regions for the V4–E20 fragment (%) 22.9

Residues in favorable regions for the R48–G56 fragment (%) 66.7

Residues in favorable regions for the I63–E74 fragment (%) 12.5

Residues in allowed regions for the full-length protein (%) 55.3

Residues in allowed regions for the V4–E20 fragment (%) 43.6

Residues in allowed regions for the R48–G56 fragment (%) 16.7

Residues in allowed regions for the I63–E74 fragment (%) 31.2

Residues in generously allowed regions for the full-length protein (%) 9.4

Residues in generously allowed regions for the V4–E20 fragment (%) 19.3

Residues in generously allowed regions for the R48–G56 fragment (%) 0

Residues in generously allowed regions for the I63–E74 fragment (%) 42.5

Residues in disallowed regions for the full-length protein (%) 2.4

Residues in disallowed regions for the V4–E20 fragment (%) 14.3

Residues in disallowed regions for the R48–G56 fragment (%) 16.7

Residues in disallowed regions for the I63–E74 fragment (%) 13.8
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on local backbone mobility of Jaburetox at different

time scales. NOEs in particular are more sensitive to

fast internal dynamics than R1 and R2 [66].

A qualitative analysis of the relaxation data for

Jaburetox indicates that small NOE values are generally

observed, indicative of a protein characterized by fast

motion and high flexibility throughout the protein

chain, consistently with the disordered nature of the

protein revealed by the small chemical shift range of

amide protons. The C-terminal region features larger

NOE values compared to the N terminus, indicative of

a relatively reduced mobility, in agreement with what

is suggested by disorder predictions (see Fig. 3B). This

difference somehow parallels the distinct biological

activity of the two portions of Jaburetox, with the N

terminus being involved in the toxicity of the protein

against insects while the C terminus is not or less

active [23]. Small or negative NOE values are found in

the initial portion of the N terminus (4–10) and in the

30–40 region, indicating larger mobility in the nanosec-

ond–picosecond time range. In the C-terminal region,

several residues exhibit large values of R2, which can

be due either to a more structured conformation or to

exchange processes occurring in the millisecond–micro-

second time scale, or to both effects simultaneously.

A preliminary estimate of the rotational correlation

time sm = 4.13 � 0.50 ns was obtained according to

sm = (1/2xN)(6R2/R1 � 7)1/2 [67] using 14 experimental

R1 and R2 relaxation rates selected by excluding resi-

dues characterized by significant internal mobility as

shown by their small R2 (R2 < ( �R2 � r) and ( �R2 –
R2)/R2 > ( �R1 – R1)/R1) and small NOE (NOE < 0.35).

This value of sm was used to obtain a more accurate

value by fitting the same 14 R2/R1 ratios to the general

equation that correlates this ratio with the spectral

densities assuming isotropic tumbling [66], an

approach that yielded sm = 4.17 � 0.50 ns. This value

corresponds to a molecular mass of 7.0 � 1.0 kDa

estimated using the empirical relationship sm (ns)

~ 0.6 kDa determined for folded proteins [68]. This

value supports the presence of the Jaburetox monomer

in solution under the experimental conditions used, in

agreement with the light scattering data reported

above. The value estimated by NMR is slightly lower

than expected, a difference possibly due to the large

mobility of the protein that somehow simulates a

smaller molecular mass.

Relaxation data were analyzed using the reduced

spectral density mapping approach [69–72]. This repre-
sents a more suitable method than the model-free

approach [73–76] because it does not make assump-

tions about the nature of the correlation function that

describes the overall rotational diffusion, nor about

the value of 15N chemical shift anisotropy. In addition,

it does not require knowledge of the protein structure,

making it a more reliable approach in the case of

IDPs. The spectral density function J(x) describes the

relative populations of HN bond vector fluctuations at

different frequencies, namely at the frequency corre-

sponding to the overall protein tumbling, as well as at

xN and 0.87xH. J(0) is influenced by low-frequency

motions (nanoseconds) along with some fluctuations

occurring on the millisecond to microsecond time scale

arising from chemical exchange, J(0.87xH) is influ-

A

B

C

Fig. 6. Structure of Jaburetox by NMR. Ribbon scheme of the

solution structure of Jaburetox calculated using CYANA, represented

by the ensemble of five conformers with the lowest target

function superimposed using three different and self-consistent

protein fragments: (A) V4–E20, yellow; (B) R48–G56, green; (C)

I63–I74, red. Figure made using CHIMERA [103].
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enced by high-frequency motions (picoseconds) and

J(xN) is the most sensitive to motions in the intermedi-

ate time scale. The results of this analysis are shown in

Fig. 9D,E,F. Smaller than average values of J(0) are

observed in the N-terminal region of Jaburetox com-

pared to the C-terminal region, indicating faster

motions. J(xN) is particularly small at the beginning

of the protein sequence, highlighting even faster

dynamics. In the C-terminal region, a few residues dis-

play much higher values of J(0), suggesting a contribu-

tion from conformational exchange phenomena.

Consistently, J(0.87xH) decreases progressively from

the N to the C terminus, paralleling a decrease of

internal mobility. The possibility exists that exchange

with the solvent, in addition to conformational pro-

cesses, could influence the accurate determination of

the relaxation times. Therefore, this treatment only

provides a qualitative picture of the protein dynamics

of Jaburetox and a comparative view of mobility along

the protein sequence.

Discussion

The determination of the solution structure of plant

proteins and peptides with insecticidal and/or antifun-

gal activities is poorly explored in the literature. Some

examples of antifungal polypeptides studied by NMR

are Psd1, a 46-residue recombinant defensin from

Pisum sativum [77,78], Rs-AFP1, a 51-residue defensin

isolated from seeds of Raphanus sativus L. [79],

Ib-AMP1, a 20-residue peptide derived from seeds of

Impatiens balsamina [80], and EAFP2, a 41-residue

polypeptide from Eucommia ulmoides [81]. Other

plant-derived insecticides structurally characterized by

A

B

C

Fig. 7. Structure of Jaburetox ordered

portions by NMR. Superimposition of the

10 conformers with the lowest target

function represented as sticks (left panel)

and ribbon (right panel) for the Jaburetox

fragments V4–E20 (A), R48–G56 (B), I63–

I74 (C). Figure made using CHIMERA [103].
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NMR are Vigna radiata VrD1, a plant defensin [82],

Kalata B2, a cyclic peptide extracted from Oldenlan-

dia affinis [83], PA1b, a 37-residue cysteine-rich plant

defense peptide isolated from P. sativum, and NaD1, a

47-residue polypeptide isolated from flowers of Nicoti-

ana alata [84]. In all these cases, a stable secondary

and tertiary structure was determined.

In this work, we determined the solution properties

of Jaburetox, characterizing this polypeptide as an

IDP. We further used solution NMR spectroscopy, a

powerful tool for studying IDPs [85–88], to establish

the properties of the structural ensemble of Jaburetox

conformations.

Considering the membrane-disturbing properties of

Jaburetox [19,23,24], we would expect that the poly-

peptide would change its conformation to a folded

state when in contact with membranes. The full assign-

ment of Jaburetox reported here will allow us to per-

form NMR studies of this toxic polypeptide in contact

with lipid micelles mimicking insect and fungus mem-

branes [78], determining changes in its conformation

properties based on modifications of the 1H-15N

HSQC spectrum. Many IDPs are known to bind effi-

ciently to artificial and natural membranes and this

interaction is accompanied by a dramatic increase in

their a-helical content [89]. It may be also that these

conformational changes will not happen, since there

are some IDPs that do not require protein folding to

be active. Indeed, function can arise from any of these

conformations and transitions between them [33,90].

With the currently established NMR assignment of

Jaburetox, the study of its interaction with different

targets is now possible, aiming to find a receptor to

Jaburetox in insects and fungi.

Current efforts in our laboratories are aimed at fur-

ther exploring the folding state of Jaburetox in E. coli

cells, as well as in vitro in the presence of different

crowding agents, membranes and non-interacting pro-

teins, in order to understand whether some part of the

protein undergoes significant conformational change in

the cellular environment. In addition, we are setting

up a method to determine the protein structure in cells

of transgenic soybean plants that express the peptide

using NMR spectroscopy.

The structural characterization of Jaburetox as an

IDP is an important step towards understanding its

toxic properties. Besides the structural peculiarities, the

use of NMR, a powerful tool, could help us go further

to unravel the pathways involved in the toxicity of Ja-

buretox, paving the way to exploring the potential

applications for this naturally occurring polypeptide.

Materials and methods

Jaburetox production and purification

E. coli BL21(DE3) (Novagen, Madison, WI, USA) cells

were transformed by heat shock with the construct

pET23a-Jaburetox that expressed a protein containing a

six-histidine tag at the C terminus [20]. Jaburetox analyzed

Fig. 8. In-cell NMR spectrum of

Jaburetox. 950 MHz 1H-15N HSQC

spectrum of Jaburetox-expressing E. coli

cells induced with IPTG (shown in red)

overlapped with the spectrum of isolated

Jaburetox in solution (in blue). The

experimental conditions are described in

the text.
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in this study is the polypeptide corresponding to the resi-

dues 169–260 of the urease JBURE-II from C. ensiformis

(UniProt ID Q8H6V8) containing the additional N-termi-

nal methionine residue and the E195D substitution. Jabure-

tox expression was optimized in 25 mL cultures grown for

16 h, testing different values of temperature (16, 19, 26, 33

and 37 °C) and IPTG concentration (0.1, 0.23, 0.55, 0.87

and 1.0 mM) using a methodology that involved a total of

12 experiments to map a calculated response surface [91].

In all cases, the cells obtained after centrifugation (4500 g)

were incubated for 30 min at room temperature in 300 lL
of 50 mM Tris/HCl buffer at pH 7.8, containing 60 lg of

lysozyme, 6 lg of DNase and 0.3 mM MgCl2. The resulting

suspension of cell lysate and membranes was centrifuged to

remove cell debris, and the supernatant was added to

50 lL of a slurry of Ni2+-loaded Sepharose FF (GE

Healthcare) resin. The yield of soluble Jaburetox produced

under the different growth conditions was then quantified

by evaluating the amount of protein bound to the resin

using SDS/PAGE in 12% polyacrylamide gels and the soft-

ware IMAGEJ 1.47 (National Institutes of Health, Bethesda,

USA). The regression and graphical analysis of the data

were performed using the STATISTICA 6.0 software (Statsoft,

USA). After the best conditions for protein expression were

selected, a recombinant cell pre-inoculum of 50 mL was

cultured overnight, at 37 °C and 150 r.p.m., in 20 mL LB

broth, supplemented with 1% glucose and 50 lg�mL�1 of

carbenicillin. Subsequently, cells were inoculated in 1 L of

LB broth containing 50 lg�mL�1 of carbenicillin and

grown at 37 °C, 150 r.p.m., until D600 was 0.6–0.7. Cells

were collected by centrifuging the culture at 4500 g for

30 min, and then the cells were resuspended in 250 mL of

an M9 salt solution (6 g�L�1 Na2HPO4, 3 g�L�1 KH2PO4,

0.5 g�L�1 NaCl, 0.246 g�L�1 MgSO4) and centrifuged

again. The cell pellet was finally resuspended in 250 mL of

M9 medium supplemented with 1.25 g�L�1 of (NH4)2SO4

and 4 g�L�1 of glucose. Protein expression was induced

after 1 h by addition of IPTG to a final concentration of

0.87 mM in the presence of 50 lg�mL�1 carbenicillin [25].

Cells expressing the protein were cultured for an additional

16 h at 20 °C. For isotope-labeled samples used in NMR

experiments, 99% 13C-labeled glucose and 98% 15N-labeled

ammonium sulfate (Sigma Aldrich) were used.

Cells were harvested by centrifugation at 11 300 g for

10 min at 4 °C and resuspended in 30 mL of buffer A

(50 mM Tris/HCl buffer, pH 7.5, 500 mM NaCl) containing

5 mM imidazole and 200 lg�mL�1 lysozyme. The cell sus-

pension was incubated at room temperature for 20 min,

and then DNase I (20 lg�mL�1) was added followed by an

additional incubation at 37 °C for 20 min. Subsequently,

the cells were passed three times through a French pressure

cell (SLM, Aminco) at 20 000 lb�in�2. The supernatant was

separated by centrifugation at 27 200 g for 40 min at 4 °C
and loaded onto a Ni2 + -loaded 5 mL His-Trap HP col-

umn (GE Healthcare), previously equilibrated with buffer

A. Unbound proteins were washed from the column using

10 volumes of buffer A at a flow rate of 1 mL�min�1. Elu-

tion of Jaburetox was performed using 100 mL of a gradi-

ent of buffer A containing 5–500 mM imidazole. The

fractions containing Jaburetox were collected, concentrated

and loaded onto a Superdex 75 16/60 column (GE Health-

care) pre-equilibrated with buffer B (50 mM phosphate pH

7.5, 1 mM EDTA and 1 mM TCEP) and eluted at a flow

rate of 1 mL�min�1. Sample purity was assessed by SDS/

PAGE using NuPAGE Novex 12% Bis-Tris gels (Life

Technologies) stained with ProBlue Safe Stain (Giotto Bio-

tech). Fractions containing the protein were pooled and pro-

tein concentration was measured by Bradford assay [92].

Computational analysis of the intrinsic disorder

propensity of Jaburetox

To better understand and visualize the relationships

between sequence peculiarities and propensity for intrinsic

disorder, the amino acid composition of the Jaburetox was

analyzed using a tool developed for visualizing amino acid

composition biases in proteins [39]. To this end, the frac-

tional difference in amino acid compositions between Jabu-

retox and a set of representative ordered proteins with low

mutual sequence identity [93] selected from the PDB [94],

as well as the fractional difference in amino acid composi-

tions between the latter group and a set of typical experi-

mentally validated IDPs from the DisProt database [95],

were calculated for each amino acid residue. The fractional

difference is calculated as (CX � Corder)/Corder values,

where CX is the content of a given residue in a protein/pro-

tein set of interest (Jaburetox or typical disordered pro-

teins) and Corder is the corresponding value for the sample set

of ordered proteins from the PDB [39]. Positive and negative

values indicate residues in a given set that have more and less

order, respectively. Confidence intervals were estimated using

per-protein bootstrapping with 10 000 iterations.

Four different disorder predictors of the PONDR family

evaluated the intrinsic disorder propensity of Jaburetox: (a)

PONDR VL-XT [41], which applies various compositional

probabilities and hydrophobic measures of amino acid as

the input features of artificial neural networks for the pre-

diction; although it is no longer the most accurate predic-

tor, it is very sensitive to the local compositional biases and

is thus capable of identifying potential molecular interac-

tion motifs; (b) PONDR VSL2B [96], which is suitable for

accurate evaluation of short and long disordered regions;

Fig. 9. Dynamics of Jaburetox by NMR. Backbone amide 15N relaxation properties recorded at 298 K and 18.8 T on 15N-labeled Jaburetox.

(A) Longitudinal R1 relaxation rate; (B) transverse R2 relaxation rates; (C) steady-state heteronuclear 1H-15N NOE; values of J(0) (D), J(xN) (E)

and J(0.87xH) (F) resulting from a reduced spectral density analysis of the relaxation data for Jaburetox.

1057FEBS Journal 282 (2015) 1043–1064 ª 2015 FEBS

F. C. Lopes et al. Jaburetox: a disordered natural biocide

 17424658, 2015, 6, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.13201 by C

A
PE

S, W
iley O

nline L
ibrary on [25/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(c) PONDR VL3 [97], which is suitable for finding long

disordered regions; (d) PONDR-FIT [98], a meta-predictor

that combines the six individual PONDR predictors VL-XT,

VSL2, VL3, FoldIndex, IUPred and TopIDP; PONDR-

FIT is moderately more accurate than each of the compo-

nent predictors. Access to these predictors is provided by

the DisProt database (http://www.disprot.org/metapredic-

tor.php).

Molecular recognition features (MoRFs), defined as

short order-prone motifs within a long disordered region

and able to undergo disorder to order transitions during

the binding to a specific partner, usually have much higher

content of aliphatic and aromatic amino acids than disor-

dered regions in general. Due to these peculiarities, MoRF

regions are frequently observed as sharp dips in the corre-

sponding plots representing per-residue distribution of

PONDR VL-XT disorder scores. Hence, based on the

PONDR VL-XT prediction and a number of other attri-

butes (such as helical propensity), the a-MoRF regions in

Jaburetox could be identified [42,43]. Intrinsically disor-

dered regions can fold, upon interaction with specific bind-

ing partners, not only to a-helical but also to b-strand,
irregular or complex structures; therefore another computa-

tional tool, MORFPRED, was used to find all MoRF types in

Jaburetox (a, b, coil and complex) [44]. The MFSPSSMPRED

tool was additionally used, which is a masked, filtered and

smoothed position-specific scoring matrix-based predictor

for finding potential MoRF regions in disordered proteins

based on contextual local evolutionary conservation [45].

Finally, additional potential binding sites in Jaburetox were

identified by the ANCHOR algorithm [46]. This approach

relies on the pairwise energy estimation approach devel-

oped for the general disorder prediction method IUPRED,

being based on the hypothesis that long regions of disorder

contain localized potential binding sites that cannot form

enough favorable intra-chain interactions to fold on their

own, but are likely to gain stabilizing energy by interacting

with a globular protein partner. Here we are using the term

ANCHOR-indicated binding site (AIBS) to identify a region

of a protein suggested by the ANCHOR algorithm to have

significant potential to be a binding site for an appropriate

but typically unidentified partner protein.

Hydrodynamic properties of Jaburetox

The molecular mass and hydrodynamic radius of Jaburetox

in solution were determined using a combination of SEC,

MALS and QELS. Jaburetox (140 lM, 400 lL) in buffer B

was loaded onto a Superdex 75 10/300 GL column (GE

Healthcare), pre-equilibrated with the same buffer, and

eluted at room temperature at a flow rate of 0.6 mL�min�1.

The column was connected downstream to a multi-angle

laser light (690.0 nm) scattering (MALS) DAWN EOS

photometer and to a 90° angle quasi-elastic (dynamic) light

scattering (QELS) device (Wyatt Technology). The concen-

tration of the eluted protein was determined using a refrac-

tive index detector (Optilab DSP, Wyatt). Values of

0.185 mL�g�1 for the refractive index increment (dn/dc)

and of 1.330 for the solvent refractive index were used.

Molecular masses were determined from a Zimm plot, using

the Zimm equation [99] with a fitting degree of 1. Data

were analyzed using the ASTRA 4.90.07 software (Wyatt

Technology), following the manufacturer’s indications.

Circular dichroism spectroscopy

The CD spectra of Jaburetox (24 lM in 50 mM phosphate,

pH 7.5) were measured using a Jasco 810 spectropolarime-

ter flushed with N2 and a cuvette with 0.1 cm path length.

The spectra were registered from 190 to 240 nm with

0.2 nm intervals, at 25 °C and 90 °C. Ten spectra for each

condition were accumulated and averaged to achieve an

appropriate signal-to-noise ratio. The spectrum of the buf-

fer was subtracted. The web server CAPITO (CD Analysis

and Plotting Tool, http://capito.nmr.fli-leibniz.de/

index.php) [32] was used to evaluate the fold state

(unfolded, pre-molten globule, molten globule and globu-

lar) of Jaburetox according to its CD spectrum.

Differential scanning fluorimetry

Differential scanning fluorimetry experiments were per-

formed using the Slice pH (HR2-070) kit from Hampton

Research (USA). The experiments were conducted in an

Mx3000P qPCR system (Agilent). Fluorescent signals were

acquired with excitation and emission wavelengths of 495

and 520 nm, respectively. Temperature scans were per-

formed from 25 °C to 90 °C in 1 °C�min�1 increments. A

solution of 500 9 SYPRO Orange (Life Technologies) in

100% DMSO was prepared from the 5000 9 stock solu-

tion and diluted 100-fold in MilliQ water to prepare the

working solution (59). Experiments were performed in a

96-well plate, each well containing 20 lL of final solution.

The solutions were prepared with 2 lL kit buffer (final

concentration 100 mM), 2 lL Jaburetox (final concentration

6.4 lM) and 4 lL SYPRO Orange 5 9 working solution

[100]. The fluorescence data were acquired and the curves

were analyzed using the ORIGIN PRO8 software (1991–2007
Origin Lab Corporation). The melting temperatures (Tm)

for every condition were calculated from the first derivative

of the melting peak.

NMR spectroscopy data collection and analysis

for backbone assignment

NMR spectra were acquired at 298 K on a Bruker Avance

800 spectrometer, operating at the proton nominal fre-

quency of 800.13 MHz (18.8 T) on NMR samples contain-

ing 1 mM of 15N and 13C uniformly labeled Jaburetox in

50 mM phosphate buffer, pH 6.5, 1 mM EDTA, 1 mM
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TCEP, in 90% H2O/10% D2O. The spectrometer was

equipped with a TXI 5-mm triple resonance cryo-probe

with pulsed field gradients along the z-axis, using the acqui-

sition parameters provided in Table 2. 2D 15N-1H HSQC,

2D 1H-13C HSQC, 3D HNCA, HNcoCA, HNCACB,

HNcoCACB, HNCO, HNcaCO, HCCH-TOCSY and
15N-1H/13C-1H NOESY experiments were used to obtain

the sequential backbone and side chain resonance assign-

ment. In these pulse schemes, water suppression is achieved

using selective pulse and transverse signal cancellation with

pulsed field gradients associated with a flip-back pulse. The

NMR data were processed using TOPSPIN 3.2 (Bruker

BioSpin). Spectral analysis for resonance assignment was

performed using CARA 1.8.4.2 [47].

NMR spectroscopy data collection and analysis

for backbone mobility

The experiments for the determination of 15N longitudinal

(R1 = 1/T1) and transverse (R2 = 1/T2) relaxation rates,

and of the 1H-15N cross-relaxation rate measured via

steady-state heteronuclear 1H-15N NOE, were acquired on

a Bruker Avance 800 spectrometer, operating at the proton

nominal frequency of 800.13 MHz (18.8 T) using NMR

samples containing 1 mM of 15N-labeled Jaburetox in

50 mM phosphate buffer, pH 6.5, 1 mM EDTA, 1 mM

TCEP, in 90% H2O/10% D2O at 298 K, using phase-sensi-

tive gradient-enhanced sequences (Table 2) [66,70]. In these

pulse schemes, water suppression is achieved using selective

pulse and transverse signal cancellation with pulsed field

gradients with a flip-back pulse in order to avoid saturation

of water magnetization that could affect the NOE values of

solvent-exposed backbone amide protons. The NMR exper-

iments used to measure relaxation rates consist of a series

of 1H-15N HSQC experiments in which spectra are acquired

at different time intervals after the radiofrequency pulse. T1

measurements were based on inversion-recovery type exper-

iments recorded using 10 different delays: 10, 150, 300, 450,

600, 750, 900, 1150, 1300 and 1500 ms. T2 measurements

were carried out using Carr–Purcell–Meiboom–Gill

(CPMG) spin-echo pulse sequences recorded with 10 differ-

ent delays prior to the 180° refocusing pulse: 16, 50, 100,

130, 160, 200, 250, 300, 350 and 400 ms. Recycle delays of

4 s were used in both experiments. 1H-15N NOE values

were obtained recording two sets of spectra in the presence

and absence of a 6 s proton saturation period. The two

spectra were recorded in an interleaved manner to ensure

identical conditions in the two experiments. Spectra were

processed using TOPSPIN 3.2 (Bruker BioSpin) and peak

intensities were analyzed using DYNAMICS CENTER 2.1.5

(Bruker BioSpin). The values of R1 and R2 were calculated

by fitting the peak intensities in 1H-15N HSQC spectra

acquired at different relaxation delays to a two-parameter

exponential decay function, using a nonlinear Marquard

algorithm. The errors on the parameters derived from the

fit were estimated from the inverse of the weighted curva-

ture matrix, using a confidence level of 95%. The heteronu-

clear NOE values were estimated as the ratio of the

intensities in the saturated versus non-saturated spectra. In

all cases, the uncertainty on the intensities was derived

from the standard deviation of the noise in each spectrum.

The DYNAMICS CENTER 2.1.5 (Bruker BioSpin) software was

used to carry out the quantitative analysis of the relaxation

data.

Calculation of the structure of Jaburetox using

NMR spectroscopy

NOE cross-peaks were identified, assigned and integrated

in 15N-edited and 13C-edited 3D NOESY-HSQC spectra

Table 2. NMR acquisition parameters of Jaburetox.

Experiment Label Sequence TD SI SW (ppm)

1H-15N HSQC 15N hsqcfpf3gpphwg 1024 9 256 1024 9 1024 11.2 9 40
1H-13C HSQC 13C hsqcctetgpsisp 1536 9 256 1024 9 512 11.2 9 76

HNCA 15N/13C hncagp3d 1024 9 64 9 110 512 9 64 9 128 11.2 9 22 9 44

HNCO 15N/13C hncogp3d 1024 9 32 9 96 1024 9 32 9 128 11.2 9 36 9 9.2

CBCAcoNH 15N/13C cbcaconhgp3d 1024 9 64 9 128 512 9 64 9 128 11.2 9 22 9 62

HNCACB 15N/13C hncacbgp3d 1024 9 64 9 128 512 9 64 9 128 11.2 9 22 9 62

HNcoCA 15N/13C hncocagp3d 1024 9 64 9 110 512 9 64 9 128 11.2 9 22 9 44

HNCACO 15N/13C hncacogp3d 1024 9 32 9 96 512 9 32 9 64 11.2 9 36 9 9.2

HCCH-TOCSY 15N/13C hcchdigp3d2 1536 9 64 9 128 1024 9 64 9 128 11.2 9 76 9 76
13C-NOESY 15N/13C noesyhsqcetgp3d 1536 9 56 9 164 1024 9 64 9 128 11.2 9 76 9 11.2
15N-NOESY 15N/13C noesyhsqcf3gp193d 1536 9 48 9 236 512 9 64 9 256 11.2 9 22 9 11.2
1H-15N HSQC (for R1)

15N hsqct1etf3gpsi 1536 9 256 2048 9 1024 11.2 9 22
1H-15N HSQC (for R2)

15N hsqct2etf3gpsi 1536 9 256 1024 9 1024 11.2 9 22
1H-15N HSQC (for NOEs) 15N hsqcnoef3gpsi 1536 9 512 2048 9 1024 11.2 9 22
1H-15N HSQC (for in-cell NMR) 15N sfhmqcf3gpph 1024 9 128 2048 9 128 16 9 50

TD is the total number of real+imaginary points collected. SI is the total number of real+imaginary points before the Fourier transform. SW

is the spectral width.
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using CARA 1.8.4.2 [47]. The CALIBA subroutine in CYANA 2.1

(www.cyana.org) was used to convert cross-peak intensities

to distance constraints. Dihedral angle constraints were

derived using TALOS+ [50]. The structure was calculated

using the torsion angle dynamics program CYANA 2.1. A

total of 100 random conformers were annealed in 8000

steps using NOE and dihedral angle constraints. Five con-

formers were selected on the basis of their lowest and con-

sistent target function values. Their structures were placed

in truncated octahedral water boxes using a 10-�A thick

buffer zone of solvent around the protein. The Amber

ff99SB force field [101] for the protein and the TIP3P

water model [102] were used. Ions were added to repro-

duce the experimental ion concentration used for NMR

structures. Each system was geometry optimized using

GROMACS 4.6 [54–57]. The quality of the obtained struc-

tures was analyzed using the PROCHECK PDB validation

server (http://deposit.pdb.org/validate/).

NMR spectroscopy data collection in cell

BL21(DE3) E. coli cells expressing Jaburetox were grown

in 70 mL of LB medium containing 100 lg�mL�1 ampicil-

lin, at 28 °C for 16 h. Subsequently, cells were centrifuged

at 2000 g for 15 min at 25 °C, and gently resuspended into

50 mL of M9 medium containing (15NH4)2SO4. After

15 min, protein overexpression was induced with 0.8 mM

IPTG and continued for 4 h. Then, 25 mL of the cellular

culture was centrifuged at 2000 g for 15 min and gently

resuspended with 300 lL of M9 medium containing 10%

v/v D2O. The obtained NMR sample reached a final vol-

ume of 600 lL and contained a 50% v/v cellular suspen-

sion. NMR spectra were acquired at 310 K on a Bruker

Avance 950 spectrometer operating at the proton nominal

frequency of 950.20 MHz (22.3 T). The spectrometer was

equipped with a TCI 5-mm cryo-probe with pulsed field

gradients along the z-axis, using a SOFAST-HMQC pulse

sequence and the acquisition parameters provided in

Table 2.
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