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Abstract Lectins have been classified into a structurally
diverse group of proteins that bind carbohydrates and
glycoconjugates with high specificity. They are extremely
useful molecules in the characterization of saccharides,
as drug delivery mediators, and even as cellular surface
makers. In this study, we present camptosemin, a new
lectin from Camptosema ellipticum. It was characterized as
an  N-acetyl-p-galactosamine-binding homo-tetrameric
lectin, with a molecular weight around 26 kDa/monomers.
The monomers were stable over a wide range of pH values
and exhibited pH-dependent oligomerization. Camptose-
min promoted adhesion of breast cancer cells and hemag-
glutination, and both activities were inhibited by its
binding of sugar. The stability and unfolding/folding
behavior of this lectin was characterized using fluorescence
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and far-UV circular dichroism spectroscopies. The results
indicate that chemical unfolding of camptosemin proceeds
as a two-state monomer-tetramer process. In addition,
small-angle X-ray scattering shows that camptosemin
behaves as a soluble and stable homo-tetramer molecule in
solution.
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Introduction

Lectins are proteins of non-immune origin with the ability
to bind carbohydrates in a reversible way. Although widely
distributed in nature, the plant-isolated lectins are the most
extensively studied, being found in roots, bulbs, bark, and
leaves (Riidiger and Gabius 2001). Lectins have been
studied extensively in recent years because of their use-
fulness as molecular tools in investigations of cell surface
composition/changes, growth, differentiation, and aggre-
gation, as well as in studies of several pathological
mechanisms and in the isolation and characterization of
glycoconjugates (Sharon and Lis 2004; Sharon 2007).
Despite the existence of many studies about lectin-carbo-
hydrate interactions reported in the literature, relatively
little information is known about their stability and the folding
of multimeric lectins (Campana et al. 2002; Chatterjee and
Mandal 2003).

Plant lectins can be structurally and evolutionarily
classified into seven protein families; among these, the
family of legume lectins is well characterized, with several
examples isolated from different species (Gatehouse et al.
1995; Van Damme et al. 1998). The legume lectin family is
composed of closely related proteins, found exclusively in
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specimens of the Leguminoseae family (Fabaceae; Sharon
and Lis 1990).

Structurally, legume lectins present high sequential
identity, and the monomers share the same tertiary struc-
ture, which is characterized by an essentially conserved
“jelly roll” motif, consisting of three sets of antiparallel
f-sheets connected by loops of diverse sizes: a flat six-
stranded back f-sheet, a curved seven-membered front
f-sheet, and a five-membered top f-sheet (Loris et al.
1998). The oligomerization process of these proteins
involves the six-stranded back f-sheet in various ways, and
the resulting mutual disposition of these f-sheets in the
participating monomers leads to diverse quaternary struc-
tures (Chatterjee and Mandal 2005). Most legume lectins
are known to exist as homodimers or homotetramers, and
even though all the monomers have a similar tertiary
structure, their modes of quaternary association are highly
variable (Brinda et al. 2004). The consensus is that the
quaternary structure causes the lectin to exhibit multivalent
binding to cells, which is necessary for its biological
activity. These molecules have recently been chosen as
model systems for investigating how oligomeric proteins
drive folding and to study the association of subunits
(Chatterjee and Mandal 2003; Chatterjee and Mandal
2005). Also, the conformational stability of a protein gives
a means to elucidate the nature of the forces that contribute
to its folding, which is essential for maintenance of its
functionality (Sinha et al. 2005).

In the present paper, we report the isolation, structural
and functional characterization, oligomerization, and
unfolding/refolding studies of native camptosemin, a tet-
rameric lectin from seeds of Camptosema ellipticum. This
species belongs to the Phaseolae tribe of the Leguminosae
family (Varela et al. 2004); this is the first time that a lectin
from this genus has been studied. Our investigation
includes the protein purification, molecular cloning, and
structural aspects like folding/unfolding behavior, ther-
modynamic properties, and oligomerization states. Addi-
tionally, the ability of camptosemin to promote adhesion of
MDA-MB-231 breast tumor cells and to bind to selective
sugars was investigated.

Materials and methods
Materials

Seeds of C. ellipticum (Desv.) Burkart were collected from
plants growing around Sao Carlos-SP (Brazil) (geodesic
coordinates S 21°54'52.6" and W 47°48'57.5"). Columns and
resins were purchased from Amersham Pharmacia Biotech
(GE-Healthcare). All other chemical reagents used in this
study were analytical grade, unless otherwise specified.
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Isolation and purification

Mature C. ellipticum seeds were ground, added to PBS (pH
7.4), 1:5 (w/v) and incubated for 2 h at 4°C. After incu-
bation, centrifugation at 10,000x g for 20 min at 4°C was
carried out, and the supernatant was filtered and denoted as
crude extract. Even though immobilized lactose affinity
chromatography based purifications attempts were suc-
cessful, such an approach only gave a low protein yield.
Thus, we found an alternative purification methodology.
The lectin from crude extract was separated by size
exclusion chromatography (SEC) on a Superdex-75 10/300
GL column coupled to an AKTA purifier system (Amer-
sham Pharmacia Biotech). The column had previously been
equilibrated with PBS, and protein elution was performed
using the same buffer (flow rate of 0.5 ml/min and col-
lection of 1 ml fractions, monitored by absorbance at
280 nm). Fractions exhibiting hemagglutinating activity
were pooled, concentrated by filtration on a Centriprep-10
(Amicon), and reloaded onto the same column. A second SEC
elution was carried out with PBS buffer plus lactose 0.2 M.
The fractions from the last SEC that showed hemagglutinating
activity were pooled, concentrated in a Centriprep-10, and
loaded onto a Mono-Q 5/50 GL (Amersham Biosciences)
column coupled to the AKTA purifier system. The column had
previously been equilibrated with 20 mM Tris—HCI buffer,
pH 8.0. Elution was performed with the same buffer, using a
linear gradient of 0—1 M NaCl (flow rate of 1 ml/min). The
fractions exhibiting hemagglutinating activity were collected
and analyzed by SDS-PAGE (Laemmli 1970). Protein con-
centrations were determined by BCA Protein Assay Reagent
(Pierce).

Biological activity: hemagglutination

Hemagglutination activity was measured on microaggluti-
nation plates, using a 2% suspension of human erythrocytes
of each ABO group. The extent of agglutination of a series
of 1:2 protein dilutions (initial protein concentration of
4.5 uM) was monitored visually after 30 min of incuba-
tion. The activity is defined as the minimum amount of
protein that still promoted visible agglutination.

Inhibition of hemagglutination induced by sugar

The lectin specificities of eight different saccharides were
determined by inhibition of hemagglutinating activity:
sucrose 1.0 M, maltose 1.0 M, lactose 0.5 M, galactose
1.0 M, mannose 1.0 M, melibiose 0.5 M, Me-a-D-galacto-
pyranoside 1.0 M, and N-acetyl-p-galactosamine 1.0 M.
The assay was performed using 25 pl of a two-fold serial
dilution of each sugar, added to 25 pl of lectin solution in
PBS (3 uM of camptosemin) and incubated for 30 min.
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After incubation, 50 pl of a 2% suspension of erythrocytes
(O group) in PBS was added to each well and incubated.
After 2 h of incubation, the inhibition was evaluated
visually and compared to controls. The minimum concen-
tration of sugar that completely inhibited the lectin-induced
hemagglutination was defined to be the minimal inhibitory
sugar concentration (MIC).

Cell adhesion and cell adhesion inhibition assays
using MDA-MB-231 breast cancer cells

Frozen cell stocks were inoculated in 75 cm? cell culture
bottles containing 10 ml of DMEM supplemented with
10% FBS, penicillin 100 U/ml, and streptomycin 100 pg/
ml. Cells were cultivated at 37°C in a 5% CO, atmosphere
until they achieved 90% confluence. Adhered cells were
detached by incubation for 5 min in 5 ml of 0.25% trypsin
in PBS (50 mM phosphate buffer, pH 7.4, 0.5 mM EDTA,
150 mM NaCl). Adhesion assays were performed as pre-
viously described (Cominetti et al. 2004). Briefly, cell
suspensions were adjusted to 5 x 10° cells/ml in an
adhesion buffer (20 mM HEPES, pH 7.4, 150 mM NaCl,
5 mM KCI, 1 mM MnCl,, 1| mM MgSO,), and CMFDA
was added to a final concentration of 12.5 uM. Cells were
incubated for 30 min at 37°C and then washed three times
with adhesion buffer. The cell suspension was adjusted to
10° cells/ml. Camptosemin (10 pg) was incubated with
GalNAc for 1 h at room temperature at molar ratios from
1:1 to 1:32 (camptosemin: GalNAc) in adhesion buffer.
The mixture was dispensed into flat-bottom 96-well plates
and incubated overnight at 4°C. The negative controls were
composed of 100 pl of a solution of 1% bovine serum
albumin (BSA) in the same buffer. Positive controls were
composed of 100 pl of collagen type I, at 10 pg/ul. After
incubation, each well was poured out and blocked with 200 pl
of 1% BSA in adhesion buffer for 2 h at room temperature,
followed by three wash steps with adhesion buffer. Labeled
cell suspensions were dispensed into the coated wells (100 pl)
and incubated for 30 min at 37°C. After the unbound cells
were washed away, the bound cells were lysed by the addition
of 0.5% Triton X-100. The plates were read using a Spectra-
Max Gemini XS fluorescence plate reader (Molecular Devi-
ces, Sunnyvale, CA) with a 485-nm excitation and a 530-nm
emission filter. Each experiment was performed in triplicate,
and the mean values were plotted and normalized as per-
centage values of the positive controls.

cDNA cloning
Plant RNA extraction

Total RNA was isolated from immature seeds of
C. ellipticum, which had previously been frozen in liquid

nitrogen, using the RNAeasy Plant Mini Kit (Qiagen). The
RNA was quantified by measuring absorption at 260 nm
with a Hitachi U-2000 spectrophotometer.

c¢DNA isolation

The partial fragment that encodes camptosemin was
amplified, using a degenerated oligonucleotide, by
RT-PCR. The synthesis of the first strand of cDNA was
performed using 1 pg of total RNA from C. ellipticum,
100 pmol of the oligo-dT reverse primer, and 0.4 mM
dNTPs, in the manufacturer-recommended AMV/Tf/Reac-
tion Buffer. The mixture was heated to 70°C for 5 min,
followed by cooling in an ice-bath and addition of 200 U of
AMYV Reverse Transcriptase (Promega) and incubation at
48°C for 1 h. The first strand was purified by ethanol
precipitation. The nucleic acid was recovered by centrifu-
gation at 16,000xg for 5 min and then washed in 70%
ethanol, air dried, and suspended in sterile water. The PCR
to amplify the fragment encoding camptosemin was per-
formed using the cDNA obtained as described above
adding 100 pmol of each primer (Camp-fw2 and oligo-
dT,s-Promega), 0.4 mM dNTP, 2.5 mM MgSO,, High
Fidelity PCR Buffer and 2.5 U of High Fidelity PCR
Enzyme Mix (Fermentas), and water to 25 pl. The first
primer sequence, Camp-fw2 (5" ATHAARYTNCARGGN
AAYGC 3'), corresponds to minor degeneration and the
major confiability region of the camptosemin N-terminal
sequence (IKLQGNAA). The amplification was performed
in an Eppendorf Mastercycler (Eppendorf) under the fol-
lowing conditions: one cycle at 94°C for 3 min, 10 cycles
at 94°C for 1 min, 42°C for 1 min, 72°C for 3 min, and 40
cycles at 94°C for 1 min, 45°C for 1 min, 72°C for 3 min,
and 72°C for 7 min in a final extension. The final product
was purified using the Wizard SV Gel and PCR Clean-Up
System kit (Promega), inserted into the Topo TA cloning
vector (Invitrogen), and propagated in E. coli DHS5a strain.
Sequencing (Sanger et al. 1977) was performed in an ABI
Prism 377 automated DNA sequencer (Perkin Elmer),
following the manufacturer’s protocol. The obtained
sequence encoding camptosemin was submitted to the
BLAST script databank search (Altschul et al. 1997).

5'-RACE (rapid amplification of cDNA ends)

The 5-RACE was performed according to an adapted
protocol, described previously (Frohman et al. 1988). The
specific primer for 5-RACE was: CampRACE_External:
5'CTGGGTGTCCTGAGGTGCAAG3' for 5'cDNA exten-
sion, and CampRACE_Internal: 5GCAACATTGCCGGT
GGCTTC3'. Terminal transferase (Invitrogen) was used to
add a homopolymer G-tail to the first strand product from
5'-RACE. In the amplification of the 5'cDNA by PCR, we
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used CampRACE_Internal and a poli-C oligonucleotide
primer. The PCR product was purified using Wizard SV Gel
and PCR Clean-Up System (Promega), inserted into the
pCR 2.1 vector (TopoTA cloning, Invitrogen), and propa-
gated in E. coli DH5ua cells. Recombinant clones were
subjected to plasmidial extraction and sequencing as
described above.

Structural characterization studies

The molecular mass (MM) of camptosemin was estimated
by 15% SDS-PAGE (Laemmli 1970), with and without
heating, and in the presence or absence of f-mercap-
toethanol. N-terminal analyses were performed in the
PPSQ-231 Shimadzu automatic protein sequencer (Kyoto,
Japan), following the manufacturer’s recommendations.
The percentage of sequence identity with lectins from the
legume lectin family was determined using the NCBI-
BLAST (Altschul et al. 1997) databank and multiple
sequence alignment, performed with CLUSTAL W (Larkin
et al. 2007).

Size exclusion chromatography (SEC)

The apparent molecular mass of camptosemin was esti-
mated with size exclusion chromatography on a Superdex-
200 10/300 GL column (Amersham Biosciences) driven by
an AKTA purifier system (Amersham Pharmacia Biotech).
The column was equilibrated with 20 mM Tris—HCI buffer,
pH 8.0, containing 0.2 M lactose and 0.3 M NaCl. The
presence of 0.3 M salt in SEC experiments was used to
avoid any protein unspecific interactions with the chro-
matographic matrix. Additionally, it is known that if no
sugar is in the buffer, lectins usually exhibit an elution
delay due to interactions with the polysaccharide column
matrix, and no reliable estimate of native protein Mr can be
obtained by SEC. To prevent this, we used 0.2 M lactose in
the buffer. The molecular mass standards were f-amilase
(200 kDa), alcohol dehydrogenase (150 kDa), bovine
serum albumin (66 kDa), carbonic anhydrase (30 kDa),
and cytochrome C (12 kDa) (Sigma—Aldrich). The appar-
ent molecular mass of camptosemin was determined from
the calibration curve (K,, vs. log[MW]), with K,, deter-
mined by: K,, = (elution volume — column void volume)/
(geometric column volume — column void volume).

Circular dichroism spectroscopy (CD)

Far-UV CD spectroscopy (195-250 nm) was performed
using a J-715 Jasco spectropolarimeter equipped with a
temperature control device. Sixteen accumulations were
averaged to form the CD spectra, taken using a scanning
speed of 100 nm min~", a spectral bandwidth of 1 nm, and
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a response time of 0.5 s, and obtained on degree scale. The
camptosemin concentrations were approximately 9.0 and
19.5 uM in 20 mM Tris-HCI buffer, pH 8.0, containing
20 mM NaCl. Quartz cuvettes, 1 mm in path length, were
used for the far-UV CD measurements at 20°C. The buffer
contribution was subtracted in each of the experiments. The
CLUSTER program was used to determine the tertiary
structure class, based on the protein CD spectra (Sreerama
et al. 2001).

Small-angle X-ray scattering (SAXS)

The small-angle X-ray scattering experiments on the
camptosemin at 52.0 and 315.0 uM molar concentrations
(in 20 mM Tris-HCl pH 8.0 buffer, containing 20 mM
NaCl) were carried out at the LNLS (National Synchrotron
Light Laboratory, Campinas, Brazil) synchrotron SAXS
beamline. The samples were centrifuged for 10 min at
13,000x g (at 4°C) prior to the measurements. The wave-
length of the incoming monochromatic X-ray beam was set
to 2 = 0.148 nm. A 1D X-ray position sensitive detector
(PSD) was utilized to record the scattering intensity as a
function of scattering angle. Parasitic scattering from the
air and the beamline windows was subtracted from the total
measured intensities. Desmearing of the experimental
results was performed since the entrance window of the 1D
PSD was 8 mm high. The sample-to-detector distance
(732.1 mm) was adjusted in order to record the scattering
intensity over a range of ¢ values from 0.01 to 2.35 nm™".
The samples were loaded into cells made of two thin par-
allel mica windows and kept at 20°C during the measure-
ments. The scattering curves of the protein solutions and
the corresponding solvents were collected in 20 frames of
100 s each, to monitor radiation damage and beam stability.
The data were normalized to the intensity of the incident
beam and corrected for detector response. The scattering of
the buffer was subtracted, and the difference curves were
scaled for concentration. Data analysis was performed
using the GNOM program package (Svergun et al. 1988;
Svergun 1992). Ab initio model simulations were per-
formed using the program GASBOR (Svergun et al. 2001;
Petoukhov and Svergun 2003). At least ten independent
dummy atom model (DAM) reconstructions, starting from
random approximations, yielded reproducible results.
Rigid body modeling was carried out by iterative rota-
tion of each dimer of the structure (pdb id: 1FNY) to
minimize the discrepancy with the SAXS camptosemin
curve. The model was displayed using MASSHA (Konarev
et al. 2001). Structural parameters from DAM, from dimer
structure (pdb id: 1LOC; Bourne et al. 1994), from tetra-
meric structure (pdb id: 1FNY; Rabijns et al. 2001),
and from the rigid body model were obtained with CRY-
SOL (Svergun et al. 1995). The superposition of the
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crystallographic rigid body model and DAM structures was
done using the program SUPCOMB (Kozin and Svergun
2001).

pH-Dependent structural changes

Camptosemin samples were incubated at room temperature
in pH values ranging from 2.0 to 12.0 in 20 mM acetate-
borate-phosphate buffers adjusted to the different pH val-
ues. In the intrinsic polarized fluorescence anisotropy
assay, measurements were done with camptosemin at
0.54 uM in a 0.5 ml, I-cm path length quartz cuvette,
using a 280-nm excitation wavelength. The anisotropy was
computed as the mean of ten measurements across each of
the samples, under each set of conditions. All of the assays
were carried out at 20°C. Camptosemin samples in the
same pH range were subjected to SDS-PAGE analysis,
without heating the samples prior to electrophoresis. For
the static intrinsic fluorescence emission measurements,
quartz cuvettes (0.5 ml, 1-cm light path length) were filled
with 2.7 uM protein solutions and excited at 280 or
295 nm in a K2 ISS fluorimeter equipped with a temper-
ature control system. The intensity of tryptophan fluores-
cence emission was monitored from 290-300 to 450 nm at
different pHs (at 20°C). The buffer contributions were
subtracted in all of the experiments.

Chemical unfolding

Chemical unfolding of camptosemin was monitored by far-
UV CD spectroscopy (195-250 nm). The protein solutions
used were 9.0 and 19.5 pM in 20 mM Tris-HCI buffer, pH
8.0, containing 20 mM NaCl at 20°C. Chemical denatur-
ation was carried out by increasing the Gdm-HCl con-
centration from 0 to 7.7 M while monitoring the ellipticity
change at 220 nm. The protein was incubated for 12 h in the
corresponding buffer prior to measurements. All experiments
were performed three times, and the buffer contribution was
subtracted in all of the experiments. The fraction of denatured
protein, fy, was calculated from the relations:

(Hn - gobs)

Ja= 00

and fy +fy = 1 (1)
in which 0, is the ellipticity obtained at a particular Gdm-
HCI concentration, and 04 and 0, are the values of the
ellipticity characteristic of the denatured and native states,
respectively. Chemical unfolding data were fit using a two-
state homotetramer model (Johnson et al. 1995; Mallam
and Jackson 2005), in which two populations of proteins,
folded homotetramers (T) and unfolded monomers (M),
exist at equilibrium.

Chemical unfolding was also monitored by intrinsic
fluorescence spectroscopy. Native camptosemin at 4.5 and

10.0 uM, and at different Gdm-HCI] concentrations (0—
7.7 M) was used in all experiments. The experiments were
carried out at least three times at 20°C, in 20 mM Tris-HC1
buffer, pH 8.0, containing 20 mM NaCl. The fluorescence
spectral center of mass (4.,) was calculated according to
the equation:

STA(A)

ST (2)
2.1(2)

where / is the emission wavelength, and 1(7) represents the
fluorescence intensity at wavelength 1 (Lakowicz 1999).

)Lcm =

Thermal unfolding monitored by CD spectroscopy

Thermal unfolding of native camptosemin was monitored
by far-UV CD spectroscopy (208-250 nm). The camp-
tosemin concentrations were approximately 4.5 and
19.5 uM in 20 mM Tris-HCL, 20 mM NacCl, pH 8. Thermal
denaturation of native camptosemin, in the presence of
1.5 M Gdm-HCI, was characterized by measuring the
change in ellipticity at 220 nm induced by a temperature

increase from 20 to 95°C at a heating rate of 1°C min~".

Results and discussion

A new legume lectin was purified from crude extract of
C. ellipticum seeds using a purification protocol that
included two rounds of SEC on a Superdex-75 column,
followed by ion exchange chromatography using a Mono-
Q column. This procedure resulted in the separation of one
major hemagglutinating fraction, shown in Fig. 1. The
lectin, camptosemin, represented about 1.5% of the total
protein found in the seeds (1.7 mg/g of seeds). Purified
camptosemin migrated with the expected molecular mass
of around 26 kDa, under reducing or non-reducing condi-
tions after boiling on standard denaturing SDS-PAGE
(insert, Fig. 1, columns 2 and 3). However, when the
protein sample was subjected to SDS-PAGE without
heating, it exhibited a larger size (insert, Fig. 1, columns 4
and 5), indicating that camptosemin is probably an oligo-
mer in solution. These data are in agreement with other
oligomeric lectins described in the literature (Almanza
et al. 2004; Santos-de-Oliveira et al. 1994) and with the
results described below.

The camptosemin primary sequence was deduced from
its cDNA. The cDNA that encoded complete, mature
camptosemin was amplified from the total seed RNA in
two steps. The obtained sequence (GenBank accession
number FJ392648) was submitted to the BLAST script,
which retrieved sequence similarities with several legume
lectin-related proteins; Robinia pseudocacia bark lectin
(access no ABO012635) had the highest score. The 5
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Fig. 1 Camptosemin elution profile from MonoQ 5/50 GL. Dashed
line corresponds to NaCl gradient. Insert shows the major peak
(indicated by the arrow in the chromatogram) eluted on SDS-PAGE:
lane 1, molecular weight markes (kDa); boiled camptosemin in the
presence (lane 2) and in the absence (lane 3) of f-mecaptoethanol;
non-boiled camptosemin in the presence (lane 4) and in the absence
(lane 5) of f-mecaptoethanol

obtained sequence revealed an N-terminal signal peptide
when submitted to prediction by Signal-P (http://www.
cbs.dtu.dk/services/SignalP/); furthermore, the predicted
cleavage site agrees with the expectation based on N-ter-
minal data previously obtained from Edman’s degradation
of the isolated protein. However, based on the lack of a 5’
start codon and on the length/sequence comparison with
other legume lectin pre-peptides, the 5'-RACE information
is still incomplete, missing some 5’ end information.
Nevertheless, the primary structure of mature camptosemin
could be deduced from the cloned sequences, which predict
a mature protein with 243 amino acid residues, a molecular
mass of 26 kDa (very close to the observed value for
camptosemin under denaturing SDS-PAGE conditions),
and a theoretical pl of 5.1 (Gasteiger et al. 2005). The
deduced primary sequence was aligned using CLUSTAL-
W and several legume lectin family members for similar-
ity analysis and demonstrated extensive identities to
R. pseudocacia bark lectin (57%; Fig. 2). Residues impli-
cated in sugar binding were all conserved in camptosemin
and were predicted by sequence similarities (Fig. 2; Loris
et al. 1998; Rabijns et al. 2001).

Camptosemin bioassays applications

Camptosemin preferentially agglutinates erythrocytes from
the O group. Comparing the carbohydrate-induced inhibi-
tion of agglutination displayed upon the addition of several
sugars (Table 1), camptosemin activity was found to be
affected most strongly by N-acetyl-p-galactosamine (MIC
0.015 M), followed by lactose (MIC 0.031 M), indicating
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its binding preferences. Camptosemin stimulates adhesion
of the breast tumor cell line MDA-MB-231, promoting
about 50% of the MDA-MB-231 cell adhesion observed in
the positive control (collagen type I; Fig. 3). Cytometric
analysis showed that MDA-MB-231 cells express high
levels of the «2f1 integrin (not shown), which is one of the
major surface receptors for collagen I (Takada and Helmer
1989). However, these cells also have the ability to adhere
to other proteins, such as fibronectin, and collagen III and
IV. The adhesive properties of MDA-MB-231 cells can be
related to their ability to invade and produce metastasis
(Sheng et al. 1996). The adhesion of MDA-MB-231 cells
was inhibited by the previous incubation with GalNAc. At
1:1 M ratio, no significant difference was observed.
However, from molar ratios of 1:2 (camptosemin/GalNAc)
up to 1:32, significant inhibition of cell adhesion could be
observed. Increasing the GalNAc/camptosemin ratios did
not significantly change this effect, and total inhibition was
never achieved. Camptosemin probably acts as a cell
adhesion molecule for MDA-MB-231 cells, binding Gal-
NAc-glycoreceptors expressed in these tumor cells. Further
studies must be done to determine if camptosemin could
inhibit tumor cell motility and/or invasion.

Structural characterization of camptosemin

The quaternary structure of legume lectins leads to their
ability to bind to glycoconjugates in a multivalent way at
the cell surface. In this context, it has proven very helpful
to use these molecules as model systems for investigation
of the protein oligomerization process. Several approaches
were used to determine the oligomerization state of the
protein after purification and its quaternary structure.
Together, SDS-PAGE, SEC, SAXS, and fluorescence
anisotropy indicate that camptosemin purified as a homo-
geneous stable oligomer in the range of protein concentra-
tions used in these experiments. Upon SEC, camptosemin
eluted as a single peak of apparent molecular weight around
82 kDa; by SDS-PAGE, after camptosemin heat denatur-
ation, an MW of approximately 26 kDa was observed
(Figs. 4a and 1, respectively). Although most of the bio-
physical data appear to indicate a homotetrameric organi-
zation of the lectin, the data provided by SEC show a
trimeric molecular weight. This apparent discrepancy might
happen because of the lectin interaction properties of
camptosemin with the polysaccharide column matrix. We
observed a large delay when the SEC was performed without
sugar (data not shown), which indicated that camptosemin,
in fact, interacts with the polysaccharide matrix. Probably
this interaction is not totally inhibited in the presence of
0.2 M lactose in the buffer, leading to the apparent dis-
crepancy observed by SEC.
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Fig. 2 Analysis of
camptosemin primary sequence
compared to several legume
lectin family members. Identical

Camptosemin
R.pseudocacia 1
R.pseudocacia 2

L.Tetragonolobus

WBA

residues among them are ECorL

displayed in black background. ConBR

. . . ConA

Conservative substitutions are

in dark gray shading and semi-

conservative substitutions in Camptosemin OGNEATQGNG
R.pseudocacia 1 QGSEOILSNG

light gray background. Residues
lying within N-terminal signal

R.pseudocacia 2

L.Tetragonolobus

LGOENIMANG
QGDIRKIWTDG

peptides are in light gray, WBA ORDIMRISSNS

upstream of the first N-terminal ECorL QGRARTLITQSG

residues (bold faced) of each ConBR QGDRTTGTDG
. ConA QGDITTGTEG

mature protein sequence.

Camptosemin N-terminal-

missing residues are represented Camptosemin

by gray dots. Arrows indicate
probable residues implicated in

R.pseudocacia 1
R.pseudocacia 2

L.Tetragonolobus

sugar binding, predicted by WBA
sequence similarities (Loris ECorL

et al. 1998; Rabijns et al. 2001). EzgiR
Camptosemin presents sequence

identity ranging from 57 (R.

pseudocacia 1) to 34% (ConBR Camptosemin

and ConA) when compared to
the other lectin sequences
herein. Accession numbers for

R.pseudocacia 1
R.pseudocacia 2

L.Tetragonolobus

WBA

the sequences used are the ECorL

following: R. pseudocacia 1, goniR

AB012635 (Yoshida and Tazaki on

1999) R. pseudocacia 2,

AAA80183 (Van Damme et al. Camptosemin VANEN-D-GQ

1995); L.Tetragonolobus, i‘gziijgzzzi: é z@ g;gg:gg

2EIG_A (Moreno et al. 2008); L.Tetragonolobus VVIUTHON-GQ

WBAI1, 024313 (Prabu et al. WBA VVIEVEPSLGT

1998); ECorL, CAA36986 ECorL AVIEVYPSSGA

(Arango et al. 1990); ConBR, ggiiR iz :iiﬁ:ig

CAA74202 (Grangeiro et al.

1997); ConA, CAA25787

(Canjngton et al. 1985) Camptosemin DTDPSNSKE
R.pseudocacia 1 [BETTVSVTSE
R.pseudocacia 2 [MVTATSSTSK
L.Tetragonolobus MK-EP---EE
WBA WPGTNE -~~~
ECorL WPETNDAVIP
ConBR WK-SNE--IP
ConA WK-SNE--1P

ATVTSENfiTSs @ssssu-fikiE 35
AEGISHDATK |gTOSD--HTH 54
DEGISENITN BTRGDOGYTI 37
VSINMTR |gKDDGS-MI)g 16
MKTISNENQ |HONEEQIKE 20
VETISHSIESE |JEPGNDNITH 46
NALHgMING BSKDOKDIHT 53
STHE TNALHgMINO |SKDOKDETIE 53
LHARTSD-KN --PSS-NIGH VilissET E VEsIERRIED 91
IMARTKH-VN --PSW-SEG TEjg{P Al VilSIEVIJOD 110
IMARTNH-TN --PTW-NTG SKIg/P S VIlSIEERVYOE 93
AVPTD-PL --VNR-TTS ATIZYP S TWSIEATVSN 72
VBEITKV-VN GVPTWNSTG: AMAKIZVO S EURZCSIRO 79
VBOITKINON GMPAWDSTG: TIAKIZVH M EURZESIEQ 106
NBEITRVSSN GSPQGSSVG YAJYH S EATIGTIKS 112
NBRIETRVSSN GSPQGSSVGE A YARYH S EATIRgLIEKS 112
APQD Y D-AFN--NFf§ 134
APPD K N-AFN--QF)Y 153
AP-E 0 K-AYN--PF)y 135
APWG Y N-SON--QF)Y 115
APPN Y S-PY---PF)j 120
GPTK: Y N-SY---QTj# 150
SNID L NAAYNADTI)Y 168
SNID L NAAYNADTI)Y 168
B/ DIZSE A= TG T D\YYS S 189
——WBAD---S AlSHEERRD/ N[ S 208
~—WBPK-~--S AlNKERRRA S S 190
~-WBPKSLRS SEREERRD/ N[ T 173
—-WBP---QI PEREEARD/ N H 175
~-WBPP--QV PEREERRD/ N[ H 206
DIGBPS---Y PiEREERRD KK S 225
DIGEPS---Y PishEeRRnIKS S 225
TI@% oM ARE@s--- --- SGGIPRH DffjY| R 241
ISilov AT --- -—- SGGQETIH DpiH N 261
TSilov AT --- -—- TG-RELY DpiH T 242
ITir<[OF A --- -—- NPERBSRH DY, T 226
TY§eDT ARMIGDPS GKQRNATTH DuiL! S 235
TYRAET GEWG--- -AQRDAASTH DJJY S 262
S YD AREG-—- --—— LYKBTN ThL K 277
S YD) AREG--- --—- LYKBTN ThL, K 277
NMNMASSK- 259
NINIKSYA- 279
NMNIASYA- 260
Q---A---- 234
—————— F-- 242
TSNHNTFAI 281
D--IATVV- 290
D--IATVV- 290

Taken together, the results were consistent with a homo-
tetramer with an expected mass of around 104 kDa,
confirmed by SAXS measurements. SAXS experimental
scattering curves of camptosemin at 52 and 315 pM
displayed the same profile, and since scattering curves at
higher concentrations showed negligible interference
effects, they were used in the SAXS analysis in the range of
0.03-2.35 nm~' (Fig. 5a). Structural parameters derived
from these curves are given in Table 2. Guinier plots of the
obtained data exhibited linear profiles, indicating satisfac-
tory monodispersity of camptosemin (Fig. 5a, insert). The
pair distance distribution function p(r) calculated from the
GNOM fitted data is shown in Fig. 5b. These curves also
provided the camptosemin maximum dimension (Dj.x),

determined from the value of r for which the function p(r)
drops to zero. The determined camptosemin D, was
9.5 £ 1.0 nm. The SAXS experimental curves were com-
pared to the scattering intensity and the distance distribu-
tion p(r) function calculated from the atomic coordinates of
the dimeric and tetrameric lectin structure (Fig. Sa, b,
respectively). Rigid body modeling was performed to
obtain better agreement between camptosemin and a tem-
plate (PDB id: 1FNY). The superposition of a crystallo-
graphic rigid body model and DAM structures was done
using the program SUPCOMB (Fig. 5c¢). The curves, cal-
culated from SAXS, and the radii of gyration, calculated
from both the Guinier regions of the SAXS scattering curve
(3.05 nm) and with the program GNOM (3.04 nm), are
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Table 1 Inhibition of human O* erythrocyte agglutination

Carbohydrate MIC (M)* Relative activity
Sucrose 0.125

Lactose 0.031 8.1

Galactose 0.250 1
Methyl-a-p-galactopyranoside 0.125

Melibiose 0.125

N-acetyl-p-galactosamine 0.015 16.7

The erythroagglutination inhibitory activity of galactose was arbi-
trarily set as 1; 2.8 pM lectin was added to each well of the micro-
titration plate. The following sugars were not inhibitory at 125 mM:
maltose, mannose, fucose, GIcNAc, maltose, methyl p-mannoside,
D-(+4)-raffinose, L-rhamnose

# Minimal inhibitory concentration

100 b | E
751
E FHx®
8
'E 50
< |L‘ #* X%
S
25 - ﬂ
) 2 v
o> e RN &
@&‘Q Molar ratio (Camptosemin:GalNAc)
o

Fig. 3 Cell adhesion assay. GalNAc inhibits MDA-MB-231 breast
cancer cell adhesion promoted by camptosemin. Camptosemin was
incubated for 1 h at room temperature with GalNAc at molar ratios of
1:1 to 1:32 (camptosemin:GalNAc) in adhesion buffer, and 96-well
plates were coated overnight at 4°C with this mixture. MDA-MB-231
cells labeled with CMFDA (1 x 10° cells/ml) were added to coated
wells, and the plate was incubated for 30 min at 37°C. After washing
the unbound cells, the bound cells were lysed by the addition of 0.5%
Triton X-100, and plate was read in a fluorescence reader. BSA was
used as a coating for negative control, and collagen type I (10 pg/ml)
was used as a positive control for MDA-MB-231 cell adhesion.
Values represent two independent experiments in triplicate, and data
are expressed as percentage of control values on collagen type I,
which represents 100% adhesion. Statistical analysis was performed
using one-way analysis of variance (ANOVA), followed by the post
hoc Bonferroni’s test, ***P < 0.001, compared with the positive
control (Col. I)

consistent with a homo-tetrameric structure in the form of a
spherical-like molecule.

The oligomerization state of the protein was investigated
by fluorescence anisotropy as a function of pH and tem-
perature. Increasing temperatures induced larger values of
anisotropy (Fig. 6a). Low anisotropic states ranging from
pH 5 to pH 10 were observed. High anisotropic values were
also observed in both extremely low pH (from pH 2 to pH
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3.5) and highly alkaline pH (pH 12; Fig. 6a). The same
samples were also monitored on SDS-PAGE, and mono-
meric forms were found in the extremely low and high pHs,
whereas the tetramer was found within the intermediary pH
range (Fig. 6b). Such behavior is similar to soybean
agglutinin (SBA), a tetrameric legume lectin like camp-
tosemin that retains its tetrameric identity very well until
below pH 2.5, when the dissociation of tetramers into
monomers begins to occur (Sinha and Surolia 2005).
Fluorescence emission and CD data showed that incubation
of camptosemin in a pH range from 2 to 10 did not sig-
nificantly affect the shape of the CD spectrum or the
maximum fluorescence emission wavelength (data not
shown). All these data suggest the dissociation of the
quaternary structure of camptosemin into subunits of
smaller size (probably monomers). As evident from the CD
spectra, monomers and tetramers are almost structurally
unperturbed in the pH range 2—10, with a modest change at
pH 12. Nevertheless, the hypothesis of local rearrange-
ments of camptosemin monomers within the native tetra-
mer cannot be excluded, and neither can the possibility that
both local rearrangements, with tetramer shape change and
tetramer to monomer dissociation, might co-exist. Addi-
tionally, the anisotropy values of camptosemin showed a
gradual increase with increasing temperature (indicating
that the size of camptosemin decreases when heated), but
such values seem to be closer to the tetrameric camptose-
min anisotropy than to the monomeric types seen in the
pH-driven anisotropy experiment (Fig. 6).

The stability of camptosemin was also investigated as a
function of chemical and thermal denaturant agents.
Chemical denaturation was studied by intrinsic fluores-
cence emission at 20°C. Figure 7a (solid line) shows the
fluorescence emission spectra of camptosemin in the
absence of Gdm—HCI. An emission maximum at approxi-
mately 332 nm was observed, typical of tryptophan resi-
dues buried inside a solvent-inaccessible protein core.
However, at high Gdm-HCI concentration (~7 M), the
results indicate that tryptophan residues should be solvent-
exposed due to a significant bathochromic red-shift of the
fluorescence emission maximum (from 332 to 352 nm).
Also, severe quenching of the fluorescence emission
intensity could be detected, which indicates that camp-
tosemin in this environment could be a completely unfol-
ded protein. The fluorescence quenching observed in
denaturation conditions, in contrast with native camptose-
min, is possibly due to collisional quenching by the sol-
vent. Also, a different chemical environment, such as a salt
bridge between acid and basic residues, may act to quench
of its emission. In Fig. 7b, the unfolded fraction of camp-
tosemin, calculated from the center of mass of the fluo-
rescence spectrum, is shown as a function of Gdm-HCI
concentration (see “Materials and methods”). This curve
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Fig. 4 Size exclusion chromatography (SEC) and tryptophan fluo-
rescence emission of native, unfolding and refolded forms. a Size
exclusion profile of native (108 pM) and refolded (in the same
concentration) camptosemin performed in Superdex-200 column,
equilibrated with 20 mM Tris-HCI, pH 8 buffer containing 0.2 M
lactose, 0.3 M NaCl. The arrows indicate the elution volume of the
standards: (1) f-amylase (200 kDa), (2) carbonic anhydrase (30 kDa),

Fig. 5 SAXS measurements. (A)
a SAXS curve of the 100

Native

Intensity (a.u.)

T T T T T T T T T

300 315 330 345 360 375 390 405 420 435 450

Wavelength (nm)

and (3) cytochrome C (12 kDa). b Fluorescence spectra of camp-
tosemin in native, unfolded and refolded states. The spectra of native
and refolded protein were taken using 6 pM of the fractions from
Superdex-200 elution, at 20°C with a l-cm optical path length
cuvette. Samples were excited at 295 nm and emission intensity
scanned from 300 to 450 nm

(B)

camptosemin protein
superimposed with the
theoretical scattering curve from
the low-resolution model. The
radius of gyration obtained from
the Guinier plot (insert) is

R, = 3.05 nm, which is very
close to the value of

R; = 3.04 nm obtained from
the integral analysis of the
scattering curve using the
method implemented in GNON.

10 4

Intensity (a.u.)

In Intensity (a.u.)

0,1 4

b Distance distribution, p(r), of 00
camptosemin computed by
indirect Fourier transform with
GNON. ¢ Three orthogonal
views of the camptosemin

“ab initio” DAM superposed
with the tetrameric rigid body
model from template structure
(PDB id:1FNY). The figure was
prepared using PyMOL
(DeLano Scientific, San Carlos,
CA; http://www.pymol.org)

©

suggests that there are no detectable amounts of interme-
diate states present (two-state transition) during the
chemical unfolding process.

The secondary structure of camptosemin was probed by
CD spectroscopy. Both CD and fluorescence experiments
were done at the comparable protein concentrations (see

Table 3). The CD spectrum was characterized by a mini-
mum at approximately 223 nm and a maximum at
approximately 195 nm (Fig. 7c, solid line, Gdm-HCI 0 M),
compatible with the expectations for a typical legume
lectin. The CLUSTER script classified camptosemin as an
all f-class protein, similar to the tertiary structure of other
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Table 2 Structural parameters of SAXS

Sample parameter 52 uM 315 M Dam? 1Loc® IFNY® RBM*®
R, (nm) 3.05 £ 0.50 3.00 £ 0.50 2.59 2.51 2.90 2.83
Dpnax (nm) 9.50 £ 1.00 9.50 £ 1.00 9.00 8.9 9.55 9.30
Discrepancy Xd - - 1.09 10.70 1.90 1.13
Resolution (nm) 3.18 2.73 - - - -
Volume (nm*) - - 135.9 72.07 128.10 148.50

Exp., calculated from the experimental data

* DAM, parameters from the dummy atoms models averaged over ten models

° PDB, parameters from crystallographic model of pdb id: 1LOC and pdb id: 1FNY, respectively

¢ RBM, parameters from the rigid body model

9 The data were compared with experimental parameters of camptosemin 462 uM

o o o
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Fig. 6 Polarized fluorescence anisotropy. a Camptosemin samples at
0.54 uM were submitted to polarized fluorescence anisotropy deter-
mination under 280 nm excitation wavelength. Measurements are
represented as the mean value of ten consecutive scans trough the
samples. Polarized fluorescence anisotropy along thermal denatur-
ation is in gray. Polarized fluorescence anisotropy of camptosemin in
different pHs is in black. b SDS-PAGE of camptosemin in different
pHs. Lane 1 and 20 molecular mass standards. Left panel samples in
the pH range from 2 to 6 in 0.5 subdivisions. Right panel samples in
the pH range from 8 to 12 in 0.5 subdivisions. pH gradation is shown
above the figure, indicating lower pH values in white and higher ones
in dark. A black arrow indicates camptosemin oligomer and a gray
one the monomer

legume lectins (Rabijns et al. 2001). A well-suited test for a
two-state transition hypothesis is to examine whether
changes in the secondary structure (CD method) occur
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simultaneously with modifications to the tertiary structure
(fluorescence method). When the secondary structure of
camptosemin was examined by far-UV CD spectroscopy as
a function of Gdm-HCI, the changes were coincident with
the intrinsic fluorescence emission. At 7 M Gdm-HC], the
far-UV CD spectrum of camptosemin is characteristic of a
denatured unfolded protein (Fig. 7c). Monitoring the CD
spectrum at 220 nm, a sigmoidal-like transition similar to
that obtained by the fluorescence emission spectral center
of mass method was found (Fig. 7d); this suggests that no
folding intermediate species accumulated during the
denaturation process.

The curves of normalized fluorescence and CD-moni-
tored unfolding of camptosemin against Gdm—-HCI con-
centrations could almost be superimposed (Fig. 7e), so they
could be fitted, individually or together, to a reversible two-
state unfolding/refolding model equation, indicating that
camptosemin behaves as a single cooperative unit upon
chemical denaturation. The unfolding curves measured by
the two methods give the same value of approximately 4 M
for the [Gdm-HCl]».

Upon refolding, fluorescence emission showed partial
reversibility of the unfolding process (Fig. 4b). Refolding
experiments using SEC also confirmed the partial revers-
ibility of the process (Fig. 4a). Camptosemin exhibited
about 70% reversibility upon refolding of the protein
unfolded by Gdm-HCl denaturation. Thus, all results
indicated that the unfolding of camptosemin appears to be a
two-state mechanism. Because of this, the analysis of the
denaturation curves was performed with the assumption
that only two states (the native and the unfolded) exist at
equilibrium. This assumption may not always be true for
oligomeric proteins, and it would also depend upon the
contribution of inter-subunit interactions to the total protein
stability. In the denaturation process, the formation of
partially folded intermediates is possible. In the present
study, the denaturation curves of camptosemin monitored
by far-UV CD and fluorescence were cooperative and
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Fig. 7 Chemical unfolding of
camptosemin. a Gdm-HCI
induced unfolding of
camptosemin (4.5 pM)
monitored by fluorescence.

b Gdm-HCI denaturation curves
of camptosemin (4.5 and

10 M) monitored by
fluorescence following the
displacement of the mass center
and expressed in terms of
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Table 3 Thermodynamic parameters from the fit of camptosemin in a two-state model

Pt (uM) Far-UV CD

[Dlsoy
(M Gdm-HCI)

AGN4 —4D

mn4 —4D H,0
(KJ mol ™!,

(KJ mol '3/},

Pt (uM) Fluorescence

[Dlsox
(M Gdm-HCI)

NydD
AGHZO

(KJ mol !,

My, 4D
(KJ mol™'M™h

9.0
19.5

39+£05
4.8 £0.1

10.6 £ 0.6
9.8 £0.7

126.0 &+ 0.1
128.6 = 0.1

4.5
10.0

35+£0.1
4.1 £0.1

10.7 £ 0.3
10.3 £0.2

129.7 £ 0.1
128.7 £ 0.1

Concentration in terms of camptosemin monomers

super-imposable (Fig. 7e), suggesting the existence of only
two species in the transition. Similar behavior has been
observed in the chemical unfolding-folding process for
concanavalin A (Sinha et al. 2005) and SBA lectin (Sinha
and Surolia 2005).

The data from Fig. 7b, d were analyzed (at different
protein concentrations) using a two-state model in which
two protein populations, folded homotetramers (7) and

unfolded monomers (M), exist at equilibrium. The protein
concentration (Py)-dependence of equilibrium unfolding
curves in homotetramer systems is expected, and it can be
understood from the definition of the equilibrium constant
Ky: Ky = [M]4/[T]. At a given denaturant concentration,
Ky and AG remained constant for all protein concentra-
tions, and only the fraction of each equilibrium species
presented changes with P. In a homotetramer system,
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Fig. 8 Thermal unfolding of (A)

camptosemin. a Thermal-
induced unfolding of
camptosemin monitored by far-
UV CD. b Thermal denaturation
curves of camptosemin (4.5 and
19.5 uM), monitored at 220 nm,
by far-UV CD, expressed in
terms of denatured protein
fraction as a function of
temperature
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[Uly), is defined as the concentration of denaturant such
that the fraction of unfolded monomers is equal to the
fraction of monomers presenting as tetramers. This is also
when Ky = 0.5 Pt3; therefore, the concentration of dena-
turant corresponding to [U];, will depend on P, and a
change in [U];, with the total protein concentration is
expected. AG;;‘;“D remains the same with changing P, and
[Ulij,. The m value is a constant for each protein and
should not be affected by protein concentration. When
camptosemin unfolding data were analyzed according to a
two-state denaturation model, the mr,4p and AG,T;B"‘D
values remained the same for all concentrations of the
protein (see Table 3). The AG,@Z“Dvalue determined here
was approximately 130 kJ/mol (31 kcal/mol), very close to
the value obtained for the protein concanavalin A (Sinha
et al. 2005). Thus, a two-state homotetramer model
described the experimental results adequately. However, it
is possible that the tetramer form of camptosemin can
dissociate, producing dimers or monomers before reaching
the denatured state, but these forms could not be detected
by the methods used in the present work.

Finally, the thermal stability, in the presence of 1.5 M
Gdm-HCI, of camptosemin was monitored by far-UV CD
in the range of 20-95°C (Fig. 8a, b). Native camptosemin
could not be completely thermally unfolded in the absence
of a chemical denaturant. The data showed that camp-
tosemin was stable up to 60°C with a T,,, point at 71°C, and
also suggested a two-state model for the thermal denatur-
ation. When the temperature was increased from 70 to
90°C, the intrinsic fluorescence emission of camptosemin
exhibited a significant bathochromic shift of its maximum,
from 332 to 338 nm, indicating the exposure of tryptophan
residues to the buffer (data not shown). These data indicate
that camptosemin is a heat resistant protein, similar to some
other members of the legume lectin family (Srinivas et al.
2001). However, in contrast to the Gdm—HCl-induced dena-
turation process, the thermal denaturation of camptosemin
was found to be an irreversible process, since samples that
were heated up to 95°C did not return to their original state
after either rapid or slow cooling back to 20°C.
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Conclusion

In this study, a new protein isolated from C. ellipticum
seeds is described. It is characterized as N-acetyl-p-galac-
tosamine-binding lectin and named camptosemin. Struc-
tural studies using SAXS and SEC show that camptosemin
forms a homo-tetrameric assembly, with a spherical shape.
Structural characterization indicates that equilibrium
unfolding/refolding of native camptosemin induced by
Gdm-HCI proceeds through a reversible, classical two-state
homotetrameric mechanism, without the accumulation of
intermediate states. In addition, camptosemin is stable over
a wide pH range [4-11].

We also demonstrated that this protein acts as a cell
adhesion molecule for MDA-MB-231 tumor cells, an effect
mediated by its sugar-binding property, since the adhesion
process was partially inhibited by a specific monosaccha-
ride. These results suggest new studies to clarify if camp-
tosemin can inhibit the motility and/or invasion of the
tumor cells.
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