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ABSTRACT

The genus Swartzia is a member of the tribe Swartzieae, whose genera constitute the living descendants
of one of the early branches of the papilionoid legumes. Legume lectins comprise one of the main
families of structurally and evolutionarily related carbohydrate-binding proteins of plant origin. How-
ever, these proteins have been poorly investigated in Swartzia and to date, only the lectin from S. lae-
vicarpa seeds (SLL) has been purified. Moreover, no sequence information is known from lectins of any
member of the tribe Swartzieae. In the present study, partial cDNA sequences encoding L-type lectins
were obtained from developing seeds of S. simplex var. grandiflora. The amino acid sequences of the S.
simplex grandiflora lectins (SSGLs) were only averagely related to the known primary structures of
legume lectins, with sequence identities not greater than 50-52%. The SSGL sequences were more
related to amino acid sequences of papilionoid lectins from members of the tribes Sophoreae and Dal-
bergieae and from the Cladratis and Vataireoid clades, which constitute with other taxa, the first
branching lineages of the subfamily Papilionoideae. The three-dimensional structures of 2 representative
SSGLs (SSGL-A and SSGL-E) were predicted by homology modeling using templates that exhibit the
characteristic f-sandwich fold of the L-type lectins. Molecular docking calculations predicted that SSGL-A
is able to interact with D-galactose, N-acetyl-D-galactosamine and o-lactose, whereas SSGL-E is probably
a non-functional lectin due to 2 mutations in the carbohydrate-binding site. Using molecular dynamics
simulations followed by density functional theory calculations, the binding free energies of the inter-
action of SSGL-A with GalNAc and a-lactose were estimated as —31.7 and —47.5 kcal/mol, respectively.
These findings gave insights about the carbohydrate-binding specificity of SLL, which binds to immo-
bilized lactose but is not retained in a matrix containing D-GalNAc as ligand.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

life. They are defined as proteins that have at least one non-catalytic
domain that binds reversibly to a specific mono- or oligosaccharide

Lectins are a very heterogeneous group of carbohydrate-binding (Peumans and Van Damme, 1995). These proteins were first
proteins. They are widespread in nature, occurring in all domains of detected in the seeds of castor bean (Ricinus communis) at the end
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of the nineteenth century and in the last years, genome and tran-
scriptome analyses have shown that lectin genes are ubiquitous in
plants (Jiang et al., 2010). In plants, lectins play a role as defense
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proteins against the attack of pathogens, nematodes and insects,
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and some of them have been intensively investigated as potential
tools for crop protection (Macedo et al,, 2015). Based on the amino
acid sequence of their carbohydrate-recognition domain (CRD),
plant lectins are currently classified into 12 families of structurally
and evolutionarily related proteins (De Schutter and Van Damme,
2015). Among these families, the so called legume lectins (or L-
type lectins) occupy a prominent position. More than one hundred
L-type lectins have been isolated from different legume species and
some of these proteins, such as concanavalin A (ConA) from jack
bean (Canavalia ensifomis) and phytohemagglutinin (PHA) from
common bean (Phaseolus vulgaris), have become important tools in
biological and biomedical research (Sharon and Lis, 1990).

Swartzia Schreb. (Leguminosae, Papilionoideae) is a neotropical
genus of trees and shrubs that contains approximately 180 species.
They occur primarily in lowland rainforests from southern Mexico
and the Caribbean islands to southern Brazil and Bolivia, and a high
diversity is specially found in the Amazon basin (Torke and Schaal,
2008). Swartzia species have been investigated as a rich source of
secondary metabolites with promising biological properties such as
molluscicidal (Magalhaes et al., 2003) and antimicrobial (Osawa
et al,, 1992; Favre-Godal et al., 2015) activities. Although the pres-
ence of hemagglutinating activity in seed extracts of Swartzia
species has been reported (Cavalcanti and Coelho, 1990; Fernandes
etal., 2011), lectins from this taxon have been poorly investigated in
further details and to date, only a lactose-specific lectin from S.
laevicarpa seeds has been purified to homogeneity and partially
characterized (Fernandes et al., 2012). Owing to the lack of amino
acid sequence information, the relationship between Swartzia lec-
tins and other known legume lectins remains elusive. In the present
study, partial cDNA sequences encoding L-type lectins from S.
simplex var. grandiflora (Raddi) R.S. Cowan were obtained and the
relationship of the deduced amino acid sequences with those of
known legume lectins was investigated. Homology modeling and
docking calculations were then used to gain insights about their
functionalities.

2. Results and discussion

2.1. The proteins encoded by the 3’ RACE products and their
relationship with known legume lectins

The partial cDNA sequences obtained by 3’ RACE encode poly-
peptides which have 240 (SSGL-A to SSGL-D) and 244 (SSGL-E and
SSGL-F) amino acid residues (Fig. 1). The multiple alignment of
these 6 sequences had 249 sites, including 14 sites with insertions/
deletions (~5.6% of all aligned positions), 124 sites with conserved
residues (~49.8%) and 111 sites with variable residues (~44.6%). To
provide experimental evidence about the existence of the products
encoded by these partial cDNA sequences, S. simplex var. grandiflora
seed proteins were resolved by SDS-PAGE and the N-terminal
sequence of the main protein band, which exhibited an apparent
molecular mass of ~30 kDa (Fig. S10), was determined. A 19-
residues sequence was obtained (TKFVDNQEDLLLQGDAAEV), in
which the stretch QEDLLLQGDAAEV aligned with the first 13 amino
acid residues deduced from the cDNA sequences (Fig. S11). There-
fore, the partial cDNA clones encode proteins which are very closely
related to the major lectin found in the S. simplex var. grandiflora
mature seeds. Chromosome counts have shown that this is a
diploid species with 2n = 2x = 26 (Pinto et al., 2016). Moreover, the
partial cDNA sequences reported in the present study were ob-
tained from a single isolated tree. Therefore, rather than being the
products of allelic variants of the same gene, the different mRNA
sequences encoding the SSGLs are likely to come from the
expression of individual members of a multigene family. In

flowering plants, lectins belonging to different families are usually
encoded in the same genome and each family often contains a
number of members (Dang and Van Damme, 2016). In soybean
(Glycine max), for example, 94 predicted genes were identified as
belonging to the legume lectin family (Van Holle and Van Damme,
2015).

When the amino acid sequences deduced from the partial
cDNAs were compared, it was possible to cluster them into 2 groups
according to their overall identity (Fig. 1 and Table 1). The first
group comprised the 4 sequences with 240 amino acid residues
(SSGL-A to SSGL-D; 99.1% mean sequence identity) and the second
group contained the 2 sequences with 244 residues (SSGL-E and
SSGL-F; 99.5% sequence identity). The average sequence identity
between the sequences of these 2 groups was approximately 53.2%
(excluding all sites with gaps). Due to the high sequence identity
within each group, one representative sequence from each one
(SSGL-A and SSGL-E, respectively) was selected for further analysis.

RPS-BLAST searches against the CDD revealed that the primary
structures of SSGL-A and SSGL-E contain each one a complete copy
of the lectin_L-type (legume type) superfamily domain (CDD
accession number: c114058). The conserved domain found in both
sequences (residues 1—221 in the primary structure of SSGL-A and
residues 1—226 in the amino acid sequence of SSGL-E) belongs to
the family lectin_legume LecRK Arcelin_ConA (CDD accession
number: cd06899), which is a member of the superfamily cluster
mentioned above. Furthermore, BLAST searches against the NCBI
non-redundant protein sequences database showed that the pri-
mary structures of SSGL-A and SSGL-E exhibited significant align-
ments with CLAIl (Van Damme et al., 1995), a lectin from the bark of
Cladratis kentukea, and with lectins from Sophora species such as S.
alopecuroides and S. flavescens (Tables S1 and S2). Sequence identity
of SSGL-A and SSGL-E with CLAII was 52.4 and 49.7%, respectively.
To further investigate the relationship of SSGLs with the known
legume lectins so far characterized, a phylogenetic tree was
generated using primary structures of lectins from species
belonging to representative tribes of the subfamily Papilionoideae
(Fig. S12). As shown in Fig. 2, 9 supported clades were recovered,
corresponding to the tribes from which the sequences are derived.
The amino acid sequences of SSGL-A and SSGL-E were recovered in
a single cluster, which was sister to a clade containing 3 supported
subclades. These subclades contained amino acid sequences of
lectins from members of the tribe Sophoreae as well as from species
of the Cladratis and Pterocarpus clades, respectively. Swartzia is the
type genus of the tribe Swartzieae, which includes 7 other genera
(Ateleia, Bobgunnia, Bocoa, Candolleodendron, Cyathostegia, Fair-
childia and Trischidium), as currently circumscribed (Cardoso et al.,
2013). 1t has been predicted that the tribe Swartzieae diverged from
the other legume lineages 48.9 + 2.8 million years ago (Lavin et al.,
2005). Furthermore, molecular phylogenetic studies have consis-
tently shown that members of the tribes Swartzieae, Sophoreae and
Dalbergieae (tribe Dalbergieae includes the Adesmia, Dalbergia and
Pterocarpus clades) as well as those of the Cladratis clade constitute,
with other taxa, the first branching lineages of the subfamily Pap-
ilionoideae (Cardoso et al., 2013). Therefore, the finding that the
amino acid sequences of SSGL-A and SSGL-E have at most 50—52%
sequence identity with other known legume lectins, and that the
legume lectins which are more closely related to them are those
from species of Cladrastis and Sophora, are likely the reflection of
the phylogeny and evolutionary history of the taxon Swartzia.

2.2. Closest structural neighbors and functional features of SSGL-A
and SSGL-E

When the SSGL-A sequence was compared to proteins with
known three-dimensional structures, the lectins from the
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SSGL-A [MSINRNeIchFIYALENG - | LEASIK TMAETCREV QKN SPYACHAARY 47
SSGL-B [f] )N RNeIchFIYALENG - | LEASIK TMAETCREV QKN SPYACHAARY 47
SSGL-C [N RNeIchFAYALENG - | LEISMIK T[MAETcREY QKN SYAC AR Y 47
SSGL-D [¢]A )N RNelchFAY ALENG - | LEISIK THJAETcREY QKN SR AR Y 47
SSGL-E [l )RR NelcFATVVATTRK | GESEN L{3SEXeRE - 4L | DRYAHA'ANC 49
SSGL-F [e]o) R NelefpFATVVATTRK | SN LPISEXeRN - 4L | DREKLAARY 49
\ v
SSGL-A DPISELINA TIERET | RIFALIREITNNNIEAD(cRENAZL PNQamE | P S[elS Q NLgIld 97
SSGL-B PISELANA TIERET | RIFALREGITNNNIZADCRNAZL PN QamE | P S[elS Q DLigI 97
SSGL-C PISELANA TIERET | RFGALREYTNNNEFADCRNAZL PN QamE | P S[e]S Q NLEId 97
SSGL-D DPISELANA TIERET | RFGALREYTNNNEFAD(CRNAZL PYLQPAmE | P S[e]S Q NLE I 97
SSGL-E PIPELANL SIERISFTIHTIRNEIY P - TEEYA[CRENAY | LYPPDRAREP - -[¢]VS LMLl 96
SSGL-F PPELINL SIS F TIE TR Y P - TLEIALRRYAS | LY PERARIP - -[&VS LMLl 96
VYV
SSGL-A P -EIGS[el - - - - HVALVASI Y VERRTCIQUII IS REENCEEID | ES RDEJKK THIE 142
SSGL-B P -EIGS[eIM - - - - HVEAVASI S VAR QIS MR EENcREID | ESRDEIKK THIE 142
SSGL-C P-uEIGS[e]d- - - - HVYUAURI VARRITCIQUIY SR RLENCEEID | ES RDEIKK THIE 142
SSGL-D P -uEIGS[eld- - - - HVYUAURS S VEARRTQUDIY SR REENCEEID | ESRDEIKK THIE 142
SSGL-E NSuEAA[IMP SRNR | Y FUREY TRARTATDIYNMHLGBNCEEN VNQ | REJSADUP 146
SSGL-F NSpEJAA[IMP SRNR I\ FEESE TRALTSANPIANMHERRNINVNQ | REJSADYP 146

. H- A A. A A . A - .

SSGL-A SV QVAUT AR
SSGL-B SV QYAYT AR
SSGL-C SV QYAYT AR

NRAEMAN LIGRISSARIA TASHQGRRVNEETA@MRITYUNVNLKTL 7192
NAEYAN LIRISEARIA TASIJQGRRVNEETRARIT YRINVNLKTL 792
NRAEMAN FIARIBCARCIA TASIHQGRRVNEE TA@MBITYUNVNLKTL 1792

NREIAN LISRISSAESIA TASHQGRRVNEIE TA@MRUT YRINVNLKTL 7192
SSGL-E TI ANAUNV TRESREMS E SIAKINCARSS - FYRICYPC THGPAERIS LIMVDLSEVR 795
SSGL-F TI ARRINV TSRS ESISKIRARE]S - FY[JCYPCTHRIGPRARISLIYVDLSEVR 1795

SSGL-D SV QAVAUT AR

SSGL-A [N YVANV[cERIA TEIQE VY| HDIIR YIRHSEIYIRVN I - KKEL43D 240
SSGL-B [N YVANV[cHRELIA TEQE VY| HDIIR YRFEIYIMVN I - KKEL 43D 240
SSGL-C M3 YVAVIARIIA TEIQE VY| HDIR YIESEIYIMVN I Y- KKEL43D 240
SSGL-D N3 YLVANV[cHRAHA TEIQE VY| HDIR YIEHSEIYMVN I Y- KKEL493D 240
SSGL-E [N WERM | [cHEI]T N[GANREINY EQAL SEHKEITIHK SNEYWYNE DLY3N 244
SSGL-F L SldK 244

VA1 | [cHRRe] T N[elANRLIN Y E

TIHK S NEYVNE D9SN

Fig. 1. Alignment of the amino acid sequences of SSGLs. Sites containing at each aligned position the same residue in the first 4 sequences and a different residue in the other 2
sequences are shaded in gray. Key residues that constitute the metal- and carbohydrate-binding sites of legume lectins are indicated by red and orange triangles, respectively. Sites
containing residues with side chains that have strongly §'> or weakly (w) similar properties, scoring > 0.5 and < 0.5 in the Gonnet PAM 250 matrix, respectively, are indicated. The
alignment was rendered using the program ALINE (Bond afd Schiittelkopf, 2009). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

papilionoid legumes Platypodium elegans (PELa), Centrolobium

Table 1 tomentosum (CTL), Bowringia mildbraedii (BMA), Pterocarpus ango-

Pairwise sequence comparisons of the amino acid sequences of SSGLs, which are
encoded by the cloned cDNA fragments. For each pair of compared sequences, the
sequence identity (above the diagonal) and number of different amino acid residues
(below the diagonal) between them are shown. These numbers were calculated
based on the multiple sequence alignment shown in Fig. 1.

SSGL-A SSGL-B SSGL-C SSGL-D SSGL-E SSGL-F
SSGL-A - 0.987 0.991 0.995 0.527 0.531
SSGL-B 3 — 0.987 0.991 0.531 0.536
SSGL-C 2 3 - 0.995 0.531 0.536
SSGL-D 1 2 1 — 0.531 0.536
SSGL-E 111 110 110 110 - 0.995
SSGL-F 110 109 109 109 1 —

lensis (PAL) and Maackia amurensis (MAL) were recovered as the
closest structural neighbors (Table S3). Searches against the PDB
database recovered BMA, PELa, CTL and VML (Vatairea macrocarpa
lectin) as the closest structural neighbors of SSGL-E (Table S4).
These species are members of the tribes Dalbergieae (P. elegans, C.
tomentosum, P. angolensis), Sophoreae (M. amurensis), Baphieae (B.
mildbraedii) and the Vataireoid clade (V. macrocarpa). The tribe
Baphieae and the Vataireoid clade have also been shown to
represent, together with other clades, the early branching lineages
of the papilionoid legumes (Cardoso et al., 2013).

To gain insights on the functional features of SSGL-A and SSGL-E,
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3ZVvX_Platypodium_elegans
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Pterocarpus clade
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L
01

Fig. 2. N] tree showing the phylogenetic relationship of SSGL-A and SSGL-E with representative legume lectins. The optimal tree with the sum of branch length — 6.94596515 is
shown. The percentages of replicate trees in which the associated sequences clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The rate
variation among sites was modeled with a gamma distribution (shape parameter = 1.27). The PDB codes or GenBank accession numbers of the amino acid sequences used are
shown at the external nodes, next to the corresponding species names. The scale bar represents the branch lengths (the number of amino acid substitutions per site). The analysis
involved 36 amino acid sequences. All positions containing gaps and missing data were eliminated and the final dataset had a total of 195 positions.

their amino acid sequences were compared to the primary struc-
tures of PELa (Benevides et al., 2012) and PAL (Loris et al., 2004)
(Fig. 3).In PELa, 5 amino acid residues (Glu'*’, Asp'>°, Asn'¥, Asp'®°
and His™?) constitute the metal-binding site for Ca?>* and Mn>*.
These residues are conserved in all legume lectins so far charac-
terized and are required for carbohydrate-binding activity (Loris
et al., 1998). These metal-binding site residues are also conserved
in SSGL-A (Glu"®, Asp'?, Asn'™®, Asp'? and His'®®) and SSGL-E
(Glu™, Asp''®, Asn'?, Asp'®* and His'®®) (Fig. 3). The crystal
structure of a PELa-trimannoside complex has revealed that 10
amino acid residues constitute its carbohydrate-binding site (CBS):
8 residues are involved in direct hydrogen bonds with the mannose
units (Asp™, Ala'®, Gly', Asn'®, Ser'?®, Asn', Glu?*? and GIn?3!)
whereas 2 other residues (Ala®® and Phe'*!) maintain hydrophobic
contacts with the sugar rings. Four out of these ten residues of PELa
(Asp®, Gly'", Asn' and Phe'®!) are conserved in legume lectins

and they are essential for carbohydrate binding (Loris et al., 1998).
From the comparisons with PELa and PAL, 8 residues were identi-
fied in the sequences of SSGL-A (Alaﬂ. Asp72, Glngo, Glygz. Tyr"4,
Asn'®, GIn?*7 and Glu?®®) and SSGL-E (Ala’?, Ala’?, Ser®, Gly”!,
Tyr“s. Asn', Ala?10 and Asnzu) as putatively involved in their
CBSs. The 4 key residues that are essential for carbohydrate binding
are conserved in SSGL-A (Asp’?, Gly*%, Asn'™® and Tyr'), sug-
gesting that it is a functional lectin. On the other hand, although 3
of these residues are conserved in SSGL-E (Gly”?, Asn'?® and Tyr''$),
one key aspartate (Asp”” in the PELa structure), whose side chain is
involved in crucial hydrogen bonds with the ligand, is replaced by
Ala (Ala”). These findings suggested that SSGL-E is likely a non-
functional lectin, which is unable to bind carbohydrate. To verify
these assumptions, three-dimensional molecular models of SSGL-A
and SSGL-E were build, validated and subjected to docking calcu-
lations with representative monosaccharides as potential ligands.
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SSGL-A
SSGL-E
PELa
PAL

SSGL-A
SSGL-E
PELa
PAL

SSGL-A
SSGL-E
PELa
PAL

SSGL-A
SSGL-E
PELa
PAL

SSGL-A
SSGL-E
PELa
PAL

Fig. 3. Alignment of the amino acid sequences of SSGL-A and SSGL-E with the primary structures of PELa (PDB ID: 3ZVX) and PAL (PDB ID: 3Q80). Sites containing the same
amino acid residue in at least 3 sequences are shaded. PELa residues involved in metal and carbohydrate binding are indicated by red and orange triangles, respectively. Sites

containing residues with side chains that have strongly (:) or weakly (w) similar properties, scoring > 0.5 and < 0.5 in the Gonnet PAM 250 matrix, respectively, are indicated. The

alignment was rendered using the program ALINE (Bond and Schiittelkopf, 2009). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Fig. 4. Three-dimensional molecular models of SSGL-A and SSGL-E. Ribbon diagrams of the three-dimensional molecular models of SSGL-A (A; gray) and SSGL-E (B; yellow)
superposed over the x-ray crystallographic structure of VML (cyan; PDB ID: 4U36). The carbohydrate-binding pocket is located on the right upper side of the images shown in A and
B. Calcium (Ca®*) and manganese (Mn?*) ions are represented as green and purple spheres, respectively. (For interpretation of the references to colour in this figure legend, the
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GIn207

GIn207

GIn90

:\\

Asp72

\ Asn93

\/ Asn116

C a2+ Mn2+

Asnll6

IR

/

/

Fig. 5. Close-up view of D-GalNAc (A) and a-lactose (B) docked in the CBS of SSGL-A, which is shown in gray ribbon. The initial and final poses of the ligands during the MD
simulations are colored pink and green, respectively, whereas the initial and final poses of the residues involved in carbohydrate coordination are represented as gray and purple
sticks, respectively. Hydrogen bonds are shown as yellow dotted lines (distance cut-off = 3.5 A) and N and O atoms are colored blue and red, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

2.3. Assessment of the three-dimensional molecular models

PROSA2003 energy profiles of the SSGL-A and SSGL-E molec-
ular models showed that most sequence-structure pairs had
negative values (Fig. S15), which is an energetic feature expected
for native protein folds (Sippl, 1993). Pair-wise structural com-
parisons between the SSGL-A and SSGL-E molecular models and
the templates revealed RMSD values in the ranges of 0.59—0.89 A
(SSGL-A) and 11.79-2041 A (SSGL-E). These structural

comparisons also showed TM-score values in the ranges of
0.90—-0.92 (SSGL-A) and 0.17-0.36 (SSGL-E), indicating that
models of correct topology (TM-score > 0.17) (Zhang and Skolnick,
2004) were predicted by the M4T method. PROCHECK and WHAT
IF analyses (Table S5) showed that the local and global stereo-
chemical parameters of the modeled structures had favorable
values in comparison to the reference standards, suggesting a
normal overall geometry. The QMEAN global raw scores confirmed
the reliability of the modeled structures (Tables S6 and S7).
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Fig. 6. Superposition of the CBS of SSGL-A, complexed with D-GalNAc, over the CBSs of representative GalNAc-binding legume lectins. (A) The three-dimensional molecular
model of SSGL-A (gray) complexed with D-GalNAc (pink) was superposed over the x-ray crystallographic structure of VML (PDB ID: 4U36) complexed with the same mono-
saccharide (yellow). (B) The three-dimensional molecular model of SSGL-A (gray) complexed with D-GalNAc (pink) was superposed over the x-ray crystallographic structures of
VVLB4 (PDB ID: 1N47; purple sticks) and WBAI (PDB ID: 2D3S; yellow sticks) complexed with the Tn antigen. The GalNAc residue bound to VVLB4 and WBAI are colored green and
orange, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Moreover, the QMEAN z-scores of both models deviated less than
1 standard deviation from the mean score in similar sized high-
quality protein structures in the reference dataset (Figs. S16 and
S17). This showed that the global and local structural features of
the tertiary models of SSGL-A and SSGL-E were comparable to
those of experimental structures (Benkert et al.,, 2011). Altogether,
these analyses indicated that the modeled structures were of good
quality and reliable.

2.4. The predicted structures of SSGL-A and SSGL-E and the
functionality of their CBSs

The modeled tertiary structures of both SSGL-A and SSGL-E
(Fig. 4A and 4B) had the characteristic structural features of the
L-type lectins, in which the CRD is composed of a f-sandwich of
two major twisted antiparallel B-sheets. This f-sandwich is usually
poor or devoid of any a-helical structure, comprising a major
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LoopB LoopD [,o0pA

Fig. 7. Comparison of the loop regions that constitute the CBSs of SSGL-A and other legume lectins. The three-dimensional molecular model of SSGL-A (gray) was superposed
over the x-ray crystallographic structures of VML (A; PDB ID: 4U36), PAL (B; PDB ID: 1Q80), LPL (C; PDB ID: 3UJQ) and PELa (D; PDB ID: 3ZVX), and the 5 loops (A—E) that constitute

their CBSs were identified and are indicated by arrows.

concave seven-stranded -sheet and a minor convex six-stranded
p-sheet, connected by short loops and B-bends (Loris et al., 1998).
Molecular docking calculations revealed that, among the mono-
saccharides evaluated, the CBS of SSGL-A is able to properly
accommodate solely D-Gal and D-GalNAc, presenting the same
coordination observed for all legume lectins which display binding
specificity towards Gal/GalNAc residues (Figs. S18A and S18B). The
theoretical AutoDock Vina binding free energies of the top-ranked

poses of D-Gal and D-GalNAc, docked in the CBS of SSGL-A,
were —4.8 and 5.1 kcal/mol, respectively. In these protein-
carbohydrate complexes, D-Gal and D-GalNac are stabilized in the
CBS of SSGL-A through a network of hydrogen bonds involving 4
(Asp”?, Gly»?, Asn'' and GIn?"7) and 5 (Asp’?, GIn, Gly“2, Asn''®
and GIn?%") key residues, respectively (Figs. S18A and S18B and
Table S8). In both complexes, the C3 and C4 hydroxyl groups of the
monosaccharide interact with the O and N atoms of the side chains
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of Asp”? and Asn'® and the main chain NH group of Gly”%. On the
opposite side of the sugar-binding pocket, the O atom of the py-
ranoside ring and the C1 and C6 hydroxyl groups interact with the
0 and N atoms of the side chain of GIn?"’. The main chain carbonyl
and NH group of GIn?®” are also involved in these interactions
(Table S8). In the interaction of SSGL-A with D-GalNAc, additional
hydrogen bonds are formed between the N-acetyl O atom of the
bound sugar and the main chain NH of Gly®? and the main chain
carbonyl of GIn®® (Fig. S18B). This could explain the higher pre-
dicted affinity of SSGL-A for D-GalNAc (5.1 kcal/mol) in compar-
ison to that for D-Gal (—4.8 kcal/mol). These predictions also
corroborate the previous observation that the hemagglutinating
activity of SLL against rabbit erythrocytes is better inhibited by D-
GalNAc in comparison to D-Gal (Fernandes et al., 2012). These au-
thors also found that, although the hemagglutinating activity of SSL
was inhibited by both D-GalNAc and lactose, SLL only bound to
immobilized lactose. Indeed, the CBS of SSGL-A is also able to
accommodate lactose (Fig. S18C and Table S9) with a predicted
binding free energy = —6.6 kcal/mol. To assess the stability of D-
GalNAc and lactose docked in the CBS of SSGL-A, molecular dy-
namics (MD) simulations were performed. RMSD plots revealed
that bound D-GalNAc and lactose reached equilibrium after
approximately 2500 and 600 ps of simulation, respectively
(Fig. S19). Comparison between the initial and final poses of each
accommodated ligand confirmed the essential role of the
conserved triad Asp’2-Gly?%-Asn'® for carbohydrate binding (Fig. 5
and Tables S10 and S11). Furthermore, to obtain more accurate
predictions on the binding energies of each ligand to the CBS of
SSGL-A, DFT-D calculations were performed, based on the stable
poses obtained after the MD simulations. It has been shown that
binding free energy calculations based on quantum mechanical
(QM) methods have a good correlation with the experimental
binding energies, allowing the binding affinity between a receptor
and different ligands to be rank-ordered more properly. However,
due to negligence of solvent effects, the QM interaction energies are
much larger than the experimental ones (Chen et al., 2013).
Therefore, the theoretical binding energies between SSGL-A and
the two investigated ligands, based on the QM calculations, were
estimated as —31.7 kcal/mol (D-GalNAc) and —47.5 kcal/mol
(lactose), suggesting that SSGL-A likely exhibits greater binding
affinity for lactose.

One noteworthy feature of the SSGL-A model is that its CBS is
larger when compared to the CBS of VML, whose structure was
used as template. In SSGL-A, the loop Thr?®*-Ala®'? is 3 residues
shorter than the corresponding loop in VML (Selzn—Glumg). and
this explains its larger sugar-binding pocket. In the complex VML-
GalNAc, the sugar pyranose ring is stacked between the aromatic
side chain of Phe'?” and the aliphatic side chain of Leu®'?, which is
located in the loop Ser?!'-Glu®' (Sousa et al., 2015). Owing to the 3-
residues deletion, Gly*®® of SSGL-A occupies the same position
occupied by Leu®” in VML and, as a consequence, the mono-
saccharide docked in the CBS of SSGL-A is slightly displaced to-
wards the loop Thrr®-Ala®'® (Fig. 6A). To further support the
overall binding specificity of SSGL-A, as predicted using the mo-
lecular docking calculations and MD simulations, the D-GalNAc-
SSGL-A complex was compared to the x-ray structures of the Gal/
GalNAc-binding legume lectins VVLB4 (Vicia villosa isolectin B4)
(Babino et al., 2003) and WBAI (basic agglutinin I from winged
bean, Psophocarpus tetragonolobus) (Kulkarni et al., 2005). As
shown in Fig. 6B, the orientation of GalNAc bound to SSGL-A is
similar to the orientation of the GalNAc residue observed in the
complexes between VVLB4 and WBAI with the Tn antigen (GalNAc-
a-0-Ser/Thr), in which the acetamido group points towards the
floor of the sugar-binding pocket. The most striking difference is
the displacement of the galactopyranoside ring in the CBS of SSGL-

A, which moves away from the side chain of Tyr'", towards the
loop Thr?%%-Ala?10 (Fig. 6A). It is noteworthy to mention that,
although SSGL-A showed high overall sequence identity with the
Man/Glc-specific lectins PAL (45.8%) and PELa (46.7%), remarkable
differences are observed in the size and conformation of the long
loop C region of SSGL-A in comparison to the equivalent region of
these 2 proteins (Fig. 7B and 7D). On the other hand, when
compared to VML and LPL, which are Gal/GalNAc-specific lectins,
the size and conformation of SSGL-A loop C is very similar to the
corresponding region of both lectins (Fig. 7A and 7C). The CBS of
legume lectins is made up of 5 loops (A-E), which show great
variation in size and sequence, and the long loop C is an important
determinant of their carbohydrate-binding specificity (Abo et al.,
2015; Soga et al., 2015). This comparative analysis shows that the
modeled CBS of SSGL-A has the typical features of Gal/GalNAc-
binding lectins.

In the case of SSGL-E, proper coordinates were not observed for
any of the analyzed ligands, suggesting that it is very likely a non-
functional lectin, which is unable to bind carbohydrate. In SSGL-E,
the replacement of two key residues relative to VML were iden-
tified as the structural basis that could explain its non-
functionality. Thus, the conserved Asp residue (Asp’? in VML) of
the invariant triad Gly-Asp-Asn, is replaced by an alanine residue
(Ala”® in SSGL-E), which disrupts important interactions for car-
bohydrate binding. Furthermore, the residue Leu®"> of VML, whose
aliphatic side chain, together with the aromatic ring of Phe'?’,
helps to stabilize the monosaccharide conformation in the CBS
through stacking forces, is replaced by a glycine residue (Gly?*° in
SSGL-E), further disrupting key interactions in the CBS of SSGL-E
(Fig. S20).

3. Conclusion

In conclusion, mRNAs encoding functional and non-functional
L-type lectins are expressed in developing seeds of S. simplex var.
grandiflora. Duplicate gene preservation by subfunctionalization
suggests potential benefits for retention of the genes encoding the
non-functional lectins.

4. Experimental
4.1. Plant material

Mature and developing seeds of S. simplex var. grandiflora
(Raddi) R.S.Cowan were harvested from a tree growing at the
Campus do Pici, UFC, Fortaleza, Ceara, Brazil. Voucher specimens
(EAC 54159) were deposited at the Herbario Prisco Bezerra.

4.2. Plasmids, bacterial strains and reagents

The plasmid pGEM-T was purchased from Promega (Madison,
WI, USA), whereas the Escherichia coli strain TOP10F was from
Invitrogen (Carlsbad, CA, USA). All other reagents were of analytical
grade.

4.3. RNA purification

Total RNA was purified from developing seeds according to the
method described by Chang et al. (1993). The integrity of the RNA
samples was checked by 1.5% agarose gel electrophoresis and the
yield was estimated by measuring the absorbance at 260 nm
(Sambrook et al., 1989). The purified total RNA was treated with
RQ1 RNase-free DNase I (Promega) at 37 °C for 30 min (1 U of DNase
[ per ug of RNA) and used for cDNA synthesis.
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44. 3' RACE

Rapid amplification of cDNA 3’ ends (3’ RACE) was performed
using the protocol described in the manual of the FirstChoice RLM-
RACE Kit (Ambion Life Technologies, Carlsbad, CA, USA). To this end,
DNA-free total RNA was reverse-transcribed to DNA using the
ImProm-II Reverse Transcription System (Promega) and the 3’ RACE
adapter  (5'-GCGAGCACAGAATTAATACGACTCACTATAGG(T)2VN-
3"), following the protocol supplied by the enzyme's manufacturer.
Next, the first-strand cDNA products were amplified by PCR using a
gene-specific primer (5'-CARGARGAYYTNYTNYTNCARGGNGAYGC-
3’) and the 3’ RACE outer primer (5-GCGAGCACAGAATTAA-
TACGACT-3’). The gene-specific primer was designed by refer-
encing the N-terminal sequence of SLL (Fig. S1). Amplifications
were performed in a final volume of 25 plL, which contained first-
strand ¢cDNA (980 ng), 1x reaction buffer (GE Healthcare Life Sci-
ences, Piscataway, NJ, USA), 1.5 mM MgCl,, 200 uM each dNTP,
0.5 uM each primer, and 2 U Taq DNA Polymerase (GE Healthcare).
The reactions were performed in a PTC-200 thermocycler (M]
Research, USA) using the following cycling parameters: an initial
denaturation step (3 min at 95 °C) followed by 32 cycles of 45 s at
95 °C, 45 s at 49 °C, and 1.5 min at 72 °C. After the last cycle, the
reactions were further incubated for 8 min at 72 °C, quenched to
4 °C and analyzed by agarose gel electrophoresis.

4.5. Cloning of PCR products, DNA sequencing and sequence
assembly

PCR products (Fig. S2) were ligated into the pGEM-T vector using
T4 DNA ligase (Promega) at 4 °C for 16 h. Products from the ligation
reactions were introduced into E. coli TOP10F cells by electropo-
ration and the transformants were selected on LB agar containing
100 pg mL ™! carbenicillin, 30 pg mL~! streptomycin 0.5 mM IPTG
and 80 pg mL ! X-Gal. Plasmid DNA was isolated from antibiotic-
resistant colonies using the NucleoSpin Plasmid kit (Macherey-
Nagel, Diiren, Germany) and the presence of the inserts was
confirmed by restriction digestion with Pvull. The inserts of 10
clones were sequenced at the Macrogen Inc. (Seoul, South Korea)
using the Sanger's dideoxy chain termination method. The se-
quences of both strands of each insert were determined using the
primers T7 promoter (5'-TAATACGACTCACTATAGGG-3’) and SP6
(5'- ATTTAGGTGACACTATAG-3'). The Phred/Phrap/Consed package
(Ewing et al., 1998) (Ewing and Green, 1998) (Gordon et al., 1998)
was then used for removing vector and low quality sequences and
contig assembly. Six unique cDNA contigs (GenBank accession
numbers KX869901-KX869906) encoding 6 distinct polypeptide
chains (named SSGL-A to SSGL-F) were generated (Figs. S3—59).

4.6. Sequence analysis

Manipulation, editing and comparisons of DNA and amino acid
sequences were routinely performed with the BioEdit 7.2.5 soft-
ware package (Hall, 1999). Multiple alignments of DNA and amino
acid sequences were performed using the program Clustal W
(Thompson et al., 1994), as implemented in BioEdit 7.2.5. Searches
for homologous proteins in public sequence databases were per-
formed using BLAST (Altschul et al., 1997). The presence and de-
limitation of protein domains was performed by searching the NCBI
Conserved Domain Database (CDD) through the CD-Search web
service (Marchler-Bauer and Bryant, 2004).

4.7. Molecular evolutionary analysis

Amino acid sequences were aligned with ProbCons 1.12 (Do

et al, 2005), available at the web server Phylogeny.fr (www.
phylogeny.fr/index.cgi). The multiple alignment was used in the
phylogenetic analysis, which was performed using the MEGA
software, version 6.0 (Tamura et al., 2013). Pairwise evolutionary
distances were computed using the Jones-Taylor-Thornton (JTT)
method (Jones et al., 1992) and the trees were generated using the
neighbor-joining (NJ) method (Saitou and Nei, 1987). The stability
of the clades was assessed using the bootstrap method (Felsenstein,
1985).

4.8. Molecular modeling

Comparative protein structure modeling was performed by
submitting the target sequences to the M4T server v. 3.0 (manaslu.
aecom.yu.edu/M4T/) (Fernandez-Fuentes et al., 2007). The server
performs the following main tasks in an automated manner: i)
template search and selection, performed by the Multiple Template
(MT) module; ii) target sequence to template structure(s) align-
ment, performed by the Multiple Mapping Method (MMM) module
(Rai and Fiser, 2006); and iii) model building, performed by Mod-
eller (Sali and Blundell, 1993). Therefore, the structures of Lablab
purpureus (LPL; PDB ID: 3UJQ; 38.0 and 41.7% sequence identity
with SSGL-A and SSGL-E, respectively) and Vatairea macrocarpa
lectins (VML; PDB ID: 4U36; 45.5 and 47.2% sequence identity with
SSGL-A and SSGL-E, respectively) were selected by the server and
used as templates (Figs. S13 and S14). The geometric and stereo-
chemical quality of the modeled structures was evaluated using
the programs PROCHECK (Laskowski et al., 1993) and WHAT IF
(Vriend, 1990). Model quality assessment was also performed using
the QMEAN scoring function (Benkert et al., 2009).

4.9. Molecular docking calculations

A standard docking procedure was performed with AutoDock
Vina version 1.1.2, which uses AutoDock Vina scoring function and
the Iterated Local Search global optimizer algorithm in the docking
calculations (Trott and Olson, 2010). Carbohydrate structures,
which were used as potential ligands, were obtained from the
PubChem Substance and Compound database (Wang et al., 2009)
and were as follows: L-fucose (PubChem CID: 1706), D-galactose
(PubChem CID: 6036), N-acetyl-D-galactosamine (PubChem CID:
84265), D-glucose (PubChem CID: 5793), N-acetyl-D-glucosamine
(PubChem CID: 439174), D-mannose (PubChem CID: 18950) and a.-
lactose (PubChem CID: 84571). All of the torsional bonds of the li-
gands were free to rotate while the protein was held rigid. To
prepare the protein and the ligands, polar hydrogen atoms were
added using the AutoDock Tools version 1.5.6, and Kollman united
atom partial charges (Morris et al., 1998) were assigned. The search
space for the docking calculations, which was selected based on the
oligosaccharides length, was defined by a 20 A x 20 A x 20 A cube
centered on the conserved CBS of SSGLs. Exhaustiveness was set to
15, and for all other parameters, default values were used. The ten
top results, ranked according to the predicted binding affinity
(expressed in kcal/mol), were analyzed. The solutions were first
chosen based on the coordination of ligands co-crystallized with
VML (Sousa et al., 2015) and the best predicted bound conforma-
tions were further ranked based on their theoretical binding energy
values. Three-dimensional images of the ligand-protein complexes
were prepared using the PyMol Molecular Graphics System, version
1.7.4 (Schrodinger, LLC).

4.10. Molecular dynamics (MD) simulations

The simulations were performed using the program NAMD
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v2.10 (Nanoscale Molecular Dynamics) (Phillips et al., 2005), with
the force fields CHARMM27 (Best et al., 2012) and CHARMM?36
(Guvench et al., 2011), using the monomeric structure of SSGL-A
and considering as starting coordinates for the carbohydrate li-
gands the best results from docking calculations. The software
VMD (Visual Molecular Dynamics) was used for file preparation
(Humphrey et al., 1996). The systems were solvated in cubic
boxes of TIP3P water molecules with a margin of 10 A along each
dimension (Jorgensen et al., 1983). The net charge of the systems
was neutralized by adding Na* or Cl™, and periodic boundary
conditions were applied to avoid edge effects. The nonbonded
interactions were calculated using the switching method and a
cut-off between 10 and 12 A, along with particle-mesh Ewald
summation, using a grid spacing of 1 A for long range electro-
static interactions (Darden et al., 1993). The simulations were
performed under NPT (constant normal pressure and normal
temperature) conditions, using Langevin dynamics at a temper-
ature of 300 K with a Langevin piston to maintain constant
pressure at 1 bar. A time step of 2 fs was used with the SHAKE
algorithm to fix bonds involving hydrogen atoms (Phillips et al.,
2005).

Water molecules were initially minimized for 1000 steps (using
the conjugate gradient energy minimization algorithm) and
equilibrated for 200 ps, while the solute atoms were harmonically
restrained. Afterwards, the complete systems were minimized
during 10000 steps and then heated linearly from 100 K to 300 K
over 200 ps. Finally, 5 ns MD simulations were performed for each
system under NPT and the coordinates of all atoms were saved
every 10 ps during the entire MD simulations. The ligand and
protein stability during the MD simulations were measured by their
deviation from the initial coordinates in terms of RMSD (Shen et al.,
2013).

4.11. Binding energy calculations using a dispersion-corrected
density functional theory (DFT-D) method

An imaginary sphere with radius of 5 A was drawn from the
coordinates of each carbohydrate docked in the CBS of the pro-
tein, as obtained after the 5 ns MD simulations. All residues near
the ligands with at least one atom within the imaginary spheres
were selected for the calculation of the interaction energy be-
tween the ligand and the CBS. First, the energy of the system
formed by the protein fragment containing the CBS complexed
with the carbohydrate was calculated (Ecomprex). Then, the en-
ergies of the fragment containing the CBS without the ligand
(Emoder) and of the isolated carbohydrate (Ejigang) were obtained.
The interaction energy between the carbohydrate and the CBS
(AE) was then calculated as follows: AE =
(Emoder + Eligand)-

The DFT simulations on the classically optimized structures
were performed using the DMOL3 code (Delley, 2000), adopting a
dispersion-corrected GGA+D exchange-correlation functional,
which is adequate to describe systems where hydrogen bonds and
dispersive forces, such as van der Waals interactions, are present. To
model the dispersive forces, the scheme proposed by Tkatchenko
and Scheffler (2009) was adopted. A Double Numerical Plus Po-
larization (DNP) basis set was selected to expand the Kohn-Sham
orbitals of all electrons. The orbital cut-off for these computations
was set to 3.7 A and a total energy variation smaller than 107 Ha
for two consecutive self-consistent field cycles was considered to
achieve convergence. All interaction energy calculations were
performed using the COSMO continuum solvation model (Klamt
and Schiiirmann, 1993) with dielectric constant (relative to the
vacuum) e = 20 (Vicatos et al., 2009).
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