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Two cysteine proteinase inhibitors from cowpea, VuCys1 and VuCys2, were produced in E. coli ArcticEx-
press (DE3). The recombinant products strongly inhibited papain and chymopapain as well as the midgut
proteases from Callosobruchus maculatus larvae, a bruchid that uses cysteine proteases as major diges-
tive enzymes. Heat treatment at 100°C for up to 60 min or incubation at various pH values caused little
reduction in the papain inhibitory activity of both inhibitors. Moreover, minor conformational variations,
as probed by circular dichroism spectroscopy, were observed after VuCys1 and VuCys2 were subjected
to these treatments. The crystal structure of VuCys1 was determined at a resolution of 1.95 A, reveal-
ing a domain-swapped dimer in the asymmetric unit. However, the two lobes of the domain-swapped
dimer are positioned closer to each other in VuCys1 in comparison to other similar cystatin structures.
Moreover, some polar residues from opposite lobes recruit water molecules, forming a hydrogen bond
network that mediates contacts between the lobes, thus generating an extended open interface. Due to
the closer distance between the lobes, a small hydrophobic core is also formed, further stabilizing the
folded domain-swapped dimer. These structural features might account for the extraordinary thermal
and pH stability of VuCys1.
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1. Introduction

Cystatins comprise a superfamily of evolutionarily related pro-
teins widely distributed in nature, occurring in Archaea, Bacteria
and Eukaryota [1]. These proteins are competitive inhibitors, which
are able to reversibly inhibit the cysteine proteinases of the
C1A papain-like and C13 legumain-like families [2,3]. In humans,
for example, papain-like lysosomal cysteine proteases, generally
known as cathepsins, are important targets of endogenous cystatins
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[4], and disturbances of the normal regulation of these proteases
may lead to several pathological conditions, such as neurodegen-
erative disorders, cardiovascular and inflammatory diseases and
cancer [5]. Cystatins act like pseudo-substrates, binding tightly to
the active site cleft of cysteine proteases and inactivating their tar-
get enzymes. Members of this superfamily have the typical cystatin
fold, which is characterized by one N-terminal c-helix wrapped by
a five-stranded antiparallel B-sheet [3]. Moreover, as observed in
the three-dimensional structures of inhibitor-enzyme complexes,
the cystatin contact points with the target papain-like protease
involve a tripartite wedge-shaped structure, which includes one
or two conserved Gly residues, located in the flexible N-terminal
region, and two [3-hairpin loops, the firstloop containing the QxVxG
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motif and the second one containing a conserved aromatic (Trp or
His) residue [6-8].

The cystatin superfamily was initially divided into three major
families of animal cysteine proteinase inhibitors: family I (stefins),
family Il (cystatins) and family III (kininogens) [9]. Stefins are
small proteins (~11kDa) devoid of disulfide bonds and carbohy-
drate content, whereas cystatins are low molecular mass proteins
(13-14 kDa) with disulfide bonds but lacking any carbohydrate
moiety. Kininogens are large glycoproteins (60-120kDa) contain-
ing disulfide linkages and multiple cystatin domains [3]. Although
plant cysteine proteinase inhibitors are structurally related to the
animal proteins from families I and II of the cystatin superfamily,
they are recognized as an independent branch of this superfam-
ily. Therefore, these proteinase inhibitors are usually referred to
as phytocystatins [10]. Phytocystatins lack disulfide bridges and
besides the three important regions that interact with the target
protease, they contain a conserved sequence, [LVI-AGT-RKE-FY-
AS-VI]-x-[EDQV-HYFQ] —N, which is not found in animal cystatins
[10]. Moreover, phytocystatins are clustered into 3 subfamilies or
groups. Group I includes members with only one cystatin domain
and molecular masses ranging from 12 to 16 kDa. Group II phy-
tocystatins have a molecular mass of approximately 23 kDa and
possess a conserved cystatin domain at their N-terminal region and
an extended C-terminal region that can inhibit C13 legumain-like
cysteine proteases [11]. Group III is composed by multicystatins,
which contain two or more cystatin domains [12].

Phytocystatins are versatile proteins that act as regulators of the
activities of both endogenous and exogenous cysteine proteases.
They are involved in a variety of physiological processes, includ-
ing seed development and germination, fruit development and
programmed cell death [13]. In addition to endogenous physiolog-
ical roles, phytocystatins are also involved in defense mechanisms
against abiotic and biotic stresses, such as cold, drought, heat,
mechanical wounding, nematode, bacterial and fungal parasitism
as well as insect predation [14,15]. These findings have raised the
possibility to use phytocystatins as molecular tools for pest con-
trol and protection against abiotic stresses as well as nutraceuticals
and stabilizers of recombinant proteins produced in plant-based
platforms [16]. Taking into consideration the potential biotechno-
logical applications that phytocystatins might have, the discovery
of molecules with high stability to temperature and pH variations
is of great interest.

Cowpea (Vigna unguiculata) is an important legume crop that
is cultivated in tropical and subtropical regions. cDNA sequences
encoding phytocystatins belonging to groups I and Il have been
obtained from cowpea [17,18]. cDNA clones encoding a group [
cowpea cystatin were first identified in developing seeds of a geno-
typeresistant to the cowpea weevil (Callosobruchus maculatus)[17],
whereas those encoding a group Il multicystatin were obtained
from leaves of cowpea plants subjected to drought stress [18].
However, the proteins encoded by these genes have not been char-
acterized in detail. In the present work, these two cowpea cystatins,
containing one (VuCys1; group | member) and two (VuCys2; group
Il member) cystatin domains, were expressed in E. coli and the
functionality of the recombinant products was assessed, showing
that they have high thermal and pH stability. Furthermore, the
crystal structure of VuCys1 was determined, revealing structural
features that might account for its thermal and pH stability.

2. Materials and methods

2.1. Plant material

Seeds of cowpea genotype CE-31 were provided by Dr. F. R.
Freire-Filho (Embrapa Meio-Norte, Teresina, Piaui, Brazil). Cow-

pea plants were grown hydroponically in % strength Hoagland's
nutrient solution [19] under greenhouse conditions. Leaves from
12-day-old plants were harvested, frozen in liquid nitrogen and
stored at —80°C until used.

2.2. Plasmids, bacterial strains and reagents

The plasmids pGEM-T Easy and pET302/NT-His were purchased
from Promega (Madison, WI, USA) and Invitrogen (Carlsbad,
CA, USA), respectively. Escherichia coli strains TOP10F and
ArcticExpress (DE3) were purchased from Invitrogen and Strata-
gene (La Jolla, CA, USA), respectively. Na-benzoyl-DL-arginine
3-naphthylamide hydrochloride (BANA), 4-(dimethylamino)-
cinnamaldehyde (DMACA), Na-benzoyl-L-arginine 4-nitroanilide
hydrochloride (BApNA) and all the proteolytic enzymes used in
this work, including the cysteine proteinases papain (EC 3.4.22.2),
chymopapain (EC 3.4.22.6), bromelain (EC 3.4.22.32.) and cathep-
sin B (EC 3.4.22.1) and the serine proteinase trypsin (EC 3.4.21.4),
were from Sigma-Aldrich (St. Louis, MO, USA). All other reagents
were of an analytical grade.

2.3. Nucleic acids purification

Total RNA was isolated using the Concert Plant RNA Reagent
(Invitrogen), whereas genomic DNA was purified using a CTAB
(cetyl trimethyl ammonium bromide)-based protocol [20]. Nucleic
acids integrity and concentration were evaluated as described by
Landim et al. [21].

2.4. cDNA synthesis, PCR amplification and cloning

Treatment of total RNA with DNase I and cDNA synthesis
were performed as previously described [22]. The first-strand
cDNA products were then amplified by polymerase chain reaction
(PCR) using specific oligonucleotide primers, which were designed
according to the sequences deposited in the GenBank DNA database
(accession numbers Z21954 and AF278573, encoding VuCys1 and
VuCys2, respectively). The VuCys1 coding sequence was amplified
using the primers 5'-CCGCTCGAGATGGCAGCACTCGGTGGCAAT-3’
(forward) and 5'-CGCGGATCCCTATGCAGGTGCATCTCCAACATG-3’
(reverse). For the amplification of the VuCys2 coding sequence,
the primers were: 5-CCGCTCGAGATGGCAACAGCAACAGTAACT-
3’ (forward) and 5-CGCGGATCCTCAAACAGCAACATCCACAGG-3’
(reverse). Sites for restriction endonucleases (Fermentas Life Sci-
ences, Ontario, Canada) were incorporated in the forward (Xhol)
and reverse (BamHI) primers (underlined), respectively, to allow
for the further manipulation of the PCR products. Amplifications
were performed in a final volume of 10 L, containing first-strand
cDNA(640ng), 1 x GoTaqreaction buffer (Promega), 1.5 mM MgCls,
200p.M of each dNTP, 0.5pM of each primer, and 1.25U of
GoTaq DNA Polymerase (Promega). The reactions were performed
in a Mastercycler gradient thermocycler (Eppendorf, Hamburg,
Germany) using the following cycling parameters: an initial denat-
uration step (2min at 95°C) followed by 35 cycles of 1min at
95°C, 1min at 65°C and 1 min at 72°C. After the last cycle, the
reactions were further incubated for 10 min at 72°C. Amplifica-
tions using genomic DNA as template (500 ng per reaction) were
also performed under the same conditions as described above. The
amplification of DNA bands with the expected sizes was checked
by agarose gel electrophoresis [23]. Cloning of PCR products into
the pGEM-T Easy vector and selection of E. coli TOP10F cells
transformed with the recombinant plasmids were performed as
described by Freire et al. [22].
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2.5. DNA sequencing and sequence analysis

PCR products cloned into pGEM-T Easy were sequenced using
the Sanger’s dideoxy chain termination method. DNA sequencing
and sequence assembly were performed as described in detail by
Freire etal. [22]. Multiple sequence alignments were generated and
manually edited using the programs Clustal W [24] and BioEdit [25],
respectively.

2.6. Construction of the expression vector

PCR products cloned into pGEM-T Easy were recovered by diges-
tion with Xhol and BamH]I, and the released fragments were purified
from the agarose gel slices using the GFX purification kit (GE Health-
care, Buckinghamshire, UK). Purified products were ligated into the
PET302/NT-His expression vector, which was previously digested
with the same restriction enzymes, using T4 DNA Ligase (Fermen-
tas Life Sciences) at 4 °C for 16 h. Recombinant plasmids were first
propagated and selected in E. coli TOP10F and then introduced in
E. coli ArcticExpress (DE3) cells by electroporation. Transformants
were selected on LB agar containing 20 pg mL~! gentamycin and
100 g mL~! carbenicillin. Clones containing the recombinant plas-
mids were identified as previously described [22]. Each protein
coding sequence was cloned in frame with the N-terminal 6 x His
tag, and its expression was under the control of the T7lac promoter.
The recombinant plasmids were designated pET-VuCys1 and pET-
VuCys2.

2.7. Protein expression and purification

A single colony of ArcticExpress (DE3) cells harboring a recom-
binant plasmid was inoculated in 5mL of LB broth containing
20 pgmL-! gentamycin and 100 pg mL~! carbenicillin, and the cul-
ture was incubated with vigorous shaking (180 rpm) at 37°C for
16 h. An aliquot (2.5mL) of this culture was then inoculated in
250 mLof LB broth supplemented with the same antibiotics and fur-
ther incubated at 180 rpm (37 ©C) until the ODgg reached 0.4-0.6.
The cultures were then incubated at 12°C, and isopropyl-3-p-
thiogalactoside (IPTG)was added toafinal concentration of 0.5 mM.
The cells were incubated again at 12 °C with continuous shaking
(180rpm) for 24 h. Induced cultures were centrifuged (7000 x g,
10 min, 4°C), and the cell pellets were resuspended in lysis buffer
[50 mM Tris-HCI (pH 8.0), 0.5 M NacCl, 2mM EDTA and 1 mM PMSF]
containing 100 pg mL-! lysozyme (USB Chemical, Cleveland, OH,
USA). After 20 min on ice, the mixture was frozen in liquid nitrogen
and thawed twice. The resultant viscous lysate was treated with
DNase I for 30 min at room temperature. The crude cell extract was
centrifuged (12,000 x g, 15min, 4°C), and the clear supernatant
was loaded onto a Ni Sepharose 6 Fast Flow (GE Healthcare) col-
umn, which had been equilibrated with 50 mM Tris-HCI (pH 8.0)
containing 0.5M NaCl and 10 mM imidazole. Unbound proteins
were removed by washing the matrix with the equilibration buffer,
and the retained proteins were then eluted using the equilibra-
tion buffer supplemented with100 mM imidazole. Protein fractions
with Azgg>0.050 were pooled, dialyzed against distilled water,
freeze-dried and used in further analyses.

2.8. Soluble protein content

The concentration of soluble protein was determined using the
method of Bradford [26] and bovine serum albumin as a standard.

2.9. SDS-Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis in the presence of SDS (SDS-
PAGE) was performed as described by Laemmli [27] using 17.5%

slab gels. Samples preparation and staining and destaining of pro-
tein bands were performed as described by Lobo et al. [28].

2.10. Proteinase inhibition assay

Inhibitory activity against papain, chymopapain, cathepsin B
and bromelain was evaluated as described by Abe et al. [29] using
BANA as the substrate and one unit of inhibitory activity was
defined as previously described [30]. Inhibitory activity against
trypsin was also determined according to the protocol described
by Oliveira et al. [31]. The appropriate amounts of cysteine and ser-
ine proteinases used in these assays were previously established in
standard curves performed in the absence of inhibitors. All reac-
tions were repeated at least three times and graphically expressed
as the relative residual proteolytic activities after incubation with
VuCys1 or VuCys2.

2.11. Thermal and pH stabilities of the recombinant cystatins

The thermal stability was assessed by incubating a solution
[1mgmL-! in 50 mM sodium phosphate buffer (PB) (pH 6.0)] of
each inhibitor at varying temperatures (24, 30, 45, 60, 75, 90 and
100°C) for 10 min in a water bath. Prolonged incubations (up to
60min) at a boiling water temperature (100°C) were also per-
formed. After heating, the samples were cooled at 4 °C for 30 min,
and the residual inhibitory activity against papain was determined
under standard assay conditions. To evaluate the effect of pH on
the stability of the purified recombinant cystatins, aliquots (5 p.L)
of VuCys1 and VuCys2 [1mgmL-! in sodium PB (pH 6.0)] were
diluted 10-fold in different buffer systems, incubated at 24 °C for
30min and then subjected to a standard papain inhibition assay.
The buffer systems used were: 50 mM glycine-HCI (pH 2.2), 50 mM
sodium acetate (pH 5.2), 50 mM sodium phosphate (pH 6.0 and 7.3),
50 mM Tris-HCI (pH 8.0) and 50 mM glycine-NaOH (pH 11.0).

2.12. Circular dichroism (CD) measurements

CD spectra were recorded using a JASCO ]-815 (Jasco Inc.,
Maryland, USA) spectropolarimeter calibrated with (+) —10-
camphorsulphonic acid. Measurements in the far-UV region
(195-250nm) were made using a 0.1cm cell under the fol-
lowing conditions: data pitch, 0.2nm; scan speed, 50 nmmin~!;
response, 1s; band width, 1 nm. The protein concentration used
was 0.2mgmL-! [dissolved in 250 mM sodium PB (pH 6.0) with
3mM EDTA and 1 mM DTT]. The CD values were reported as the
mean residue ellipticity, [0]. The proteins were heated at 10, 20, 30,
40, 50, 60, 70,80 and 90 °C for 1 min. After each heat treatment, the
thermal denaturation of both cystatins was recorded as an aver-
age of 5 scans. pH stability was recorded as an average of 10 scans
for a protein solution dissolved in 10 mM phosphate-borate-citrate
supplemented with 100 mM Nacl at pH values 2.0, 5.3, 7.2,9.0 and
11.0. The proteins were maintained under each pH condition for
2 min before recording the scans.

2.13. Preparation of insect midgut enzymes and protease
inhibition assay

The bruchid beetles Callosobruchus maculatus and Zabrotes sub-
fasciatus were reared on seeds of a susceptible cowpea genotype
at 24°C, 70% RH and a photoperiod of 12h (light/dark). Crude
midgut extracts from 3rd instar larvae were obtained according
to the procedure described by Oliveira et al. [31] and used in the
enzymatic assays, according to the protocol of Xavier-Filho et al.
[32]. Protease inhibitory activity was determined by the addition
of increasing amounts of VuCys1 or VuCys2 to the midgut enzymes
before adding the azocasein solution. Residual proteolytic activity
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was expressed as the percentage of the blank reaction (without
the inhibitor). A mixture of gut homogenate enzymes, which pro-
vided an absorbance of 0.25-0.3 at 440 nm after the hydrolysis of
1% azocasein in standard proteolytic reaction curves, was used in
all assays [33].

2.14. Effects of the recombinant cystatins on the development of
C. maculatus

The individual effects of VuCys1 and VuCys2 on the develop-
ment of C. maculatus were examined using the artificial seed system
described by Leite et al. [34]. All obtained data were subjected to an
analysis of variance (ANOVA), and the means were compared using
Tukey's test.

2.15. Crystallization, structure resolution and refinement

Purified proteins (20 mg mL-! in distilled water) were subjected
to crystallization trials as previously described [21]. X-ray diffrac-
tion data were collected at 100 K using copper radiation, MicroMax
007 HF generator (Rigaku Corporation, Tokyo, Japan) and R-AXIS
IV++ imaging plate detector (Rigaku). Data were indexed, inte-
grated and scaled using the program XDS [35]. The structure of
VuCys1 was solved by molecular replacement employing program
Phaser [36] using the tarocystatin structure (PDB ID: 3IMA) as
search model (sequence identity between VuCys1 and tarocystatin
is 43%), which was modified using the CHAINSAW program [37].
The refinement was carried out using the Phenix [38] and Coot
[39] programs, using o,-weighted 2Fo-Fc and Fo-Fc electron den-
sity maps. After the first refinement cycle, as the electron density
unambiguously showed that the content of the asymmetric unit
was in fact a domain-swapped dimer, the region corresponding to
the open interface (residues Val*?-Gly®3) was deleted and manu-
ally rebuilt using Coot. The behavior of R and Rgee Were used as
the principal criterion for validating the refinement. The stereo-
chemical quality of the model was evaluated with PROCHECK [40]
and MolProbity [41]. Data collection and final refinement statistics
are shown in Table 1. The coordinates and structure factors were
deposited in the Protein Data Bank (PDB) under the ID 4TX4. Molec-
ular images were prepared using the PyMOL Molecular Graphics
System v1.2r1 (DeLano Scientific LLC, CA, USA).

3. Results and discussion

3.1. Cloning, sequence analysis and functional features of VuCys1
and VuCys2

Specific primers were used to amplify the coding sequences of
VuCys1 and VuCys2 from genotype CE-31. When total cDNA was
used as a template, PCR fragments of approximately 310 and 601 bp
were produced (Fig. S1, lanes “1” and “3”), in agreement with the
sizes of the mRNA coding sequences for VuCys1 and VuCys2, respec-
tively, as previously determined [17,18]. The complete sequences of
these amplified partial cDNA fragments were 294 (VuCys1) and 588
nucleotides (nt) long (VuCys2), encoding proteins of 97 (VuCys1)
and 195 (VuCys2) amino acid residues. The cDNA sequence encod-
ing VuCys1 was identical to the sequence in the GenBank database,
which was from cowpea genotype IT81D-1045 (accession number:
Z21954) [17]. On the other hand, the cDNA sequence coding for
VuCys2 was determined to contain 10 different bases when com-
pared to the cDNA sequence from genotype EPACE-1 (GenBank
accession number: AF278573). Six out of these 10 mutations pro-
duced the following amino acid differences between the VuCys2
sequences from genotypes CE-31 (this work) and EPACE-1 [18]:
Val8Leu, Ser17Ala, Gly65Glu, Glu102Gly, Ala158Thr and Val172Ala.

Table 1
Summary of data collection (a) and final refinement statistics (b).

(a)

Data collection® Value
Space Group P212124

Cell dimensions (A) a, b, ¢ 41.83, 64.64,87.11
Detector RIGAKU RAXIS IV++
X-ray source RIGAKU MICROMAX-007 HF
Wavelength (A) 1.541
Resolution range (A) 30.0-1.95(2.07-1.95)
Redundancy 38(3.4)
Rmeas (%)P 6.4 (40.7)
Completeness (%) 98.5(96.6)
Total reflections 66981 (9487)
Unique reflections 17574 (2734)
1/o(1) 16.79(3.42)
(b)

Refinement parameters Value
Reflections used for refinement 17573

R (%) 17.30

Rfree (%)c 19.51
Number of protein atoms 1298
Number of ligand atoms 0

Wilson B-factor (A2) 24.29
Coordinate Error (ML based) (A) 0.19

Phase error () 18.96
Ramachandran Plot

Favored (%) 98.73
Allowed (%) 1.27
Qutliers (%) 0.00
All-atom Clash score 1.55

RMSD from ideal geometry

r.m.s. bond lengths (A) 0.014

r.m.s. bond angles (%) 1.322

r.M.S.: root mean square.
2 Values in parentheses are for the outer resolution shell.

n
n_ 1 -,
th: \/ E;=1“”‘“ |

I;
hkl,
j J

b Rmeas =
hkl

I Fobs _ pealc |
c R:Rfree: 2 :hkl hkl " hkl X

obs
Zw Fhi

However, none of these substitutions occurred in the functional
motifs of the cystatin domains (Fig. 1A).

In contrast, PCR amplifications using cowpea genomic DNA
(genotype CE-31) as a template yielded larger bands of approx-
imately 1317 (VuCys1) and 743 bp (VuCys2), suggesting the
presence of intervening sequences in the coding regions of both
cowpea cystatin genes (Fig. S1, lanes “2" and “4"). The complete
sequences of these genomic fragments contained 1289 (VuCys1)
and 679 nt (VuCys2) (GenBank accession numbers: KY040303 and
KY040304). The genomic fragment encoding VuCys1 (97 residues)
exhibited one phase-0 intron of 995 nt, located between the codons
for residues GIn** and Asn33. The genomic sequence encoding
VuCys2 (197 residues) contained a small phase-0 intron of 91 nt,
inserted between the codons encoding the residues Glu!'3? and
Asn'34, In both genomic sequences, the dinucleotides GT and AG
were found at the start (splice donor) and at the end (splice accep-
tor) of the intron (Figs. S2 and S3), which conforms with the GT/AG
rule [42]. Moreover, the exon sequences of both genomic fragments
were identical to the corresponding cDNA sequences. Therefore,
the primary structures of VuCys1 and VuCys2, deduced from these
genomic fragments, were identical to those deduced from the cog-
nate cDNA fragments. The primary structure of VuCys1 (calculated
molecular mass=10,758.1 Da) is characterized by two Gly residues
(°GG5) in the vicinity of the N-terminus as well as the reactive site
49QVVSG3, which agrees with the consensus motif QxXVXG, and
the dipeptide 7°PW8? in the C-terminal region of the polypeptide
chain. These three conserved regions are implicated in the interac-
tion between the inhibitor and its target enzyme and are common
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A

B2

VuCys1 A L [eRelN 48
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VuCys1 94
VuCys2-1 98
VuCys2-2 192
3IMA 91
3ULS 138
2LaV 134
1EQK 98
2Mzv 91
4LZI 187

Fig. 1. Multiple alignment of the amino acid sequences of VuCys1 and VuCys2 cystatin domains with the primary structures of phytocystatin domains with known three-
dimensional structures. (A) The single domain of VuCys1 and the 2 domains of VuCys2 (VuCys2-1 and VuVys2-2) were aligned with the structures of tarocystatin (PDB ID:
3IMA) [59], canecystatin-1 (PDB ID: 3UL5) [63], pineapple cystain (PDB ID: 2L4 V) [68] and oryzacystatin-1 (PDB ID: 1EQK) [60]. The domain 1 of sesame cystatin (PDB ID:
MZV) [69] and domain 6 of potato cystatin (PDB ID: 4LZI) [62] were also included. Secondary structure elements (SSEs) of VuCys1 and tarocystatin, as deduced from their
crystal structures (PDB IDs: 4TX4 and IMA, respectively) and represented by blue arrows (3-strands) and orange (a-helices) and red (3¢-helices) cylinders, are shown above
the corresponding amino acid sequences. The conserved functional motifs that characterize genuine phytocystatins are underlined by red lines, including the inhibitory loops
(IL1 and IL2). (B) The cystatin fold, as observed in the three-dimensional structure of oryzacystatin-I (PDB ID: 1EQK), is shown as a ribbon diagram. The B-strands that form
the antiparallel 3-sheet are labeled (1-5) and the first inhibitory loop (IL1) is colored in red. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

to all cystatins [3]. The consensus sequence LARFAV, which is
specific to phytocystatins [10], is also present in the first half of
the molecule. With regards to gene structure, the N-terminal half
(residues 1-34) of VuCys1, containing the consensus motif LAR-

FAV, is encoded by the first exon, whereas the C-terminal region
(residues 35-97) of the protein, in which the active site motif
QxVXG is found, is encoded by the second exon. The position of
the intron in the genomic sequence encoding VuCys1 is similar to
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Fig. 2. Inhibitory profiles of VuCys1 and VuCys2. The ability of the recombinant proteins to inhibit different cysteine proteinases (A) and the proteolytic enzymes found in
larval midgut homogenates of Callosobruchus maculatus (B) and Zabrotes subfasciatus (C) were evaluated as described in the methods section. Residual proteolytic activity is
expressed as the percentage of the control reaction, which contained no inhibitor. The values are an average of three independent assays + SEM.
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Fig. 4. Three-dimensional structure of the domain-swapped dimer of VuCys1 and its open interface. (A) Ribbon diagram of the domain-swapped dimer observed in the
crystal structure of VuCys1 (PDB ID: 4TX4). Chain A is colored in light gray, chain B is colored in brown and the residues of the first inhibitory loop, which form the open
interface, are colored in red. (B) Electron density of the open interface of the domain-swapped dimer. A 2F-F¢c omit map contoured at 2.0 o is colored in blue, and positive
density in the Fo-Fc map contoured at 3.0 o is colored in green, whereas negative density is colored in red. The chain A is colored in light gray and chain B is colored in brown.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

that found in other genes encoding single-domain plant cystatins,
which also contain only one intervening sequence, such as those
characterized in the genomes of barley, rice and Arabidopsis thaliana
[11]. Furthermore, the position of the single intron in the VuCys1
genomic sequence corresponds to the insertion site of the first
intron when one-domain phytocystatin genes possessing two or
three introns are considered [43-46G|. The VuCys2 protein sequence
(calculated molecular mass=21,884.7 Da) comprises two cystatin
domains in tandem, corresponding to the segments 2Gly-Tle101
(domain 1; 93 residues) and '%6Gly-Val'9> (domain 2; 90 residues)
(Fig. S4). The two domains of VuCys2 share 62.2% sequence identity
(excluding positions with gaps in the pairwise alignment) and each
one exhibits the conserved motifs that characterize typical phyto-
cystatins: 9GG10, 26LARFAV31, 533QVVSG>7 and 83EW84 in the first
domain and 106GG107, 1211 ARFAV126 148QyVEG152 and 178sw179
in the second domain. The first domain and the N-terminal half
of the second domain (including the LARFAV sequence) of VuCys2
are encoded in the first exon, whereas the C-terminal half of the
second domain (containing the consensus motif QxVxXG and the
conserved W) is encoded in the second exon. Moreover, the sig-
nificant sequence identity between the two cystatin domains of

VuCys2 suggests that its gene likely arose by a duplication event
and further divergence. These sequence analyses indicated that
the cloned DNA fragments (both genomic and cDNA) encode gen-
uine phytocystatins. To validate this assumption, the proteins were
expressed in E. coli and the functionality of the recombinant prod-
ucts was evaluated.

3.2. Expression, purification and yield of the recombinant cowpea
cystatins

The cowpea cystatins VuCys1 and VuCys2 were produced in the
E. coli strain ArcticExpress (DE3), an expression host designed for
increased yields of active, soluble recombinant protein. These cells
co-express the cold-adapted chaperonin Cpn10 and co-chaperonin
Cpn60 from the psychrophilic bacterium Oleispira antarctica, and
these chaperonins display high protein refolding activities at
temperatures of 4-12°C [47]. When analyzed by SDS-PAGE, the
purified recombinant proteins showed apparent molecular masses
of approximately 14 (VuCys1) and 26 kDa (VuCys2) (Fig. S5). Tak-
ing into account the extra residues (MHHHHHHVNSLE; ~1.5kDa)
at the N-terminal region of each protein (encoded by the expres-
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Fig.5. Amino acid residues of the antiparalle 3-sheet of the VuCys1 structure, which
contribute to the formation of the hydrophobic core that characterizes the cystatin
fold. The a-helix positioned over these residues is not shown.

sion vector)as well as their calculated molecular masses(~10.8 kDa
for VuCys1 and 21.9 kDa for VuCys2), obtained from their amino
acid sequences (deduced from the corresponding cDNAs), the
expected molecular masses for the fusion cystatins would be
12.3 kDa(VuCys1)and 23.4 kDa (VuCys2),which are close to the val-
ues determined by SDS-PAGE. Using the ArcticExpress (DE3) E. coli
expression cells, the yields of purified proteins, recovered exclu-
sively from the intracellular soluble fraction, were 10 mg (VuCys1)
and 22 mg (VuCys2) per 1L of culture. These expression levels are
very similar to those reported for other recombinant phytocys-
tatins, such as the sugarcane cystatin, canecystatin, and its variants
caneCPI-2 caneCPI-3, which were expressed at levels of 10, 20 and
22mgL-"! culture, respectively [48,49].

3.3. Functionality and stability of the recombinant cowpea
cystatins

Representative cysteine proteases were differently inhibited by
VuCys1 and VuCys2 (Fig. 2A). Papain was fully inhibited by both
recombinant cystatins, whereas chymopapain presented a resid-
ual proteolytic activity of only 14.1 and 8.5% when incubated with
VuCys1 and VuCys2, respectively. Both cystatins also inhibited the
proteolytic activity of bromelain, but the inhibitory activities of
VuCys1 and VuCys2 against this protease (27.7% and 47.3%, respec-
tively) were significantly lower than those observed against papain
and chymopapain. Human cathepsin B, on the other hand, was very
poorly inhibited by both cystatins. In this case, VuCys1 and VuCys2
led to only 9.0 and 12.5% inhibition of the enzymatic activity of
human cathepsin B, respectively. Furthermore, the recombinant
cystatins did not display any inhibitory activity against trypsin,
a serine protease. To further demonstrate the specificity of the
recombinant inhibitors, their effects on the total proteinase activity
found in midgut homogenates of C. maculatus and Z. subfasciatus
larvae were investigated. As depicted in Fig. 2B and C, both cys-
tatins were able to inhibit the total proteolytic activity detected
in the bruchid midguts. However, VuCys1 and VuCys2 were more
active against the midgut proteinases of C. maculatus larvae (Fig. 2B)
than those found in Z. subfasciatus larvae (Fig. 2C). For example,

at a dose of 1 g, VuCysl caused 77.9 and 7.6% inhibition of the
proteinase activity observed in midgut crude extracts from C. mac-
ulatus and Z. subfasciatus larvae, respectively. Indeed, although both
C.maculatus and Z. subfasciatus larvae use cysteine and aspartic pro-
teinases as major digestive enzymes [50,51], the relative amounts
of cysteine proteinases are higher in C. maculatus in comparison to
those found in Z. subfasciatus, which has higher levels of aspartic
proteinases [52,53]. Another reasonable explanation for the differ-
ent inhibitory profiles of VuCys1 and VuCys2 towards the bruchid
gut proteases would be that Z. subfasciatus larvae express a set
of digestive cysteine proteinases that are more resistant to cow-
pea cystatins than those produced by C. maculatus larvae. Because
the midgut proteinases from 3rd instar larvae of C. maculatus were
strongly inhibited by the recombinant cowpea cystatins, the effects
of VuCys1 and VuCys2 on the development of C. maculatus were
investigated in a feeding bioassay. Contradictorily, the percentages
of larval mortality and adult emergence, average weight of newly
emerged adults and mean developmental time of C. maculatus
reared in the presence of VuCys1 or VuCys2 were not significantly
(P >0.05) different from those recorded for insects reared on artifi-
cial seeds without the recombinant inhibitors (Table S1 and Fig. S6).
Indeed, these results agree with previous investigations that have
shown that, when exposed to a soybean cysteine protease inhibitor
(soyacystatin N, scN), C. maculatus rapidly adapts to the challenge
diet, thus recovering from the initial growth suppression caused
by scN [54]. This adaptation involves, for example, the expression
of a C. maculatus cathepsin B-like cysteine protease 1 (CmcCatB1),
whose enzymatic activity is resistant to scN inhibition [55,56], and
induction of gut proteases able to degrade the inhibitor [57,58].

The inhibitory activity of each cowpea cystatin against papain
was poorly affected when the recombinant products were incu-
bated for 10 min at increasing temperatures, ranging from 24 to
100°C (Fig. 3A). Even longer incubation (up to 60 min) of each
inhibitor at 100°C was not able to reduce their papain inhibitory
activities (Fig. 3B). A similar profile of stability was observed when
VuCys1 and VuCys2 were pre-incubated at different pH values and
then subjected to an in vitro inhibition assay for papain activity
at pH 6.0 (Fig. 3C). The high thermal and pH stabilities of VuCys1
and VuCys2 were further investigated by CD spectroscopy analysis.
Visible alterations on the CD spectra of VuCys1 were only observed
when the inhibitor was incubated at 80 or 90 °C (Fig. S7A). More-
over, the VuCys2 CD spectra varied slightly less than those observed
for VuCys1, even when the inhibitor was incubated at 80 or 90°C
(Fig. S7B). Near identical spectroscopic results were obtained when
VuCys1 and VuCys2 were incubated in solutions with pH values
varying from 2 to 11. The CD spectra of VuCys1, determined in the
pH range 2-11, did not display any apparent alterations (Fig. S7C),
and this finding agreed with the high in vitro inhibitory activity of
VuCys1 against papain at pH values from 2.2 to 11 (Fig. 3C). The CD
spectraof VuCys2 revealed an alteration inits folding state at pH 2.0.
However, at all other pH values, the protein appeared to be folded
(Fig. S7D) and, consequently, active, as demonstrated by the in vitro
inhibition assay with papain (Fig. 3C). To provide insights about
the thermal and pH stability of the cowpea cystatins, crystalliza-
tion trials were performed aiming to solve their three-dimensional
structures.

3.4. The crystal structure of VuCys1

Orthorhombic crystals of VuCys1 were obtained after two weeks
incondition E10 of the PEG Il kit, which consisted 0f 200 mM ammo-
nium sulphate and 20% PEG 4000. Crystals of VuCys2 were not
observed in any of the conditions tested. VuCys1 crystals diffracted
at a resolution of 1.95A and a final atomic model of good stere-
ochemistry was obtained (Table 1). The corresponding electron
density for the first 14 amino acid residues at the N-terminal region



38 J.E. Monteiro Jiinior et al. / International Journal of Biological Macromolecules 102 (2017) 29-41

A\

N

Ser52

Fig.6. Overall and detailed views of the extended open interface found in the domain-swapped dimer of VuCys1. (A) A novel small hydrophobic core is observed between two
hydrogen bond networks. The side chains of the residues that constitute the small hydrophabic core are shown as spheres. (B) Hydrogen bond network observed between
water molecules and the residues Val®?, Val5!, Ser52 and Gly>? in the open interface of the domain-swapped dimer. (C) The novel hydrogen bond network observed in the
structure of the domain-swapped dimer of VuCys1. Several water molecules mediate interactions between the two polypeptide chains, and Lys’ from chain A (colored in
light gray) and Glu®® from chain B (colored in brown) interact, forming a salt bridge. Residues are labeled and water molecules are represented as red spheres. The yellow
dashes represent polar contacts within distances of 3.2 A or less. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

was not visible. Thus, the final atomic model of VuCys1 contained
83 amino acid residues, from Asn'® to Ala®?. Furthermore, the
asymmetric unit contained two VuCys1 molecules arranged in a
domain-swapped dimer. Each monomer in the domain-swapped
dimer shows an overall fold similar to that of other cystatins,
comprising a central five-turn «-helix wrapped by an antiparal-
lel B-sheet (Fig. 4A). In the classical cystatin fold (Fig. 1B), the

antiparallel B-sheet has five B-strands (31-35), as observed in taro-
cystatin [59] and oryzacystatin-I [60]. But in some structures, the
N-terminal region, including the residues of the strand [31, is dis-
ordered and not present in the atomic model [61-63]. Therefore,
the domain-swapped dimer of VuCys1 consists of a four-stranded
antiparallel (3-sheet, including the strands 32-[35, in which three
strands come from one subunit and the fourth strand comes from
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the other monomer (Fig. 4A). In this structure, the first inhibitory
hairpin loop, which connects the strands (32 and [33, is in a stretched
conformation (Fig. 4B), forming what is known as the open inter-
face indomain-swapped dimers [64]. The outstretched loop forms a
new segment of (3-strand in the domain-swapped dimer, connect-
ing the strand B2 from one monomer to the strand 33 from the
other monomer and transforming these segments in a contiguous
element of secondary structure. These prolonged 3-strands pair to
each other, forming an antiparallel double-helical coiled coil that
goes from one lobe of the dimer to the other, as previously observed
in canecystatin-I, for example [63].

The interface formed by the a-helix and the 3-sheet of VuCys1
is maintained by the interaction of the side chains of hydrophobic
residues on the same side of the 3-sheet (Fig. 5). The strand 32 con-
tributes with Phe?9, val*3 and Ala%6, an arrangement that is made
possible due to the presence of two B-bulges, one formed by Gly4!
and Arg*? and the other by Val** and Ser?>. These two consecu-
tive (3-bulges impose an augmented twisted conformation to the
strand (32, allowing this strand to wrap around the a-helix. Tyr3®,
11e°8, Leu®? and AlaS? in the strand B3and Tyr?!, Ala’® and Val”>
in the strand [34 also contribute to the hydrophobic core of the 3-
sheet, as does the aliphatic parts of Lys®4, Leu8® and Phe®® from
the strand 5. GIn®7 and Glu®® form a B-bulge, allowing Leu®® and
Phe®? to be on the same side of the 3-sheet. The a-helix contributes
with I1e!9, Ala23, Phe?5, Ala?®, Val??, and the aliphatic part of the
side chains of Glu?9 and Lys33. These residues extensively inter-
act with the mentioned residues from the B-sheet, assembling the
foundation of the cystatin fold, a hydrophobic core that is observed
both in free monomers and in domain-swapped dimers. Only two
direct polar interactions are observed between the «-helix and the
B-sheet: Asn'® in the beginning of the helix forms a hydrogen bond
with Glu*8 from the strand 32, and Asn3! in the C-terminal part of
the helix hydrogen bonds both main chain polar atoms of Leu38.
All other polar interactions between the a-helix and the curved
[3-sheet are mediated by water molecules.

Each asymmetric unit contains one domain-swapped dimer, and
the use of symmetry operations allowed the analysis of the crystal
packing, in which only three regions account for all polar contacts
observed between symmetry related molecules. The first region
involves a-helices from two domain-swapped dimers, which inter-
act through residues Arg?* and Asn3> (Fig. S8). The angle between
the helices is roughly 80°, considerably larger than those observed
in most domain-swapped cystatins, including canecystatin-1 [63],
sialostatin L [65], stefin B [66] and human cystatin C [67]. A second
region with extensive intermolecular polar contacts exists between
two symmetry related chain A molecules (Fig. S9). In this region,
Asp® interacts with the nitrogen atom of Leu3?, Lys% forms s
hydrogen bond with the main chain of Asn33, and GIn67 interacts
with the side chain of GIn?%. An interaction between Glu®! and
Trp8?, both from chain A, is the only other polar contact between
symmetry related molecules.

3.5. The domain-swapped dimer of VuCys1 recruits water
molecules and additional residues to its open interface

In most domain-swapped cystatins, the open interface is formed
by the four residues of the first inhibitory hairpin loop, which adopt
a B-strand conformation effectively connecting the strand 32 of
one monomer to the strand 33 of the other monomer. In the VuCys1
structure, these residues correspond to Val®?, val®!, Ser>2 and Gly?3.
However, instead of presenting the classical hydrogen bond pattern
observed in antiparallel [3-sheets, some of their main chain polar
atomsinteract with water molecules, forming a hydrogen bond net-
work that connects the two antiparallel chains (Fig. 6A and B). To
the best of our knowledge this feature was not observed in any
other domain-swapped cystatin dimer structure.

The two lobes of the domain-swapped dimer are positioned
closer to each other in the cowpea cystatin than in other cystatins
(Fig. 6A), as indicated by the radius of gyration of these crystal
structures (Table S2). This proximity allows polar residues from
both lobes to coordinate water molecules, forming a hydrogen bond
network that mediates contacts between the lobes. The only direct
inter chain contactis a salt bridge formed between Lys’4 from chain
A and Glu®> from chain B (Fig. 6C). A stereo view of these interac-
tions is presented in Figs.S10and S11.Six water molecules mediate
interactions between the two polypeptide chains, and both the side
chains and main chain carbonyls of Glu®7 residues from each chain
indirectly interact with each other through hydrogen bonds with
water molecules. Additionally, Glu88 from chain A hydrogen bonds
a water molecule that is bound to Glu® from chain B. Addition-
ally, a small hydrophobic core is formed due the proximity of the
two lobes of the domain-swapped dimer, involving residues Val>!,
Leu®> and Trp’® (Fig. 6A). This novel molecular feature that employs
water molecules and additional amino acid residues to extend the
open interface, allowing the formation of a small hydrophobic core,
mightaccount for part of the extraordinary thermal and pH stability
of VuCys1.

4. Conclusions

Two cowpea cystatins, containing one (VuCysl) and two
(VuCys2) inhibitory domains, were produced in E. coli cells. The
recombinant proteins had high solubility and were able to inhibit
papain-like cysteine proteases. Moreover, their inhibitory activities
were resistant to high temperatures and pH variations. Finally, the
crystal structure of VuCys1 was determined, revealing structural
features that might explain its high thermal and pH stability.
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