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Vicilins are 7S globulins which constitute the major seed storage proteins in leguminous species. Variant vicilins
showing differential binding affinities for chitin have been implicated in the resistance and susceptibility of cow-
pea to the bruchid Callosobruchus maculatus. These proteins are members of the cupin superfamily, which in-
cludes a wide variety of enzymes and non-catalytic seed storage proteins. The cupin fold does not share
similarity with any known chitin-biding domain. Therefore, it is poorly understood how these storage proteins
bind to chitin. In this work, partial cDNA sequences encoding [3-vignin, the major component of cowpea vicilins,
were obtained from developing seeds. Three-dimensional molecular models of [3-vignin showed the characteris-
tic cupin fold and computational simulations revealed that each vicilin trimer contained 3 chitin-binding sites.
Interaction models showed that chito-oligosaccharides bound to P-vignin were stabilized mainly by hydrogen
bonds, a common structural feature of typical carbohydrate-binding proteins. Furthermore, many of the residues
involved in the chitin-binding sites of 3-vignin are conserved in other 7S globulins. These results support previ-
ous experimental evidences on the ability of vicilin-like proteins from cowpea and other leguminous species to
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bind in vitro to chitin as well as in vivo to chitinous structures of larval C. maculatus midgut.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Cowpea |Vigna unguiculata (L.) Walp.] is an important food crop that
is cultivated in arid and semi-arid regions of Africa, Asia and the
Americas [1]. This leguminous species is adapted to high temperatures,
drought and other abiotic stresses, and their dry seeds constitute a valu-
able source of proteins and calories for human consumption, especially
for smallholder farmers [2]. One major constraint to cowpea production
in developing countries is the attack by the bruchid beetle
Callosobruchus maculatus (F.), commonly known as the cowpea weevil,
which is a cosmopolitan pest of stored cowpeas. Fertilized females of
C. maculatus lay their eggs on the surface of the seeds, usually a single
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egg per seed. Eggs hatch after 5-6 days of oviposition and the first-
instar larvae burrow directly into the seed. Each developing larva
feeds within a single seed, excavating a chamber as it grows. All larval
stages and pupation occur within a single seed. At 25 °C and 70% relative
humidity, adults emerge approximately 36 days after the eggs were laid
|3]. Adults live on average 12-14 days, and during this time, they mate
and the fertilized females lay eggs on undamaged seeds. Infestation of
this bruchid species starts in the field and continues in storage, causing
sometimes the complete destruction of seeds within a period of 3—
4 months through secondary infestation [4]. Damaged seeds are unsuit-
able for human or animal consumption, have a decreased germination
potential, lower nutritional qualities and a reduction in commercial
value [5,6]. Due to financial and technical limitations, insect-resistant
varieties would be the most effective method of controlling the cowpea
weevil in northeastern Brazil and other underdeveloped regions of the
world.
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In the 1970's, researchers at the International Institute of Tropical
Agriculture (IITA) in Ibadan, Nigeria, initiated a systematic screening
of over 8000 germplasm accessions of cowpea, aiming to develop
bruchid resistant varieties. These efforts allowed the identification
of three cowpea accessions, TVu 2027, TVu 11952 and TVu 11953,
which showed moderately seed resistance to C. maculatus [7].
These accessions showed similar levels of resistance, in which the
percentage of adult emergence was delayed, staggered and lower
in comparison to the same parameters obtained for insects reared
on susceptible seeds. Using these resistant genotypes, especially
TVu 2027, several improved breeding lines combining resistance to
C. maculatus with other desirable traits have been developed [8].
Gatehouse et al. were the first to hypothesize that resistance to cow-
pea weevil in TVu 2027 was due to elevated levels of trypsin inhibi-
tors [9,10]. However, this claim was not supported by further
experimental evidences, which have shown that the levels of pro-
teinase inhibitors targeting different types of C. maculatus midgut
proteases or even ci-amylase inhibitors are not correlated with the
resistance or susceptibility to bruchid infestation [11-14]. On the
other hand, some authors have shown that cowpea vicilins purified
from resistant lines derived from TVu 2027 are detrimental to
C. maculatus larvae, and these vicilin variants are more refractory
to digestion by the bruchid's midgut proteinases in comparison to
vicilins from susceptible lines [15,16]. Furthermore, it has been
shown that cowpea vicilins bind in vitro to chitin [17] and in vivo to
chitinous structures of the midgut of C. maculatus larvae [18,19].
Binding of cowpea vicilins to larval midgut epithelial cell surface
leads to the absorption of intact molecules and their transport into
the haemolymph, fat body cells and Malpighian tubules [20]. Vicilin
molecules are detected in these organs in all larval stages and
pupae, and vicilin-derived peptides are also found in fat bodies of
male and female adults, even 10 days after emergence [21]. Recent
data have demonstrated that internalization of vicilin molecules in
the enterocytes of C. maculatus larvae is accomplished predomi-
nantly through receptor-mediated, clathrin-independent endocyto-
sis and vesicular trafficking in the cytoplasm [22,23]. A protein
homologous to a-tocopherol transfer protein was identified as a pu-
tative membrane-bound vicilin receptor from larval C. maculatus
enterocytes [23]. These findings have lead to the hypothesis that
once internalized, variant vicilins disturb the normal physiology of
C. maculatus enterocytes, adversely affecting the larval development.
In this proposed mechanism, interaction of vicilins with protein re-
ceptors on the epithelial cells is a crucial step, that ultimately pro-
voke the toxic effects of cowpea vicilins on developing larvae of
C. maculatus. It is noteworthy to mention that cowpea vicilins did
not show deleterious effects on larval development of Zabrotes
subfasciatus [24], a bruchid species that usually attacks the seeds of
common bean (Phaseolus vulgaris), but that is also able to success-
fully infest cowpea seeds [25].

Vicilins are 7S seed storage globulins that contain two copies of
the cupin superfamily domain. The cupin domain is characterized
by a double-stranded p-helix fold, which is found in diverse enzymes
as well as in non-catalytic seed storage proteins [26]. However, there
is no structural similarity between the cupin domain and known
chitin-binding proteins, such as hevein and chitin-binding lectins,
for example. These canonical chitin-binding proteins have typical
carbohydrate-binding sites that recognize and bind one or more res-
idues of N-acetyl-D-glucosamine (GIcNAc), the repeating unit of chi-
tin. Therefore, the molecular mechanism involved in the interaction
between cowpea vicilins and chitin oligomers remains poorly under-
stood. In the present work, partial cDNA sequences encoding cowpea
vicilins were obtained from genotypes EPACE-10 and IT81D-1053.
Three-dimensional molecular models were generated, validated
and subjected to molecular docking calculations and molecular dy-
namics simulations, aiming to reveal the putative chitin-binding
sites in the modeled vicilin structures.

2. Materials and methods
2.1. Plant material

Cowpea seeds (genotypes IT81D-1053 and EPACE-10) were kindly
provided by F. R. Freire-Filho (Embrapa Meio-Norte, Teresina-PI,
Brazil) and E. M. Teofilo (Centro de Ciéncias Agrarias, UFC, Fortaleza-
CE, Brazil), respectively.

2.2. Plasmid, bacterial strain and reagents

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

2.3. RNA purification, cDNA synthesis, amplification and cloning of PCR
products

Total RNA was purified from developing seeds (harvested 12 days
after pollination), using the method described by Chang et al. [27]. Con-
version of total RNA to DNA was performed as previously described [28].
First-strand ¢cDNA products were then amplified by polymerase chain
reaction (PCR) using the following oligonucleotide primers: 5'-ATTG
TACACCGGGAGCACCAAG-3' (forward) and 5’-GTAGARASTGYCCAA
AATWGAAGATAA-3' (reverse). These primers were designed according
to expressed sequence tags (ESTs) from cowpea, deposited in the NCBI's
EST database (www.ncbi.nlm.nih.gov/dbEST/). The ESTs that encoded
amino acid sequences matching the N- and C-terminal ends of charac-
terized vicilins from related leguminous species were used to design
the forward and reverse primers, respectively. Amplification reactions
and cloning of PCR products into the pGEM-T Easy vector were per-
formed as previously described [28].

2.4. DNA sequencing and sequence analysis

DNA sequencing was performed at the Macrogen Inc. (Seoul, South
Korea) using the Sanger’s dideoxy chain termination method. DNA se-
quencing and sequence assembly were done as described elsewhere
|28]. Nucleotide sequences were translated to amino acid sequences
using the ExPASy Translate tool (web.expasy.org/translate/). Manipula-
tion, edition and alignment of sequences were performed using the pro-
gram BioEdit v. 7.2.5 [29]. Searches for homologous sequences in public
databases were performed using BLAST [30].

2.5. Purification of cowpea vicilins

Cowpea vicilins were extracted from seed flour according to the pro-
tocol first described by Samour et al. [31] and including the modifica-
tions described by Macedo et al. [16]. The preparations were further
purified by size exclusion chromatography on Sephacryl S-200 and ion
exchange chromatography on DEAE-Sepharose. Protein fractions were
analyzed by SDS-polyacrylamide gel electrophoresis according to the
method of Laemmli |32], using 15% slab gels. Staining and destaining
of protein bands were performed as described by Lobo et al. [33]. N-
terminal amino acid sequencing of protein bands resolved by SDS-
PAGE was performed as described by Landim et al. [34].

2.6. Mass spectrometry analysis

Proteins were resolved by SDS-PAGE and electrophoretic bands
were subjected to in-gel digestion with trypsin (Promega), according
to the protocol previously described [35]. Identification of tryptic pep-
tides by tandem mass spectrometry (LC-ESI-MS/MS) was performed
using a Synapt G1 HDMS Q-ToF mass spectrometer (Waters Co., Milford,
MA, USA) coupled to a Waters ultra-high-performance liquid
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chromatography (UPLC) unit. Data processing, MS/MS ions search and 2.7. Molecular modeling
peptide identification were done as described in detail by Freire et al.
[36]. Tryptic peptides were also subjected to MALDI-TOF/TOF MS analy- Three-dimensional molecular models were generated using

sis (AutoFlex IIl mass spectrometer, Bruker Daltonics, USA). The spec- MODELLER [38] through the MPI Bioinformatics Toolkit [39] web ser-
trometer was operated in the reflector mode for MALDI-TOF MS vice (toolkit.tuebingen.mpg.de). The crystal structure of the 7S
peptide mass fingerprint (PMF), at m/z range of 700 to 4000, and in globulin-1 (PDB ID: 2EA7) from adzuki bean (V. angularis) was used as

the “LIFT™" mode for MALDI-TOF/TOF MS/MS fragmentation experi- template [40]. Models generated using MODELLER were refined using
ments (at m/z range of precursor). Spectra were processed with Flex GalaxyRefine [41] through the program's web server. Refined models
Analysis 3.4 software. PMF spectra were compared with in silico diges- were validated concerning their stereo-chemical properties
tions of vicilin sequences using PEPTIDEMASS through the ExPASy (Ramachandran plots, steric overlaps, C[3 deviation parameters,
server [37]. MS/MS spectra were interpreted manually. The ambiguities rotamers, and bond angle quality) using MolProbity [42] through the
for isobaric amino acids were approached by amino acid sequences de- software's web server (molprobity.biochem.duke.edu/). Molecular im-

duced from cDNA. Sequenced peptides were searched online against ages were prepared and rendered using the PyMOL Molecular Graphics

NCBI and UniProtKB databases. System, version 1.7.4 (Schrodinger, LLC).

B-Vignin_EPACE-10 PRGQUIREYF YIJDEID R HUESERUEY GH LAV LQEEID QRS KQ I QUENE NAEV VE F KELSRIRNL [BSR R A A IR L
B-Vignin_IT81D-1053 P RG QLN F YIJDEID R Hyl S RLEelY GH LV LOLEID QRS KQ I QUENE NAEHV V E F KELG RN L (RS Re1 AT A ] FIRL
Adzuki 783 DRERGFHIEME TR Y GHL | LHERID QRS KQ I QRERE NRESV VE F KELSIREL (RS R JADIA [ FIR L

V. radiata 8S globulin SRG QIR F YIINEID R RGHEEMGKINESY GH LAV | HERID QRS KQ 1 QUENE NAEAV VE F KEXLSRUREL NSy R A A M IR L
B-Conglycinin REDENREAF YIFREISNSIHOLEMAELRIN VRITEIL LQEEIN KRS PQL EQNENR DA | VQ F QELGAINE | [N IAAFINL
Canavalin SRAQLLEEY LIFREIN - KILAMMEAKLEHG S LEIL LQGEANED TEKLELRNSRONASIVLEY CELIRIL I LISPISL IRV

ChBS

R TIRANPNGEENSES | |IRE QLE]HENC KRRPLYcRET F FISVIIEINDNDRRRREN | LALEY I P VN NIHR F Q NLSIR-E- )
[N TIRANUNPID R SEANINH Pl DEYO REAPEYcRET Y YIRVIRSIH D HQRERKER | LLEY | PVNKIJGRY D DGR
qVIRLIPERGEEN TRAKIRD QLelDEY | KEPICLY<RIP F Y[R IR NN QREREILLSFEY! T FRRIFG T V E DR

B-Conglycinin JV LEIG[RIA |

B-Vignin_EPACE-10 VENARN[IRENENTIRAIIPIMGEEISEE | [RE QEHEYO KRRPEYeRE T F FISVIIRID DN EQRRAREEVESL EYV P VN NIH R F Q DGR R
B-Vignin_IT81D-1053 VAARN[IREN BN TIRAIPIGEESEE | [NE E[]HEYO KRAPEYeRd T F FIRVIIEID DN ERRRREEVESLEYV S VN NIZH R F Q DGR
Adzuki 783 VEESN[CIRENEN T IRAN P RIS EEISEE | [NE QlelHEYO KERPEYcRE T F FISVIRAD DN ERNRREN | L4LEY 1 PV N NIgH R F Q D GGER-E:R)
V. radiata 8S globulin VAARN[e]R W
Canavalin BV LISG[®A |

Cupin_1 domain

B-Vignin_IT81D-1053 E A Q QERENQ GIEIKL | INJAR]F GEJD C K NRV[RFGIJEEQQQQDE E S QQ|XeAl

B-Vignin_EPACE-10 E AQQERENQ GIgSIKL] | [MS4AEIF GEID Y K NRVIMFGIJEEQQQQDEESQQIXANRYCL KR E[*NER E L MK HEAKEI TE]K|

\MQL KRE[*NER E L MKHEYKEITEIK
Adzuki 783 | |MIARIF DEID F K NRVMFGIHERQQQQGEESRE|X<A"NRIUF L KR E[¢NEQ E L MKHEYKEISEIR
V. radiata 8S globulin EAQQERENR GIEIK{Y | [IM3ARIF DEID F K DRV|RFGIJERQQQHGEESQEXNERIF L KRE[MNREL | KHEAKEISEIR
B-Conglycinin QAQQERENCQGLEIH | M TEIF HEJE F E NRVIMFGIHJEEEQR - - - - - QQOIFABNRUFE L S KE[¢BIR QL S RREYKEISEIR
Canavalin KRLPERESS AIRSIKRIFINIAEIYDEIP YD EQTIRLO - - - - - - - - - - EQE<AMRIKMP KD[eJRQE | SKHLYCEISEIR

ChBS

B-Vignin_EPACE-10 S'L QN ELASENNS Q KR EEIK FIER L HIS | RIGAS VTP ARRDAR Y FL TSVDMK[HGINL MEZN Y KLY | KRN LAV RIIK
B-Vignin_IT81D-1053 S L BRE-RIKFIER L HIY | QS QN PCRRRDARN Y FL TS VDMKIHSGINF MIZN Y LYARRY | [8V YN LS
Adzuki 753 EL (T K FIRW Y IAMER A QN P AR KDERIV F | SSVDMK[H]AIRL LI4H Y KEY | KRAVAY | TIE
V. radiata 8S globulin E L [RE-RIK FIEIRWY S | QRS QPR KA Y F | SSVDMKIHGINL LI4H Y LCARRY | SV EEN|S
B-Conglycinin T IRETIN FIEK F FIS | LA PeARRDENS] | FLSSVD I NIHAINRL LIgH F ISAQRV | |[SVEEN (S
Canavalin TL QD KEASNINS ROGERENIN YEK L Y13 | RIS ISRPAge] | LLNCLQMNIHAIRF VI4H Y REYTNRALNAALIE

Adzuki 7S3 ELYK 1 1=38We]| S Defefe] - OKQQEAS L EVOERERENE L DIV FYMRSA A YV A | NEXTEINISUIF F A Flel | RENSINDIOEET
V. radiata 88 globulin [eJERYK | [=NEelP S Diefele] - - - - QDIAS L EVQERERENE L DIV FYMRISAAYIAY A | NEXTEINISIF F A Flel | REMINDIQEET
B-Conglycinin DEYN 1 1AW Re] | K E{eJele]K QOKQE E[JP L EV QLIWARFENE L DIV FYRBSA AYIAF VVNEXTEINISIF L A Flel | QIENSINDIORET

B-Vignin_EPACE-10 [c]EEYN | [MFelO R E[efe}e] - - QQQEJSWE VQLRAREYE V DRV FREEYIA S YAV AL TEITEINISF | A Fle] | RENINIIOLE
B-Vignin_IT81D-1053 [JELYN | [SAM'RelC R E[elefe] - - QQQ EASWE V QLERMRELYE V| DIV FYMEYA S YAV A | TENTEINISIF | A Flel | RENS SO
Gl | | MBS S FIdV ALKEYARIDIRNIMV G | [ VEEXANKIELGL

Canavalin REYE VIARfe]l E Qfefefe]- - - QG LIASMQLRERIAINT L

ChBS Cupin_1 domain

B-Vignin_IT81D-1053 NN E EDRRUMS EQRP TEV LDV TIYARIG E K KI® | N K[e]1S D

B-Vignin_EPACE-10 LW.NelE EGURUM S EQEP TEA LDV TLEYAERIG E K K81 NK[e]IS DEJHIJTDJA[MIYEF QQQREEDRESGHHKGP LSS I LGT Fj4

HIFTPJA[IIE QQQREEDRI4GIHKGP LSS I LDS L3
Adzuki 7S3 AWNelCKDURIMS ERAP TEV LEEV SIEY ARG K K K81 KK[&IS ERJHIJVIA[MYE QQQREEGHGRIKGS LSS I LGS Ljg
V. radiata 8S globulin ISNLYelE K DURYUM S EQEP TEV L DV SR ABIG N K KI® | KK[e]S EEJHIJVA[IYF QQQREEGHIGIHKGS L SS'I LGS L4
B-Conglycinin WNelE KDURYV RQEIIERQVQE L ALY GEIA QD RISL KK[IR ER]YIJVDPIA[IYQ - - QOKEEGS4GRIKGPFPS I LGA L4
Canavalin EW.NelHKELQRI! ROEIPRQVSDL TIHYGEIGE E EIfL ENEIKERYIAVEIG[IER - -H IDAGGLSAIRAHLPNLFRT FiY

84
84
107
107
96
110

154
154
177
177
166
180

224
224
247
247
231
240

294
294
317
317
301
310

362
362
386
383
371
377

432
432
456
453
439
445

Fig. 1. Multiple sequence alignment of the amino acid sequences of [3-vignin with the primary structures of representative vicilin-like 7S globulins. Amino acid sequences of 3-vignin
obtained from V. unguiculata genotypes EPACE-10 (sequence 52) and IT81D-1053 (sequence R2) were aligned with those of V. angularis (adzuki bean) 75 globulin-3 (Adzuki 753;
UniProtKB accession number: AOA0S3SX36), V. radiata 8S globulin (UniProtKB accession number: Q198W3), 3-conglycinin (from Glycine max; UniProtKB accession number: P25974)
and canavalin (from Canavalia ensiformis, UniProtKB accession number: P50477). Segments in the primary structures of 3-vignin that were shown to contribute to their chitin-binding

site (ChBS), as evidenced by computational simulations, are indicated. The alignment was edited using the program ALINE [64].
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2.8. Molecular docking calculations

A standard docking procedure was performed with AutoDock Vina
v1.1.2 [43]. Initially, a blind docking strategy was performed using a
search space defined by a 40 A x 40 A x 40 A cube, which was applied
to three different portions of each vicilin monomer, thus covering the
whole protein surface. The ligands were (GlcNAc), and (GIcNAc)s,
which were built using the program SWEET [44]. All of the torsional
bonds of the ligands were free to rotate while the protein atoms were
held rigid. Polar hydrogen atoms were added using the AutoDock
Tools version 1.5.6, and Kollman united atom partial charges were
assigned [45]. Afterwards, a refined search with the same ligands was
performed using a search space defined by a 20 A x 20 A x 20 A cube,
based on the oligosaccharides length, centered on the top-ranked chitin
binding site. Exhaustiveness was set to 15, and for all other parameters,
default values were used. Selection of the best results was done as pre-
viously described [28].

2.9. Molecular dynamics (MD) simulations

MD simulations (30 ns) were performed using the program NAMD
v2.10 (Nanoscale Molecular Dynamics) [46], with the force fields

A

Domain 1

CHARMM27 [47] and CHARMM36 [48]. The software VMD (Visual Mo-
lecular Dynamics) was used for file preparation [49]. All MD simulations
were performed essentially as described in detail by Maranhdo
etal. [28].

2.10. Binding energy calculations

Binding energy calculations were done using a dispersion-corrected
density functional theory (DFT-D) method [50], using the procedure de-
scribed in detail by Maranhdo et al. [28].

3. Results and discussion

3.1. Cloning of partial cDNA fragments encoding [3-vignin, the major vicilin
from cowpea

PCR products with approximately 1200 bp that presumptively
encoded vignin were amplified from total cDNA, which was obtained
from developing seeds of cowpea genotypes EPACE-10 and IT81D-
1053 (Fig. S1). Several clones were sequenced and 3 unique partial
cDNA sequences from each genotype were identified. These sequences
are herein referred to as S1, S2 and S3 from EPACE-10, which is

Domain 2

Fig. 2. Three-dimensional molecular model of 3-vignin. N- and C-terminal cupin_1 domains are colored red and blue, respectively. (A) Ribbon diagram of the (>-vignin monomer structure,
as obtained by homology modeling from sequence R2. (B) Superposition of the A-vignin model (blue) over the x-ray crystallographic structure of the V. angularis 7S globulin-1 (orange),
which was used as template (PDB ID: 2EA7). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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susceptible to C. maculatus, and R1, R2 and R3 from IT81D-1053, which
is resistant to C. maculatus. All cDNA sequences were 1296 nucleotides
long, except sequence S3, which had a length of 1287 nucleotides
(Figs. S2-57). Sequence identity ranged from 99.9% (1 different nucleo-
tide), between S1 and R1, to 98.6% (17 distinct nucleotides), between R2
and R3 (Table S1). Sequence S3 encoded a polypeptide chain with 429
amino acid residues, whereas the other 5 sequences encoded proteins
with 432 residues. The shorter sequence S3 was due to a deletion of 9
nucleotides (Fig. S8), encoding a stretch of 3 amino acid residues
(19QDE'® in the other 5 sequences) (Fig. S9). Vicilin-like 7S globulins
are encoded by multigene families [51], and the mRNAs identified in
the present work are likely the products of closely related cowpea
genes. Pairwise comparisons revealed that the amino acid sequences
of S1 and R1 were identical, whereas the other pairs of compared struc-
tures had differences, ranging from 3 to 11 residues (Table S2). Molecu-
lar masses calculated from these amino acid sequences varied from
49,347.02 (53) t0 49,827.45 Da (51 and R1) (Table S3). BLASTp searches
against the NCBI protein database revealed that the 6 amino acid se-
quences had highest similarity with 7S globulins from Leguminosae
species, such as adzuki bean (V. angularis; ~86%), mung bean
(V. radiata; ~86%), common bean (Phaseolus vulgaris; ~64%) and soy-
bean (Glycine max; ~68%). Moreover, searches against the CDD showed
that each protein contained two domains, both belonging to the cupin_1
family (SMART accession number: SM00835) of the cupin superfamily
(Table S4). In the 6 cowpea proteins, the N- and C-terminal cupin_1 do-
mains were 147 and 157 residues long, respectively. The cupin_1 family,
which represents the conserved barrel domain of the cupin superfamily,
contains 11S (legumins) and 7S (vicilins) seed storage globulins and
germins [52]. Legumins and vicilins are two-domain proteins
(bicupins), whereas germins are single-domain molecules
(monocupins). This analysis showed that the cDNA sequences from
cowpea encoded 6 proteins that have typical structural features of 7S
seed storage globulins (Fig. 1).

To verify the relationship between the products encoded by the
cDNA sequences and cowpea seed storage proteins, a fraction enriched
in 7S globulins was obtained from mature seeds of both genotypes.
When subjected to SDS-PAGE, the vicilin fractions from EPACE-10 and
IT81D-1053 showed very similar profiles (Fig. S10). Each pattern was
characterized by 11 protein bands, with apparent molecular masses
ranging from 110 to 24 kDa, in which the bands with 60 and 54 kDa
were the most abundant ones in each genotype. Almost all resolved
bands (21 out of 22) were identified as 7-8S globulins by ESI-MS/MS
(Tables S5 and S6). These results agree with previous works, which
have demonstrated that under denaturing and reducing conditions,
cowpea vicilins are a heterogeneous mixture of polypeptides of various
sizes [53-55]. This pattern of polypeptides, characterized by distinct
molecular masses, is typical of 7S globulins and probably arise by
post-translational proteolytic processing of larger precursors, as dem-
onstrated during the biosynthesis of vicilin, the 7S globulin of pea
(Pisum sativum) seeds [56]. When the cowpea vicilin fractions were
subjected to size exclusion chromatography, one main peak was ob-
tained (PII; Fig. S11), which was further resolved into two peaks (PI
and PII) by ion exchange chromatography (Fig. S12). Each major peak
from the ion exchange chromatography showed a similar pattern of
polypeptides, when analyzed by SDS-PAGE (Fig. S13), and both
were enriched in the 60 and 54 kDa bands, which are characteristic of
p-vignin, the major component of cowpea vicilin-like 7S globulins
[57]. When these 2 major bands were subjected to Edman
degradation, the same N-terminal amino acid sequence (26 residues)
was obtained from both p-vignin bands of each genotype:
IVHREHQESQEESEPRGQNNPFYFDS. This sequence matched exactly the
first 26 amino acid residues deduced from the 6 partial cDNA fragments,
which were obtained from developing seeds of cowpea. The average
molecular mass calculated from these 6 sequences was, approximately,
49.7 kDa, which is closer to the faster migrating p-vignin subunit. The
differences between the values calculated from the sequences and

those determined by SDS-PAGE are probably due to glycosylation. In-
deed, some authors have demonstrated that the 2 main 3-vignin poly-
peptides are both glycosylated, the 60 kDa subunit having a greater
amount of carbohydrate than the 54 kDa subunit [57,58]. To further
strength the relationship between the sequences deduced from the
c¢DNA fragments and the proteins purified from cowpea seeds, several
tryptic peptides were identified by MALDI-TOF MS analysis from the 2
major peaks resolved by ion exchange chromatography (Figs. S14—
S18). The sequences of these peptides matched specific segments of
the primary structures deduced from the cDNA fragments obtained
from IT81D-1053 (Table S7) and EPACE-10 (Table S8). The experimen-
tally determined peptides covered approximately 23.4 and 17.6% of the
amino acid sequences of the proteins from EPACE1-10 and IT81D-1053,

Fig. 3. Ribbon diagrams of the [3-vignin homotrimers. Homotrimers of the models S2
(A) and R2 (B) are shown. Subunits are colored pink, green and cyan. Chito-
oligosaccharide molecules [(GlcNAc)4] docked in the chitin-binding sites of each
oligomer are also shown as stick models (carbon, nitrogen and oxygen atoms are
colored yellow, blue and red, respectively). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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respectively. Therefore, the cDNA fragments cloned from EPACE-10 and
IT81D-1053 encode p-vignin, which is the main fraction of the 7S glob-
ulins stored in cowpea seeds.

3.2. Molecular models of [3-vignin and their interaction with chitin
oligomers

To investigate how cowpea vicilins bind chitin, three-dimensional
molecular models were generated, refined, validated and subjected to
computational simulations using chito-oligosaccharides as potential li-
gands. Vicilin models were built from 4 amino acid sequences (S2 and
S3 from EPACE-10 and R2 and R3 from IT81D-1053), using the three-
dimensional structure of the 7S globulin-1 (PDB ID: 2EA7) from adzuki
bean (V. angularis) as template (Figs. S19-522; average sequence iden-
tity percentages between the primary structures of [3-vignin and adzuki
bean 7S globulin-1 were, approximately, 83.1%). When the modeled
structures (designated as models S2, S3, R2 and R3) were aligned, an
RMSD of 1.479 A was obtained (Fig. $23), indicating that the models
had very similar folds. Furthermore, superposition of the model and
template structures gave the following TM-score values: 0.7224
(model S2 vs 2EA7), 0.5013 (model S3 vs 2EA7), 0.7245 (model R2 vs
2EA7) and 0.7199 (model R3 vs 2EA7). This analysis showed that the
overall fold of the modeled structures was correct (Fig. 2), as indicated
by the TM-score values >0.5 [59]. In the three-dimensional structures
of the p-vignin models, the N- and C-terminal halves of the polypeptide
chain assumed the characteristic cupin fold, the domains being sym-
metrically related by a pseudo-twofold axis, and each one containing a
core B-barrel and an extended loop region with 2 helices (Fig. 2), as
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typically found in 7S globulins [40]. After refinement, the percentage
of Ramachandran outliers was either 0 or <1%. Clashscore, which is
the number of clashes >0.4 A per 1000 atoms, ranged from 6.65 (88th
percentile) to 13.52 (56th percentile), whereas MolProbity score varied
from 1.38 (97th percentile) to 1.71 (89th percentile) (Tables S9-S12).
MolProbity score is a log-weighted combination of the clashscore, per-
centage of Ramachandran outliers and percentage of bad side-chain
rotamers, providing one value that reflects the approximate crystallo-
graphic resolution at which that combination of numbers would be ex-
pected [42]. Therefore, the molecular models of cowpea vicilins were
judged as of good quality, according to MolProbity validation criteria.
In native 7S globulins, monomers assemble into trimers, in which
the subunits are held by non-covalent forces. These trimers have a
triangle-like shape, arising through head-to-tail association of individ-
ual monomers [40]. Symmetry operations were used to generate [3>-
vignin homotrimers, and these oligomers were subjected to computa-
tional simulations. Initial molecular docking calculations suggested
that each trimer of PB-vignin had 3 sites that could bind chito-
oligosaccharides. These binding sites were located at the vertices of
the triangle-shaped oligomer, and each one was constituted by some
residues from one subunit and other residues from its neighbor chain
(Fig. 3). To verify the stability of a tetra-N-acetyl-chitotetraose molecule
docked in a single binding site of cowpea p-vignins, molecular dynamics
simulations were performed. RMSD plots showed that, after an initial
accommodation that took place in the first nanoseconds, the interaction
of the bound oligosaccharide was very stable along most simulations,
especially in the complexes between (GIcNAc)4 and the models S3
and R2 (Fig. S24). In the stable complexes obtained after MD

~N

Valzeg | 31

‘Asn355

GIn357

Asp262

Glu255

(C)and R3

(D). Water molecules are represented as red spheres, hydrogen bonds are shown as green dotted lines (the distance cut-offis 3.5 A) and the side chains of interacting residues are depicted
as sticks. C1 and C4 indicate the carbon atoms of the monosaccharide units from the reducing and non-reducing ends, respectively. Nitrogen and oxygen atoms are colored blue and red,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



AJ. Rocha et al. / International Journal of Biological Macromolecules 117 (2018) 565-573 571

simulations, the interaction between amino acid residues and ligand
atoms was mediated mainly by hydrogen bonds and hydrophobic con-
tacts (Fig. 4). In each complex, a network of hydrogen bonds was ob-
served, involving hydroxyl groups from each GlcNAc unit of the bound
oligosaccharide and several O and N atoms from the side chains of
some residues of the modeled protein structure. Many of these polar in-
teractions between the chito-oligosaccharide and (3-vignin were pre-
dicted to be mediated by water molecules (Fig. 5). Carbohydrate-

binding proteins, including a large diversity of enzymes as well as
non-enzymatic proteins, such as lectins, have wide differences in their
three-dimensional structures and carbohydrate-binding topologies.
However, a common feature of the interactions between proteins and
their carbohydrate ligands is the prevalence of hydrogen bond interac-
tions, usually involving water molecules [60]. Most of the 3-vignin
amino acid residues, involved in the interactions with the bound oligo-
saccharide in each chitin binding-site (ChBS), were mapped to 4 main
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bonds (green dashed lines) or hydrophobic contacts (brick-red spoked arcs) are shown. Water molecules (labeled OH5) are represented as red spheres. Monosaccharide units are
numbered from +1 (reducing end) to +4 (non-reducing end). Similar diagrams depicting the interaction models obtained for the other complexes are shown in Figs. S25-S27. The
diagrams were generated using the program LigPlot+ [65]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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segments in the protein’s primary structure (Fig. 1). One of these seg-
ments was mapped in the N-terminal domain, whereas the other 3 re-
gions were constituted by residues found in the C-terminal domain.
Some of the residues from these 4 regions that were involved in the in-
teraction between p-vignin and chito-oligosaccharides are conserved in
other 7S globulins. Using a quantum mechanics-based method, the
binding free energies of chito-oligosaccharide molecules to [>-vignin
oligomers were calculated, ranging from —690.6 kcal/mol (GIcNAc olig-
omers bound to -vignin R2 trimer) to —531.3 kcal/mol (chitin frag-
ments bound to [3-vignin R3 oligomer) (Table S13). These results
agree with previous works, which have demonstrated that cowpea
vicilins purified from seeds of genotypes that are susceptible or resistant
to C. maculatus have the ability to bind in vitro to chitin [17] and in vivo
to chitinous structures of the larvae's midgut [18,19]. Furthermore, the
conservation in other 7S globulins of many of the residues that consti-
tute the B-vignin's ChBS, as predicted in this work, also support earlier
reports that have shown that vicilins from other leguminous species
can also bind to chitin [61]. Quantum mechanical (QM) interaction en-
ergy, calculated between model R2 and (GlcNAc), molecules, was
lower (—690.6 kcal/mol) than that predicted between model S3 com-
plexed with the same oligosaccharide (—542.1 kcal/mol) (Table §13),
the difference between them being approximately —149 kcal/mol. Al-
though QM interaction energies are much larger than the actual exper-
imental values, a good correlation between them has been found, and
this approach has a better performance in rank-ordering binding affini-
ties when compared to other methods [62]. This suggested that R3 tri-
mers are expected to bind chitin oligomers with higher affinity in
comparison to S3 oligomers. These data raised the possibility that vari-
ant vicilins with differential binding affinities to chitin oligomers may be
expressed in cowpea seeds which show contrasting responses when
infested by C. maculatus larvae, and these differences in binding affinity
could explain, at least in part, the deleterious effects of cowpea vicilins
from resistant genotypes on bruchid's larvae. However, these assump-
tions need further investigations.

7S globulins are major storage proteins of leguminous seeds, provid-
ing amino acid skeletons for the growing seedling after germination. Be-
sides this fundamental role, evidences have suggested that these
proteins may be involved in other biological functions, such as defense
mechanisms. Cowpea vicilins, for example, bind chitin, a polysaccharide
of 3-1,4 linked GIcNAc units that is found in the exoskeleton of insects,
crustaceans and other invertebrates. Chitin is also an important compo-
nent of the peritrophic membrane, a tube-like structure that covers the
midgut epithelium of insects. Bruchid beetles, such as C. maculatus and
Z. subfasciatus, apparently do not have a peritrophic membrane, but
contain a peritrophic gel along the whole midgut [63], and the presence
of chitinous structures in the peritrophic gel of C. maculatus larvae has
been demonstrated [19]. The ability of cowpea vicilins to interact with
chitin has been implicated in the resistance of some genotypes to
C. maculatus. However, the binding mode of these storage proteins to
this polymer has remained unknown. The analysis performed in the
present study suggested a molecular mechanism that explains how
cowpea vicilins bind chitin and hence affect the larval development of
bruchid beetles. Due to conservation of the primary, tertiary and quater-
nary structures of 7S globulins, the proposed mechanism is likely to
apply to chitin-binding vicilins from other species.

4. Conclusions

Partial cDNA sequences encoding 3-vignin, the main component of
the 7S globulins of cowpea, were obtained. Computational simulations
were then used to predict the probable chitin-binding sites in the
modeled structures. Interaction models suggested that chito-
oligosaccharides bound to [3-vignin are stabilized mainly by hydrogen
bonds, a typical structural feature of many carbohydrate-binding
proteins.
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