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Plant lectins, especially those purified from species of the Leguminosae family, represent the best-studied group of
carbohydrate-binding proteins. Lectins purified from seeds of the Diocleinae subtribe exhibit a high degree of sequence
identity notwithstanding that they show very distinct biological activities. Two main factors have been related to this
feature: variance in key residues influencing the carbohydrate-binding site geometry and differences in the pH-dependent
oligomeric state profile. In this work, we have isolated a lectin from Canavalia boliviana (Cbol) and solved its x-ray crystal
structure in the unbound form and in complex with the carbohydrates Man(a1-3)Man(a1-O)Me, Man(a.1-4)Man(a1-O)Me
and 5-bromo-4-chloro-3-indolyl-a-D-mannose. We evaluated its oligomerization profile at different pH values using Small
Angle X-ray Scattering and compared it to that of Concanavalin A. Based on predicted pKa-shifts of amino acids in the
subunit interfaces we devised a model for the dimer-tetramer equilibrium phenomena of these proteins. Additionally, we
demonstrated Cbol anti-inflammatory properties and further characterized them using in vivo and in vitro models.
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Introduction

Lectins are carbohydrate binding proteins unrelated to immu-
noglobulins that display no enzymatic activity towards the
recognized sugars [1]. They are responsible for deciphering the
glyco codes [2] playing a central role in various biological events
such as infections and cell communication and growth [3]. The
above cited features elect these proteins as useful tools in
bioscience and biomedicine [4]. Plant lectins are the most well
studied group, although their functional role is not fully
understood yet. The carbohydrate recognition process by a
protein is a complex problem [5] involving various types of forces
and interactions. Legume lectins are widely used as model systems
for studying these interactions because they are relatively easy to
purify and they cover a wide range of carbohydrate specificities
(6].

Lectins purified from seeds of the Diocleinae subtribe exhibit a
high degree of sequence identity notwithstanding that they show
very distinct biological activities [7]; [8]; [9]; [10]; [11]. This
remarkable feature can be explained by several factors. It has been
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reported that the relative position of the carbohydrate-binding site
and pH-dependent dimer-tetramer equilibrium contribute to these
differences [12]; [13]; [14]. The substitution of one amino acid
residue related to the carbohydrate-binding site has been held
responsible for a more open carbohydrate-binding site in the lectin
from Canavalia brasiliensis compared to ConA (Canavalia ensiformis
lectin) resulting in distinct activities [15]; [16]. Minor changes in
the amino acid composition are also responsible for the different
affinities and biological activities of the Canavalia maritima lectin
[17); [18]; [19].

Inflammatory reactions are marked by neutrophil migration
from the blood into affected tissues. This is a complex and multi-
mediated process that results from the release of inflammatory
mediators and involves proteins with lectin domains, the selectins
[20]. These proteins, which are present both in neutrophil and
endothelial cells, interact with their respective carbohydrate
ligands mediating the process called rolling. New anti-inflamma-
tory drugs are targeted to interrupt or inhibit the neutrophil
migration [21]. Since lectins have the property to bind carbohy-
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drates their ability to antagonize, i vivo, neutrophil migration
induced by inflammatory stimuli is well established [22]; [23].

In the present study, we used mass spectrometry to determine
the amino acid sequence of a lectin from Canavalia boliwiana seeds
and solved its crystal structure in complex with Xman and the
dimannosides Man(o1-3)Man(al-O)Me and Man(ol-4)Man(ol-
O)Me. In addition we evaluated its anti-inflammatory properties
using m vivo and n vitro models.

Materials and Methods

Purification, Digestion and Sequencing

The protein was purified according to Moura et al., 2009, [24].
Purified Cbol was submitted to an SDS-PAGE and mass
spectrometry analysis. The average molecular mass of Cbol was
determined by electrospray ionization using a hybrid quadrupole/
ion mobility separator/orthogonal acceleration-time of flight mass
spectrometer (Synapt HDMS system-Waters Corp., Milford,
USA). The protein suspension (10 pmol/ul) was infused into
the system at a flow rate of 1 uL./min. The capillary voltage and
the cone voltage were set at 3 kV and 40 V, respectively. The
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source temperature was maintained at 100°C and nitrogen was
used as a drying gas (flow rate of 150 L/h). The acquisition of data
was performed by Mass Lynx 4.0 software and the multiply charge
spectra were deconvoluted using maximum entropy techniques
[25]. Protein digestion was carried out as previously described by
Shevchenko and co-workers (2006) [26]. For this, the protein was
submitted to SDS-PAGE and the Coomasie stained bands were
excised and then bleached in a solution of 50 mM ammonium
bicarbonate in 50% acetonitrile. The bands were then dehydrated
in 100% acetonitrile and dried in a speedvac (LabConco). The gels
were rehydrated with the following enzyme solutions: 50 mM
ammonium bicarbonate containing trypsin (Promega, Madison,
WI, USA), chymotrypsin (Sigma-Aldrich) and 10 mM HCI
containing pepsin (Sigma-Aldrich) (1:50 w/w; enzyme:substrate
ratio) at 37°C overnight. The peptides were then extracted in a
solution of 50% acetonitrile with 5% formic acid and then
concentrated in speedvac. The peptides were separated on a C18
chromatography column (75 pm x 100 mm) using a nanoAcquity
system and eluted with an acetonitrile gradient (10%-85%),
containing 0.1% formic acid. The liquid chromatography was
connected to a nanoeclectrospray mass spectrometer source
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Table 1. Data collection and refinement statistics.
Cbol Cbol:Xman Cbol:M13M Cbol:M14M
Data collection
Beamline BM14 ESRF LNLS MX2 SLS PX3 SLS PX3
Wavelength (A) 0.9790 1.4558 0.9999 0.9999
a=71.63 A a=64.97 A a=139.88 A a=107.81 A
Unit cell b=71.63 A b=66.59 A b=95.66 A b=107.81 A
c=167.79 A c=108.77 A c=9461 A c=1579 A
B=132.29°
Space group P32 1222 Q P4,2,2,
Resolution range (A)* 62-3.4 (3.58-3.4) 28-1.6 (1.69-1.60) 41-2.5 (2.64-2.50) 41-2.3 (2.42-2.30)
Completeness (%) 100.0 (100.0) 95.1 (73) 99.9 (100.0) 100.0 (100.0)
Redundancy 10.2 (10.3) 6.4 (3.2) 5.6 (5.6) 29.2 (29.7)
Reym 0.130 (0.497) 0.068 (0.207) 0.139 (0.678) 0.107 (0.259)
<l/o(l)> 13.2 (4.7) 17.4 (4.2) 9.5 (2.5) 26.4 (13.3)
Unique reflections 7344 29896 31961 42106
Refinement
R/Rfree 0.193/0.263 0.146/0.192 0.204/0.228 0.161/0.222
r.m.s.-deviations
bond length (;\) 0.009 0.010 0.009 0.004
bond angle (°) 1.147 1314 1.032 0.882
Number of atoms
protein 3628 1873 7228 7225
metal ions 4 2 17 19
carbohydrate - 23 96 96
water 27 187 188 539
B-factors (A2)
protein 83.79 219 32.07 25.63
metal ions 75.04 18.5 46.52 30.0
carbohydrate - 18.8 36.38 43.0
water 41.66 36.2 29.8 303
*Values for the highest resolution shell are given in parentheses.
doi:10.1371/journal.pone.0097015.t001
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(SYNAPT HDMS system-Waters Corp., Milford, USA). The mass
spectrometer was operated in positive mode, using a source
temperature of 80°C and capillary voltage at 3.5 kV. The
instrument was calibrated with the doubly protonated ion of
glucofibrinopeptide B m/z 785.84. The LC-MS/MS experiment
was used according to DDA (Data Dependent Acquisition)
function selecting for the experiments of MS/MS double or triple
charged precursor ions, which were fragmented by collision
induced dissociation (CID) using a ramp collision energy which
varied according to the charge state of precursor ion. The data
were processed and analyzed using the ProteinLynx Global Server
(Waters), using ‘peptide fragmentation pattern’ as the search
parameter. Some peptide sequences were obtained by de novo
manual sequencing followed by manual interpretation of CID
spectra. The sequence obtained was then analyzed by local and
multiple alignments performed with the aid of BLAST [27] and
CLUSTALW [28], respectively.

Crystallization, Structure Determination and Refinement
of the Unbound Cbol

An Oryx8 Protein Crystallization Robot from Douglas Instru-
ments was used for setting up the initial crystallization trials by the
sitting-drop vapour diffusion method. The drops had a total
volume of 1.4 uL consisting of 0.7 uL. Chol at 5 mg/mL + 0.7 uL.
of reservoir solution. The system was then equilibrated against
100 puLL of reservoir solution, at 20°C. Cbol crystals grew in
condition 22 of the Morpheus screen (Molecular Dimensions):
0.09 M halogens (NaF, NaBr, Nal), 0.1 M trizma and bicine at a
pH 8.5, 30% ethylene glycol and polyethylene glycol 8000. A
2.9 A data set was collected at beamline BM14 at the European
Synchrotron Radiation Facility (ESRF), in Grenoble, France. The
data were processed using Mosflm [29] and Scala to 3.4 A [30].
The structure was solved by molecular replacement using the
software PHASER [31] with the structure of Cbol in complex with
Xman (see below) as search template. The model was refined with
PHENIX [32] and COOT [33] to an Ry, and Ry 0of 0.193 and
0.263, respectively, at 3.4 A. The model was validated using
MOLPROBITY [34] and deposited to the Protein Data Bank
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(PDB code: 4K20). Details of the data collection, processing and
structure refinement are summarized in Table 1.

Crystallization, Structure Determination and Refinement
of Cbol in Complex with Xman

The crystallization procedure, data collection and processing of
Cbol in complex with Xman were previously described in detail
[24]. The diffraction data set was indexed and integrated using
MOSFLM [29] and the intensities reduced using SCALA [30].
The phase problem was solved by molecular replacement method
using the program BALBES [35]. The structure of ConA (PDB
code: INLS, [36]) was used as search template. The model was
refined with PHENIX [32] and COOT [33] to an Reryse and Reee
of 0.146 and 0.192, respectively, at 1.6 A. The model was
validated using MOLPROBITY [34] and deposited to the Protein
Data Bank (PDB code: 4K21). Details of the data collection,
processing and structure refinement are summarized in Table 1.

Crystallization, Structure Determination and Refinement
of Cbol in Complex with Man(x1-3)Man(a.1-O)Me and
Man(a1-4)Man(o.1-O)Me

An Oryx8 Protein Crystallization Robot from Douglas Instru-
ments was used for setting up the initial crystallization trials by the
sitting-drop vapour diffusion method. 4 mM of the dimannosides
Man(a1-3)Man(al-O)Me (Calbiochem) and Man(ol-4)Man(a1-
O)Me (Sigma-Aldrich) were added to Cbol sample at 5 mg/mL
(0.2 mM), corresponding to a 20 fold excess. The drops had a total
volume of 1.4 uL consisting of 0.7 uL. Chol at 5 mg/mL + 0.7 uL.
of reservoir solution. The system was then equilibrated against
100 pL of reservoir solution, at 20°C. Crystals of Cbol + M13M
and Cbol + M14M were grown in condition 12 of Crystal Screen
II (Hampton Research): 0.1 M cadmium chloride hydrate, 0.1 M
sodium acetate trihydrate pH 4.6 and 30% (v/v) polyethylene
glycol 400. Optimization trials were unsuccessful and the best
diffracting crystals grew in the original condition.

Data set were collected at the beamline PX3 at the Swiss Light
Source (SLS), in Villigen, Switzerland. The data were processed
using Mosflm [29] and Scala [30]. The structures were solved by
molecular replacement using the software PHASER [31] and Cbol

1 ADTXVAVEXD TYPNTDXGDP SYPHXGXDXK SVRSKKTAKW NMONGKVGTA HXXYNSVGKR

|===Q1——| | ——=——===——— Q2MS —————— - ——
929.51Da

1618.86Da

1555.84Da

61 XSAVVSYPNG DSATVSYDVD XDNVXPEWVR VGXSATTGXY KETNTXXSWS FTSKXKSNST

1837.88Da

2?04.30D

2=2Gb—-|

1090.57Da

121 HETNAXHFMF NQFSKDQKDX XXQGDATTGR DGNXEXTRVS SNGSPQGSSV GRAXFYAPVH

T6
2238.96Da

1258.60Da
|Q6MS—|  [--———-
832.40Da 1445.59Da |

2019.01Da

181 XWESSAVVAS FDATFTFXXK SSDSHPADGX AFFXSNXDSS XPSGSTGRXX GXFPDAN

1598.81Da 1443.70Da

1715.91Da

Figure 1. Proposed amino acid sequence of Cbol. Assemble from sequences of degradation products generated by cleavages with trypsin (T-),
chymotrypsin (Q-) and pepsin (P-). The letter X in Cbol sequence represents residues of leucine or isoleucine, which cannot be distinguished by mass.

doi:10.1371/journal.pone.0097015.g001
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Figure 2. Overall structure of Cbol. Subunits displayed in cartoon representation and colored in grey. (A) One molecule in the asymmetric unit of
Cbol in complex with Xman (shown as blue sticks). (B) Unbound Cbol with two molecules in the asymmetric unit. (C) Cbol in complex with M13M
(shown as green sticks). (D) Cbol in complex with M14M (shown as yellow sticks).

doi:10.1371/journal.pone.0097015.g002

in complex with Xman as search template. Cbol:M13M model
was refined with PHENIX [32] and COOT [33] to a Ry and
Rgee of 0.204 and 0.228, respectively, at 2.5 A. Processing and
refinement for Cbol:M14M was realized as described above,
resulting in a model with Ry and Rge. of 0.161 and 0.222,
respectively, at 2.3 A. Cbol:M13M and Chol:M14M models were
validated using MOLPROBITY [34] and deposited to the Protein
Data Bank (PDB codes: 4K1Y and 4K 1Z, respectively). Details of
the data collection, processing and structure refinement are
summarized in Table 1.

Measurement of SAXS Data

The data collection for the Small Angle X-ray Scattering
(SAXS) studies of the pH-dependent oligomerization of Canavalia
boliviana lectin (Cbol) was performed at the European Molecular
Biology Laboratory (EMBL) in Hamburg, Germany. Beamline
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X33 was equipped with a 2D Photon counting Pilatus 1M-W pixel
x-ray detector and operated at a wavelength of 0.15 nm (1.5 A).
The distance between sample and detector was 2.7 m [37]; [38].
Protein samples of Cbol and Concanavalin A (ConA) were
measured at three different concentrations (1, 5 and 10 mg/ml) in
different buffers depending on the desired pH. The buffer
spectrum ranged between pH 3 and pH 9, using prepared stocks
from the JBS Solubility Kit (Jena Bioscience, CO-310, [39]).
Bovine serum albumin (BSA) at a concentration of 4.4 mg/mL
was used as a size standard resulting in a forward scattering
intensity (I(0)) value of 113.70 corresponding to a molecular weight
of 66 kDa. Data analysis was performed using the program
PRIMUS with which the scattering of the buffer was subtracted as
background from the protein measurements [40]. The radius of
gyration (Rg) and the forward scattering intensity (I(0)) were
estimated using the Guinier approximation [41]. Based on the 1(0)
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Figure 3. 2F,ps - Fcaic electron density maps from the carbohydrates contoured at 1.0 ¢. (A) Xman. (B) Man(x1-3)Man(1-O)Me, (C)

Man(x1-4)Man(c.1-O)Me.
doi:10.1371/journal.pone.0097015.g003

values of the scattering curves measured at low, middle and high
protein concentration an average molecular weight for each pH
value was calculated.

Animals and Study Design

Wistar rats (Rattus norvergicus) (180-220 g) were housed in
appropriate cages at 25£2°C under a 12/12 h light/dark cycle,
and food and water were supplied ad libitum. Experiments were
carried out according to the Guide for the Care and Use of
Laboratory Animals of the U.S. Department of Health and
Human Services (NIH publication no. 85-23, revised 1985) and
approved by the Institutional Animal Care and Use Committee of
the Federal University of Ceara (UFC) (Protocol No. 57/2009),
Fortaleza, Brazil.

In the experiments listed below, animals were randomized into
treatment groups. Four experiments used 108 mice using six
animals for treatment, varying between 4 or 5 treatment groups.
All the experiments were conducted in the light phase.

All mice were submitted to physical euthanasia by cervical
dislocation method under anesthesia (Ketamine 75-100 mg/kg
IP) intended to be quick and painless.

Peritonitis Model

For the determination of neutrophil migration to peritoneal
cavity, CboL. was administered i.v. 30 min before (0.5; 1 and
5 mg/Kg) the administration of inflammatory stimuli by intra-
peritoneal injection of carrageenan at 500 pg/cavity or sterile
saline (0.9% w/v) (4 treatment groups). Peritoneal cavity was
washed with 10 ml of saline containing 5 IU/ml heparin. The
peritoneal fluid was recovered and total and differential leukocyte
counts were performed. Results were expressed as means *
S.EM. of the number of cells x10®/ml of peritoneal fluid [42].

Effect of Thermal Denaturation and Glucose on
Neutrophil Migration

1 ml of sterile saline solutions containing CboL. (1 mg/Kg)
alone, ChoL. (1 mg/Kg) with 0.5 M of Glucose, or Glucose
(0.5 M) alone were injected 1.p. into the animals. All solutions were
incubated for 30 min at 37°C. Total and differential cell leukocyte
counts were determined 4 h after the administration of inflam-
matory stimuli by intraperitoneal injection of carrageenan at
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500 pg/cavity or sterile saline (0.9% w/v), resulting 5 treatment
groups with positive control (carrageenan).

To investigate the importance of native structure in the anti-
inflammatory effect of Cbol, 1 ml of sterile saline solution
containing CboL (1 mg/Kg), or CboL (I mg/Kg) previously heat-
treated for 30 min in boiling water was injected i.v. The effects
were evaluated 4 h after the injection of inflammatory stimuli and
compared to the saline-treated control group (4 treatment groups).

Paw Edema

Paw edema was induced by s.c. injection of carrageenan into
the right hind paw of rats at 0.5 pg/paw (0.1 ml), 30 min after i.v.
treatment of animals with CboL (1 mg/Kg; 0.1 ml). Positive
controls received carrageenan s.c., and negative controls the same
volume of saline s.c. The binding between lectin and sugar was
used to determine the involvement of sugar residues in the lectin
effect. For this, animals were treated i.v. with a solution containing
the most active dose of the lectin combined with 0.5 M of its
ligand (Glucose) previously incubated at 37°C for 30 min. Glucose
(0.5 M) was injected alone in other group of animals as control (4
treatment groups). Paw volume was measured before s.c. injection
of inflammatory stimuli (zero time) and at selected time intervals
(1, 2, 3, and 4 h) thereafter by hydroplethysmometry. Calculation
was made by subtracting the baseline volume measured at zero
time and expressed as the area under the time-course curve in
arbitrary units [43].

Isolation and In vitro Stimulation of Neutrophils

Blood from normal volunteers (5 ml) was drawn into 15 ml
heparinized (5 IU/ml of heparin) centrifuge tubes. These samples
were procured from the blood bank HEMOCE (http:www.
hemoce.ce.gov.br). After the lysis of red blood cells with
ammonium chloride, neutrophils were isolated by density-gradient
centrifugation using Percoll (Sigma). Neutrophils were washed
with PBS and resuspended in RPMI 1640 medium supplemented
0.01% of BSA. Neutrophils were incubated with CboL (30, 100
and 300 pg/ml) or with medium alone (negative control) for 1 h at
37°C. After that, neutrophils were centrifuged and washed twice
with fresh medium for chemotaxis assay.

Chemotaxis Assays

Cell migration was assessed by a 48-well microchemotaxis
chamber technique as described previously [44]. A 28.6 uL
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Figure 4. Hydrophobic subsite of Cbol. M14M (shown as yellow sticks) performs one more hydrogen bond with Tyr12 (shown as blue sticks)

when compared to M13M (shown as green sticks).
doi:10.1371/journal.pone.0097015.g004

aliquot of chemotaxis stimuli (IL-8 50 ng/mL) was placed in the
lower compartment and 50 pL of previously treated cell suspen-
sion (1.0x10°/ml neutrophils) (as described above) was placed in
the upper compartment of the chamber. The two compartments
were separated by a polycarbonate filter (5 pm PVP-free
polycarbonate filter). The chamber was incubated at 37°C for
1 h. At the end of the incubation period, the filter was removed
fixed and stained. The number of migrated cells in five distinct
fields was counted by light microscopy after coding the samples.
All experiments were repeated at least two times with different
cells. The migration was expressed as number of neutrophil per
field.
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Statistical Analysis

Results were expressed as mean = SEM (Standard Error of
Mean). For the verification of statistical differences between
groups, Analysis of Variance (ANOVA) and the Bonferroni test for
multiple comparisons were made. In addition, the Student t-test
was used for the rest of the comparisons. Statistical significance
was set at p<<0.05.

Results and Discussion

Overall Structure

Electrospray ionization mass spectrometry indicated that Chol
consists of a combination of chains weighing 25,572+2 (a-chain),
12,878+1 (B-chain) and 12,710%1 Da (y-chain). The proposed
amino acid sequence of Cbol was established by tandem mass
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Figure 5. The pH-dependent oligomerization of ConA and Cbol determined with SAXS.

doi:10.1371/journal.pone.0097015.9g005

spectrometry analysis (Figure S1) using sets of peptides obtained
by proteolytic digestions (Figure 1). The sequence includes 237
amino acids distributed between the B-chain (residues 1-118) and
the y-chain (residues 119-237). The averaged molecular masses
calculated for the full-length o-chain (25,572 Da) and its derived
B-(12,878 Da) and 7v-(12,710 Da) fragments are in excellent
agreement with the experimentally determined masses by ESI-
MS. The protein sequence data reported in this paper will appear
in the UniProt Knowledgebase under the accession number
P86474.

The two structures of Cbol in complex with M13M and M14M
exhibit a tetramer formed by two classic “canonical” dimers
(subunits A, B, C and D) in the asymmetric unit, while the
unbound protein exhibits a single monomer and Cbol:Xman
displays a dimer (Figure 2), although the Cbol biological oligomer

Dimer Dimer + H*

‘ L’ '>j(/‘:"\
o%ff\\ |
/". (7 o /

Tetramer + H*

Tetramer

Figure 6. Proposed model for the oligomerization process in
Canavalia lectins.
doi:10.1371/journal.pone.0097015.9g006
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is the tetramer form. As previously observed in other legume
lectins, the Cbol monomer consists of 237 amino acids folded as an
o/ sandwich [45]. Calcium and manganese binding sites are
conserved as previously described for legume lectins [46]. Each
metal is coordinated by four residues and two water molecules:
Glu8, Aspl0, Aspl9 and His24 with Mn?*, and Aspl0, Tyrl2,
Asnl4 and Aspl9 with Ca®*,

Originating from the crystallization condition, nine cadmium
ions are observed in the structures Cbol:M13M and Cbol:M14M.
An X-ray fluorescence spectrum measured at DESY (Deutsches
Elektronen-Synchrotron), indeed indicated the presence of cad-

i 125001
£
« 10000+
o
-
x 75004
n XX
-S_ 5000+ . *
e -I- I-"I'I
s 25004 o7
[T}
.
- 20528 XXX
Saline 0. 1.0 5.0

CbolL i.v. (mg/Kg)

Carrageenani.p. (500 pg/cav)

Figure 7. Inhibitory effect of C. boliviana lectin (Cbol) upon the
neutrophil migration induced by carrageenan. Neutrophil
migration was induced by i.p. injection of carrageenan (Cg; 500 ug)
and evaluated 4 h later. Animals were treated iv. (0.1 ml), 30 min
before stimuli with: Saline and CboL (0.5, 1 and 5 mg/Kg). Values
represent mean = S.E.M. (n=6); *indicate significant differences from
Cg alone. (p<<0.05) ANOVA-Bonferroni.

doi:10.1371/journal.pone.0097015.g007
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2 g 3 20001
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Figure 8. Inhibitory effect of carbohydrate and heat-treated on anti-inflamatory effect induced by Cbol. (A) CbolL (1 mg/Kg i.v), native
or heat-treated (100°C) for 30 min; (B) CboL (1 mg/Kg i.v) alone or combined with a-methyl-D-Glucose (0.5 M). The black bar represents neutrophil
migration induced by the injection of the carbohydrate alone. Values are reported as means = S.E.M. for six animals. *p<<0.05 compared with

carrageenan (Cg) alone (analysis of variance-Bonferroni).
doi:10.1371/journal.pone.0097015.g008

mium lons in the crystal (data not shown). Intriguingly, in all but
one subunit of the dimannoside complexes, cadmium ions are
found coordinated to two asparagines in the small helix Leu81-
Val84 (Figure S2).

Other than in the carbohydrate-binding region, the complexes
do not present any significant structural differences when
compared to the unbound protein. The carbohydrate electron
densities of M13M and M14M and Xman complexes are well
defined in all subunits. In the dimannoside complexes, none of the
subunits are involved in extensive interactions with the symmetry
mates around the carbohydrate-binding sites, a favourable feature
that prevents bias in the structural analysis of the complexes. In
Cbol:Xman, however, extensive interactions are observed in the
binding region.

The electron densities for the three sugars after the final
refinement are shown in Figure 3. For the M13M and M14M
complexes, which crystallized with four molecules in the asym-
metric unit, only the most well defined density is displayed. The
RMSD between any subunit of all structures described in this
study is not higher than 0.3 A.

Analysis of Cbol in Complex with M13M, M14M

The Ol-linked mannose of both dimannosides, M13M and
M14M, as well as Xman, are bound to the monosaccharide
binding site in an almost identical way to that observed for ConA,
CGL and ConM. The O3- and O4-linked mannose (reducing
mannoses, also called here the second mannose) are positioned in
a previously described hydrophobic subsite, formed by Tyrl2,
Leu99 and Tyr100 [19], [47]. The side chains of Tyr12, Leu99
and Tyr100 are opposite to the ring of the reducing mannose,
which interacts with the protein mainly by hydrophobic and van
der Waals interactions.

Differences occur in the binding of the dimannosides as result of
their distinct glycosidic linkage. When compared to that of M13M,
M14M has an additional hydrogen bond formed between the O6
of the reducing mannose and the hydroxyl group of Tyrl2
(Figure 4). The O6 of M13M is pointing to the opposite direction,
away from the hydrophobic subsite.

The extra hydrogen bond established between the hydroxyl
group from Tyr12 and the O4-linked mannose might enhance the
Cbol affinity for M14M, in comparison to that of M13M. It is
important to note that the presence of extra interactions not
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Figure 9. Inhibitory effect of C. boliviana lectin (Cbol) upon the rat paw oedema induced by carrageenan: reversion by glucose. Paw
oedema was induced by s.c. injection of carrageenan (Cg; 500 ug). Animals were treated i.v. (0.1 ml), 30 min before stimuli, with: Saline or CboL
(1 mg/Kg; i.v) alone or associated to glucose (0.5 M). Control groups received saline i.v. and Cg s.c. or only saline s.c. (A) Oedema was measured at 1,
2, 3 and 4 h after stimuli and expressed as the increase in paw volume (ml). (B) The area under the time-course curve was determined using a
trapezoidal rule. Values represent mean * S.E.M. (n=6). *indicate significant differences from Cg alone (p<<0.05) ANOVA-Bonferroni.
doi:10.1371/journal.pone.0097015.g009
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doi:10.1371/journal.pone.0097015.g010

necessarily result in higher affinity [48]. For instance, Con-
A:M13M presents a fourfold tighter binding compared to M16M,
in spite of less hydrogen bonds and buried surface area [49].

Interestingly, in contrast to Cbol, Canavalia maritima lectin and
Canavalia gladiata lectin display hydrogen bonds between the
reducing sugar and the Tyrl2 hydroxyl only when in complex
with M13M (Figure S3A). The reducing mannose of M14M
performs only van der Waals interactions with the protein in these
cases. Similarly to Cbol, the reducing mannose of M13M when in
complex with ConA does not form hydrogen bonds with the
protein (Figure S3B). However, one cannot exclude that the
difference observed in the patterns might be a consequence of the
crystal contacts, considering that the carbohydrate-binding sites
are in close proximity to symmetry related molecules.

Structural Basis of the pH-dependent Oligomerization

In order to study its oligomerization state, we performed Small
Angle X-ray Scattering (SAXS) experiments to determine Cbol
molecular masses as a function of the pH (Figure 5). For
comparison, the same set of measurements was also performed
with ConA. Our data indicate that Cbol is mostly in the tetrameric
state at pH-values above 4, while ConA, as reported in the
literature [50], is predominantly tetrameric only above pH 7.

To study the structural basis of the profiles obtained by SAXS,
we analyzed in details the interactions within the tetramer in both
protein crystal structures, using the PDBePISA server [51]. The
PROPKA web interface [52] was further used to determine the
apparent pKa values of residues involved in these interactions
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(Table S1 and S2). For lectin structures with one or two chains in
the asymmetric unit, the biological assembly was generated in
PyMOL by adding the symmetry mates. This analysis yielded a
larger number of polar interactions in the ConA tetramer
compared to Cbol. (Table S3 and Table S4, Figure S$4). On
first sight, this observation would suggest that the oligomerization
of ConA should be less pH-dependent in clear contradiction to the
SAXS data.

We analyzed the oligomerization behaviour based on the
influence of shifted pKa values on protein stability [53], arguing
that amino acids with lowered pKa values in the tetramer
compared to the dimer will lead to a relative destabilization of the
tetramer at lower pH values (Figure 6). According to this
hypothesis, polar interactions which only mvolve non-ionizable
groups (within biologically reasonable pH ranges) will not
influence the relative pH-dependent behaviour. The most
prominent effect was observed for Glul92 in ConA with a
predicted pKa of 0.3 compared to a pKa of 5.7 for the
corresponding Asp192 in Cbol. In the dimer both residues are
largely solvent accessible and show only minor pKa perturbations.
The large pKa-shift for Glu192 upon tetramer formation in ConA
can be explained by salt bridges, which are formed between this
residue and Lysl14 and Lys116. These ionic interactions are
much weaker in Cbol caused by shorter Asp side-chain. Smaller
pKa-shift differences were also observed for other residues, such as
His51 and His121. Oliveira and coworkers [13] have previously
already attributed His51 an important role in the pH-dependent
oligomerization of these lectins. They hypothesize that His51
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adopts different orientations depending on the environmental pH.
It looses its charge at a pH higher than 5, changes the orientation
in its neutral state and starts interacting with Lys116 by forming
predominately a tetramer.

According to our SAXS data, ConA presents more pronounced
pH-dependent dimer-tetramer equilibrium than Cbol. Even
though ConA performs more interdimeric interactions, the pKa-
shifts of the participating residues very likely induce destabilization
at low pH values.

Unknown Density in the Tetramer Central Cavity

In the central cavity of Cbol in complex with dimannosides,
there is a strong unexplained density in the vicinity of His127,
Met129 and Asnl31 (Figure S5A). Although it is possible that this
density belongs to some of the components from the crystallization
solution, we were not able to interpret it as such.

Curiously, Dioclea violacea lectin (DVL) (PDB code: 2GDF) also
displays a strong unexplained density in the equivalent area
(Figure S3B). The components of the crystallization solution
differ in both cases: Cbol in complex with dimannosides was
crystallized in 0.1 M cadmium chloride hydrate, 0.1 M sodium
acetate trihydrate pH 4.6 and 30% (v/v) polyethylene glycol 400,
while DVL was crystallized in 10% PEG800 and 10% PEG1000
(source PDB data bank, Gallego del Sol, F. et al, 2006). This
difference indicates that the observed density is not an artefact of
the crystallization experiment.

Since it is well established that lectins can bind to compounds
other than carbohydrates [54] we speculate that those densities
could originate from a yet to be identified compound present in
plant seeds. Since DVL has a Ser129 and His131, while Cbol has a
Metl129 and Asnl31, we wonder if these differences could be an
indication of some specificity towards molecules able to bind to the
central cavity. Even though highly speculative, we believe that this
finding might stimulate further investigation in this direction.

Biological Activity of Cbol

The neutrophil migration induced by i.p. injection of carrageenan
was inhibited by Cbol at concentrations of 1 and 5 mg/Kg
(Figure 7), indicating its anti-inflammatory effect. This effect was
reverted when the protein was previously thermally denatured at
100°C (Figure 8A) or incubated with o-methyl-mannoside at 0.5 M
(Figure 8B), the latter, indicating that the activity is related to the
lectin carbohydrate recognition domain (CRD). On the other hand,
the pro-inflammatory effect of neutrophil migration to peritoneal
cavity after 1.p. administration of lectins was systematically reported
to many Diocleinae lectins such as Dioclea rostrata lectin (DRL) [55].

The paw oedema induced by carrageenan was also inhibited in
presence of Cbol at 1 mg/Kg (Figure 9). This effect was also
reverted when the protein was incubated with 0.5 M glucose. Some
Phaseoleae lectins, isolated from Canavalia grandiflora, C. ensiformis
[56], Dioclea rostrata [59], C. brasiliensis, C. gladiata, C. maritima (Assreuy
et al., 2009) and Gymbosema roseum [57], elicit inflammatory responses
that could be reversed by specific carbohydrates. Cymbosema roseum is
also known to elicit anti-inflammatory responses after systemic
administration, which has been described as a legume lectin pattern
of action; an inflammatory response based on administration route
[57]. Cbol anti-inflammatory action is very consistent because
describes anti-inflammatory responses through the i.v. administra-
tion route, in accordance with this pattern.

The oedema increased in the first hour and a partial inhibition
was observed, the next three hours revealed an oedema reduction
until levels similar to the control in the fourth hour. In the paw
oedema model, ConBr, CGL, ConM and CRLI show acute
oedematogenic activity. Among them, ConM is the different one

PLOS ONE | www.plosone.org

10

Canavalia boliviana Lectin Characterization

in oedema induction without NO participation, lower antinoci-
ceptive efficacy or higher efficacy and potency in vasorelaxant
action. Similar to ConM, Canavalia grandiflora lectin acts as anti-
inflammatory and analgesic [58] and has an oedematogenic
activity in rat paw oedema model (s.c.), but has a vasorelaxant
effect in endothelized rat aorta [59].

In animal models, carrageenan stimulates resident cells to
release chemotactic inflammatory mediators, increasing leukocyte
migration, especially neutrophils [60]. On the other hand, fMLP
acts directly as a chemo attractant on leukocytes [61]. The
chemotaxis stimuli induced by IL-8 was significantly reverted by
all the concentrations tested at levels below 5 neutrophil cells per
field, being very significant compared to positive control (RMPI
buffer + IL8) (Figure 10). This is an indicative that Cbol acts on
resident cells, inhibiting the release of pro-inflammatory cytokines
and/or stimulating the release of anti-inflammatory cytokines.

Lectins can display pro or anti-inflammatory activities depend-
ing on the administration route. Systemically, Dioclea violacea,
D.guianensis, D.virgata e Cratylia floribunda lectins inhibit neutrophil
migration to peritonial cavity induced by carrageenan or fMLP
and rat paw oedema also induced by carrageenan [7]; [62], events
that regulates directly or indirectly the neutrophil migration.

Conclusion

Our structural analyses of the Cbol provide a rationale for the
differences observed in the biological activities of lectins belonging
to the Diocleinae subtribe. Particularly, our model for the pH-
dependent oligomerization sheds some light into the dimer-
tetramer equilibrium and its importance for the distinct activities
observed in this class of proteins. Furthermore, we characterized
the anti-inflammatory properties of Cbol, adding more data to the
repertoire of wide biological activities displayed by this group of
lectins, despite their highly identical sequence.

Supporting Information

Figure S1 Collision-induced dissociation of the triply
charged ion at m/z 1255.25 corresponding to the T10
peptide of Cbol. The sequence-specific y- and b- ions used for
the sequence determination are indicated.

(TIF)

Figure $2 Interaction of Cadmium ion with Asp82 in the
Helix Leu81-Val84 and the residue Asp80, in
Cbol:M13M, chain B.

(TTF)

Figure S3 Dimannoside M13M interactions. (A) Interac-
tion with ConM (PDB code 2P37). Two hydrogen bonds are
formed with the hydroxyl group of Tyrl2. The same pattern is
also observed for CGL. (B) Interaction with ConA (PDB code
1QDO), similarly to Cbol, the reducing mannose does not
perform any hydrogen bond with the protein.

(TIF)

Figure S4 Hydrogen bond interactions. (A) Dimeric
interface of Chbol:Xman and ConA (PDB code INLS). (B)
Tetrameric interface of Cbhol:Xman and ConA (PDB code INLS).
(TIF)

Figure S5 Unexplained (Fo-Fc) electron density. (A)
Central cavity of Cbol M13M displayed at 2.5 o, markedly
interacting with residues His127, Met129 and Asnl31; and (B)
Dioclea violaceae lectin displayed at 3.0 o (PDB code: 2GDF),
markedly interacting with His 127, Ser129 and His131.

(TIF)
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Table S1 Comparison of the dimeric and tetrameric pKa
values of Cbol. Significantly lower pKa values are marked in bold.
(TTF)

Table S2 Comparison of the dimeric and tetrameric pKa
values of ConA. Significantly lower pKa values are marked in bold.
(TTF)

Table S3 Hydrogen bonds and salt bridges within the
tetrameric interface of ConA.

(TIF)

Table S4 Hydrogen bonds and salt bridges within the
tetrameric interface of Cbol.

(TIF)

Arrive Checklist S1 Report of the animal experiments.

(PDF)

References

. Loris R (2002) Principles of structures of animal and plant lectins. Biochim
Biophys Acta 1572: 198-208.

2. Gabius H]J, Gabius S (1997) Glycoscience: Status and Perspectives.: Chapman &
Hall, Weinheim.

3. Sharon N, Lis H (2004) History of lectins: from hemagglutinins to biological
recognition molecules. Glycobiology 14: 53R-62R.

4. Pusztai A, Bardocz S, Ewen SW (2008) Uses of plant lectins in bioscience and
biomedicine. Front Biosci 13: 1130-1140.

5. Loris R, Van Walle I, De Greve H, Beeckmans S, Deboeck F, et al. (2004)
Structural basis of oligomannose recognition by the Pterocarpus angolensis seed
lectin. J] Mol Biol 335: 1227-1240.

6. Loris R, Hamelryck T, Bouckaert J, Wyns L (1998) Legume lectin structure.
Biochim Biophys Acta 1383: 9-36.

7. Alencar NM, Teixeira EH, Assreuy AM, Cavada BS, Flores CA, et al. (1999)
Leguminous lectins as tools for studying the role of sugar residues in leukocyte
recruitment. Mediators Inflamm 8: 107-113.

8. Andrade JL, Arruda S, Barbosa T, Paim L, Ramos MV, et al. (1999) Lectin-
induced nitric oxide production. Cell Immunol 194: 98-102.

9. Cavada BS, Barbosa T, Arruda S, Grangeiro TB, Barral-Netto M (2001)
Revisiting proteus: do minor changes in lectin structure matter in biological
activity? Lessons from and potential biotechnological uses of the Diocleinae
subtribe lectins. Curr Protein Pept Sci 2: 123-135.

10. Havt A, Barbosa PS, Sousa TM, Martins AM, Nobre AC, et al. (2003) Renal
alterations promoted by the lectins from Canavalia ensiformis (ConA) and
Dioclea guianensis (DguilL) seeds. Protein Pept Lett 10: 191-197.

11. Lopes FC, Cavada BS, Pinto VP, Sampaio AH, Gomes JC (2005) Differential
effect of plant lectins on mast cells of different origins. Braz ] Med Biol Res 38:
935-941.

12. Wah DA, Romero A, Gallego del Sol F, Cavada BS, Ramos MV, et al. (2001)
Crystal structure of native and Cd/Cd-substituted Dioclea guianensis seed lectin.
A novel manganese-binding site and structural basis of dimer-tetramer
association. ] Mol Biol 310: 885-894.

13. de Oliveira TM, Delatorre P, da Rocha BA, de Souza EP, Nascimento KS, et al.
(2008) Crystal structure of Dioclea rostrata lectin: insights into understanding the
pH-dependent dimer-tetramer equilibrium and the structural basis for
carbohydrate recognition in Diocleinae lectins. J Struct Biol 164: 177-182.

14. Nagano CS, Calvete JJ, Barettino D, Perez A, Cavada BS, et al. (2008) Insights
into the structural basis of the pH-dependent dimer-tetramer equilibrium
through crystallographic analysis of recombinant Diocleinae lectins. Biochem J
409: 417-428.

15. Sanz-Aparicio J, Hermoso J, Grangeiro TB, Calvete ]JJ, Cavada BS (1997) The
crystal structure of Canavalia brasiliensis lectin suggests a correlation between its
quaternary conformation and its distinct biological properties from Concanav-
alin A. FEBS Lett 405: 114-118.

16. Bezerra EH, Rocha BA, Nagano CS, Bezerra Gde A, Moura TR, et al. (2011)
Structural analysis of ConBr reveals molecular correlation between the
carbohydrate recognition domain and endothelial NO synthase activation.
Biochem Biophys Res Commun 408: 566-570.

17. Gadelha CA, Moreno FB, Santi-Gadelha T, Cajazeiras JB, Rocha BA, et al.
(2005) Native crystal structure of a nitric oxide-releasing lectin from the seeds of
Canavalia maritima. J Struct Biol 152: 185-194.

18. Delatorre P, Rocha BA, Gadelha CA, Santi-Gadelha T, Cajazeiras JB, et al.
(2006) Crystal structure of a lectin from Canavalia maritima (ConM) in complex
with trehalose and maltose reveals relevant mutation in ConA-like lectins.
J Struct Biol 154: 280-286.

19. Bezerra GA, Oliveira TM, Moreno FB, de Souza EP, da Rocha BA, et al. (2007)

Structural analysis of Canavalia maritima and Canavalia gladiata lectins

complexed with different dimannosides: new insights into the understanding of

the structure-biological activity relationship in legume lectins. J Struct Biol 160:

168-176.

PLOS ONE | www.plosone.org

Canavalia boliviana Lectin Characterization

Acknowledgments

Results shown in this report are derived from work performed at National
Synchrotron Light Laboratory (Campinas, Brazil), European Synchrotron
Radiation Facility (Grenoble, France), Swiss Light Source at the Paul
Scherrer Institute (Villigen, Switzerland), Deutsches Elektronensynchro-
tron/European Molecular Biology Laboratory (Hamburg, Germany).

Author Contributions

Conceived and designed the experiments: GAB RV TRM NMNA BSC
KG. Performed the experiments: GAB RV TRM JGF IGB CST RCS.
Analyzed the data: GAB RV PD BAMR KSN JGF IGB CSN NMNA KG
BSC. Contributed reagents/materials/analysis tools: KG BSC NMNA.
Wrote the paper: GAB RV BAMR CSN KG.

20. Golias C, Batistatou A, Bablekos G, Charalabopoulos A, Peschos D, et al. (2011)
Physiology and Pathophysiology of Selectins, Integrins, and IgSf Cell Adhesion
Molecules Focusing on Inflammation. A Paradigm Model on Infectious
Endocarditis. Cell Commun Adhes 18: 19-32.

21. Mackay CR (2008) Moving targets: cell migration inhibitors as new anti-
inflammatory therapies. Nat Immunol 9: 988-998.

22. Rozdzinski E, Burnette WN, Jones T, Mar V, Tuomanen E (1993) Prokaryotic
peptides that block leukocyte adherence to selectins. J Exp Med 178: 917-924.

23. Alencar NM, Assreuy AM, Criddle DN, Souza EP, Soares PM, et al. (2004)
Vatairea macrocarpa lectin induces paw edema with leukocyte infiltration.
Protein Pept Lett 11: 195-200.

24. Moura TR, Bezerra GA, Bezerra MJ, Teixera CS, Bezerra EH, et al. (2009)
Crystallization and preliminary X-ray diffraction analysis of the lectin from
Canavalia boliviana Piper seeds. Acta Crystallogr Sect I Struct Biol Cryst
Commun 65: 213-215.

25. Ferrige AG, Seddon M]J, Green BN, Jarvis SA, Skilling J, et al. (1992)
Disentangling electrospray spectra with maximum entropy. Rapid Communi-
cations in Mass Spectrometry 6: 707-711.

26. Shevchenko A, Tomas H, Havlis J, Olsen JV, Mann M (2006) In-gel digestion
for mass spectrometric characterization of proteins and proteomes. Nat Protoc 1:
2856-2860.

27. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local
alignment search tool. ] Mol Biol 215: 403-410.

28. Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res 22: 4673-4680.

29. Leslie AG (2006) The integration of macromolecular diffraction data. Acta
Crystallogr D62: 48-57.

30. Evans P (2006) Scaling and assessment of data quality. Acta Crystallogr D62:
72-82.

31. McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, et al.
(2007) Phaser crystallographic software. J Appl Crystallogr 40: 658-674.

32. Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, et al. (2010)
PHENIX: a comprehensive Python-based system for macromolecular structure
solution. Acta Crystallogr D66: 213-221.

33. Emsley P, Cowtan K (2004) Coot: model-building tools for molecular graphics.
Acta Crystallogr D60: 2126-2132.

34. Davis IW, Murray LW, Richardson JS, Richardson DC (2004) MOLPROB-
ITY: structure validation and all-atom contact analysis for nucleic acids and
their complexes. Nucleic Acids Res 32: W615-619.

35. Long F, Vagin AA, Young P, Murshudov GN (2008) BALBES: a molecular-
replacement pipeline. Acta Crystallogr D64: 125-132.

36. Deacon A, Gleichmann T, Kalb AJ, Price H, Raftery J, et al. (1997) The
structure of concanavalin A and its bound solvent determined with small-
molecule accuracy at 0.94 [Aring] resolution. Journal of the Chemical Society,
Faraday Transactions 93: 4305-4312.

37. Blanchet CE, Zozulya AV, Kikhney AG, Franke D, Konarev PV, et al. (2012)
Instrumental setup for high-throughput small- and wide-angle solution scattering
at the X33 beamline of EMBL Hamburg. Journal of Applied Crystallography
45: 489-495.

38. Round AR, Franke D, Moritz S, Huchler R, Fritsche M, et al. (2008)
{Automated sample-changing robot for solution scattering experiments at the
EMBL Hamburg SAXS station X33}. Journal of Applied Crystallography 41:
913-917.

39. Jancarik J, Pufan R, Hong C, Kim SH, Kim R (2004) Optimum solubility (OS)
screening: an efficient method to optimize buffer conditions for homogeneity and
crystallization of proteins. Acta Crystallogr D Biol Crystallogr 60: 1670-1673.

May 2014 | Volume 9 | Issue 5 | 97015



40.

41.

42.

44.

46.

47.

48.

49.

50.

Konarev PV, Volkov VV, Sokolova AV, Koch MH]J, Svergun DI (2003) {{\it
PRIMUS}: a Windows PC-based system for small-angle scattering data
analysis}. Journal of Applied Crystallography 36: 1277-1282.

Lipson H (1956) {{\it Small-Angle Scattering of X-rays} by A. Guinier and G.
Fournet}. Acta Crystallographica 9: 839.

de Souza GE, Ferreira SH (1985) Blockade by antimacrophage serum of the
migration of PMN neutrophils into the inflamed peritoneal cavity. Agents
Actions 17: 97-103.

. Landucci EC, Antunes E, Donato JL, Faro R, Hyslop S, et al. (1995) Inhibition

of carrageenin-induced rat paw oedema by crotapotin, a polypeptide complexed
with phospholipase A2. Br J Pharmacol 114: 578-583.

Arraes SM, Freitas MS, da Silva SV, de Paula Neto HA, Alves-Filho JC, et al.
(2006) Impaired neutrophil chemotaxis in sepsis associates with GRK expression
and inhibition of actin assembly and tyrosine phosphorylation. Blood 108: 2906
2913.

Srinivas VR, Reddy GB, Ahmad N, Swaminathan CP, Mitra N, et al. (2001)
Legume lectin family, the ‘natural mutants of the quaternary state’, provide
insights into the relationship between protein stability and oligomerization.
Biochim Biophys Acta 1527: 102-111.

Van Damme EJM, Peumans W], Barre A, Rouge P (1998) Plant Lectins: A
Composite of Several Distinct Families of Structurally and Evolutionary Related
Proteins with Diverse Biological Roles. Critical Reviews in Plant Science 17:
575-692.

Bouckaert J, Hamelryck TW, Wyns L, Loris R (1999) The crystal structures of
Man(alphal-3)Man(alphal-O)Me and Man(alphal-6)Man(alphal-O)Me in
complex with concanavalin A. J Biol Chem 274: 29188-29195.

Srimal S, Surolia N, Balasubramanian S, Surolia A (1996) Titration calorimetric
studies to elucidate the specificity of the interactions of polymyxin B with
lipopolysaccharides and lipid A. Biochem J 315 (Pt 2): 679-686.

Mandal DK, Kishore N, Brewer CF (1994) Thermodynamics of lectin-
carbohydrate interactions. Titration microcalorimetry measurements of the
binding of N-linked carbohydrates and ovalbumin to concanavalin A.
Biochemistry 33: 1149-1156.

Agrawal BB, Goldstein 1J (1968) Protein-carbohydrate interaction. VII. Physical
and chemical studies on concanavalin A, the hemagglutinin of the jack bean.
Arch Biochem Biophys 124: 218-229.

PLOS ONE | www.plosone.org

12

56.

57.

58.

59.

60.

61.

62.

Canavalia boliviana Lectin Characterization

. Kiissinel E, Henrick K (2007) Inference of macromolecular assemblies from

crystalline state. J] Mol Biol 372: 774-797.

. Li H, Robertson AD, Jensen JH (2005) Very fast empirical prediction and

rationalization of protein pKa values. Proteins 61: 704-721.

. Yang AS, Honig B (1993) On the pH dependence of protein stability. ] Mol Biol

231: 459-474.

. Delatorre P, Rocha BA, Souza EP, Oliveira TM, Bezerra GA, et al. (2007)

Structure of a lectin from Canavalia gladiata seeds: new structural insights for

old molecules. BMC Struct Biol 7: 52.

. Figueiredo JG, Bitencourt FS, Mota MR, Silvestre PP, Aguiar CN, et al. (2009)

Pharmacological analysis of the neutrophil migration induced by D. rostrata
lectin: involvement of cytokines and nitric oxide. Toxicon 54: 736-744.

Bento CA, Cavada BS, Oliveira JT, Moreira RA, Barja-Fidalgo C (1993) Rat
paw edema and leukocyte immigration induced by plant lectins. Agents Actions
38: 48-54.

Rocha BA, Delatorre P, Oliveira TM, Benevides RG, Pires AF, et al. (2011)
Structural basis for both pro- and anti-inflammatory response induced by
mannose-specific legume lectin from Cymbosema roseum. Biochimie 93: 806
816.

Nunes BS, Rensonnet NS, Dal-Secco D, Vieira SM, Cavada BS, et al. (2009)
Lectin extracted from Canavalia grandiflora sceds presents potential anti-
inflammatory and analgesic effects. Naunyn Schmiedebergs Arch Pharmacol
379: 609-616.

Simoes RC, Rocha BA, Bezerra MJ, Barroso-Neto IL, Pereira-Junior FN; et al.
(2012) Protein crystal content analysis by mass spectrometry and preliminary X-
ray diffraction of a lectin from Canavalia grandiflora seeds with modulatory role
in inflammation. Rapid Commun Mass Spectrom 26: 811-818.

Di Rosa M, Papadimitriou JM, Willoughby DA (1971) A histopathological and
pharmacological analysis of the mode of action of nonsteroidal anti-
inflammatory drugs. J Pathol 105: 239-256.

Ribeiro RA, Souza-Filho MV, Souza MH, Oliveira SH, Costa CH, et al. (1997)
Role of resident mast cells and macrophages in the neutrophil migration induced
by LTB4, fMLP and C5a des arg. Int Arch Allergy Immunol 112: 27-35.
Assreuy AM, Shibuya MD, Martins GJ, De Souza ML, Cavada BS, et al. (1997)
Anti-inflammatory effect of glucose-mannose binding lectins isolated from
Brazilian beans. Mediators Inflamm 6: 201-210.

May 2014 | Volume 9 | Issue 5 | 97015



