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The germin-like protein (GLP) purified from Thevetia peruviana, Peruvianin-I, is the only one described as having
proteolytic activity. Therefore, the goal of this study was to investigate the structural features responsible for its
enzymatic activity. Although the amino acid sequence of Peruvianin-I showed high identity with other GLPs, it
exhibited punctual mutations, which were responsible for the absence of oxalate oxidase activity. The phyloge-
netic analysis showed that Peruvianin-I does not belong to any classification of GLP subfamilies. Moreover,
Peruvianin-I contains a catalytic triad found in all plant cysteine peptidases. Molecular docking simulations con-
firmed the role of the catalytic triad in its proteolytic activity. Synchrotron radiation circular dichroism assays
confirmed that Peruvianin-I was stable at pH ranging from 5.0 to 8.0 and that it presented significant structural
changes only above 60 °C. The addition of iodoacetamide caused changes in its native conformation, but only a
slight effect was observed after adding a reducing agent. This study reports an unusual protein with germin-
like structure, lacking typical oxalate oxidase activity. Instead, the proteolytic activity observed suggests that
the protein is a cysteine peptidase. These structural peculiarities make Peruvianin‑I an interesting model for fur-
ther understanding of the action of laticifer fluids in plant defense.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Germins are highly conserved plant proteins that exhibit oxalate ox-
idase (OxO) activity, responsible for producing H2O2, a mediator of ox-
idative burst and cellular signaling, which suggests their defensive
roles against biotic and abiotic stresses [1,2]. The term germins comes
from the fact they were first identified from germinated wheat grains.
To date, they have been described only in cereals [3]. However, proteins
similar to germins have been identified, called germin-like proteins
(GLPs).

GLPs have been reported in monocots, dicots, gymnosperms, and
mosses [4,5]. They are very heterogeneous in amino acid sequences
and this diversity can explain, at least in part, their different
biochemical properties, including serine protease inhibition, ADP-
glucose pyrophosphatase/phosphodiesterase, and polyphenol
oxidase activity [6–8]. Recently, a newmember of the germin-like pro-
tein (GLP) group, named Peruvianin‑I, was identified in Thevetia
peruviana latex. This protein was purified and characterized as a GLP
due to the high identity shared with other GLPs in its N-terminus re-
gion. Interestingly, Peruvianin‑I presented striking proteolytic activity,
which had never been described before for any other GLP [9].

Peptidases are a group of proteins that are able to catalyze the hy-
drolytic cleavage of peptide bonds in proteins and peptides [10]. In
plants, the biological roles of peptidases are related to senescence, initi-
ation of cell death, protein mobilization, and seed germination [11]. In
addition, peptidases can also participate in defensemechanisms against
aggressors such as fungi and insects [12,13].

Considering that the GLP from T. peruviana latex exhibits proteolytic
properties, but lacks oxalate oxidase activity, the purpose of the study
was to investigate in detail its three-dimensional structure, in an at-
tempt to understand this peculiar enzymatic activity. Peruvianin‑I
cDNAwas cloned, sequenced, and its three-dimensionalmodelwas pre-
dicted by homology modeling, for comparison with other germins and
GLPs. The active site of Peruvianin‑I was analyzed by molecular docking
using oxalate oxidase substrate or peptidase inhibitor. Finally, the pro-
tein was purified and its secondary structure was characterized by syn-
chrotron radiation circular dichroism spectroscopy and its enzymatic
kinetics was compared to another standard peptidase.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2019.01.023&domain=pdf
https://doi.org/10.1016/j.ijbiomac.2019.01.023
cleversondiniz@ufc.br
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http://www.sciencedirect.com/science/journal/01418130
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2. Material and methods

2.1. RNA extraction, cDNA synthesis and 3′RACE PCR

Thevetia peruviana leaves were collected, washed with distilled
water and ground in liquid nitrogen to yield a fine powder. Then, the
total RNA was isolated using the RNeasy Mini kit according to the man-
ufacturer's instructions (Qiagen, Germany). The RNA was analyzed by
agarose gel electrophoresis and quantified by absorbance at 260 nm.
The cDNAs were synthesized from the DNA-free total RNA previously
extracted by using the ImProm-II Reverse Transcription System
(Promega, USA) and the 3′ RACE adapter (5′-GCGAGCACAGAATTAA
TACGACTCACTATAGG(T)12VN-3′), as described by the manufacturer
(ThermoFisher Scientific, USA).

The PCR assays were performed by using the 3′ RACE outer primer
(5′-GCGAGCACAGAATTAATACGACT-3′) and the specific primer de-
signed for Peruvianin‑I, the GLP from T. peruviana latex (5′-CCGG
GCYGATCCWGGTCCHTTRCARGA-3′), called PeruvF. The N-terminus
amino acid sequence of Peruvianin-I (ADPGPLQDF) and other GLPs
were used to construct PeruvF (forward primer). The amplification re-
actions were performed in a final volume of 25 μl containing the first
strand cDNA (900 ng), 200 μM dNTP, 1.5 mM MgCl2, 0.5 μM primer,
2 U Taq DNA Polymerase (GE Healthcare Life Sciences, USA) and 10×
the reaction buffer (GE Healthcare Life Sciences, USA). The PCR cycles
were performed under the following conditions: an initial denaturation
step of 2 min at 95 °C and, sequentially, 32 cycles of 45 s at 95 °C, 45 s at
different temperatures (45–65 °C), and 1.5min at 72 °C. Finally, after the
last cycle the reaction mixture was incubated for 5 min at 72 °C and
cooled to 4 °C. The reaction productswere visualized by 1% (v/v) agarose
gel electrophoresis stained with ethidium bromide (0.8 mg/ml).

2.2. Cloning and sequence analysis

PCR products were excised from the agarose gels, purified using the
DNA Gel Extraction Column kit (Promega, USA), ligated into the pGEM-
TEasy vector using T4DNA ligase (Promega,USA), and thenused to trans-
formelectrocompetent DH5α Escherichia coli cells by electroporation. The
plasmid DNAs were isolated from the antibiotic resistant colonies using
the NucleoSpin Plasmid kit (Macherey Nagel, Germany) and sequenced
by Macrogen Inc. (Seoul, South Korea) using the primers T7 promoter
and SP6. The software package Phred-Phrap-Consed-Polyphred (PPCP)
was used to produce a unique consensus sequence encoding one distinct
polypeptide chain [14–16].

The amino acid sequences obtained were analyzed by multiple
alignments with the Clustal-W software [17] and the similarities with
other proteinswere determined using BLASTp [18]. The theoretical mo-
lecularmass and isoelectric point (pI) were evaluated using the ExPASy
ProtParam Proteomics Server [19] and the presence of disulfide bonds
was predicted by the DIANNA web server [20]. Finally, the prediction
of N-glycosylation sites was evaluated using the NetNGlyc 1.0 server
(http://www.cbs.dtu.dk/services/NetNGlyc/).

2.3. Phylogenetic tree and 3D models

Amino acid sequences were aligned using ClustalWwith the follow-
ing parameters: gap opening penalty 10 and gap extension penalty 0.2
[17]. These sequences were used to construct the phylogenetic tree
employing the neighbor joining method by the MEGA 7.0 program
[21]. Several plant GLP sequences were used to compare the different
germin groups (Supplementary Table 1).

The protein models were formulated using different platforms:
Swiss Model (https://swissmodel.expasy.org/), GalaxyWeb (http://
galaxy.seoklab.org/) and M4T server v. 3.0 (manaslu. aecom.yu.edu/
M4T/) [22–24]. The crystal structure of Hordeum vulgare germin (PDB
number: 1FI2) was selected as a template [25] to build the three-
dimensional models of Peruvianin‑I, because both proteins share 41%
sequence identity. The models were analyzed from their geometric
and stereochemical quality using the PROCHECK [26] and WHAT IF
[27] programs. The PyMOL software was used to analyze and visualize
the three-dimensional models generated (http://pymol.org/).

2.4. Molecular docking

AutoDock 4.2 and AutoDockVina were utilized to perform the mo-
lecular docking analysis [28]. The grid maps of 40 Å × 40 Å × 40 Å
were centered on the possible oxalate oxidase or proteolytic activity
sites of Peruvianin‑I and calculated with the AutoGrid software using
germin (1FI2) and papain (1PPN) structures as templates. The molecu-
lar structures of iodoacetamide (IAA, a specific cysteine peptidase inhib-
itor) and oxalate (a specific substrate for oxalate oxidase activity) were
obtained from the Pubchem Substance Database and used for docking
calculations. Iodoacetamide and oxalate exhibited free rotation, while
the protein was held rigid. The ten best structures were analyzed and
ranked according to the predicted binding affinity (expressed in kcal/
mol). Three-dimensional images of the interactions between ligands
and the proteins were prepared using the PyMOL software.

2.5. Synchrotron radiation circular dichroism (SRCD) spectroscopy analysis

All spectrometric analyses were performed with the native
Peruvianin‑I, which was purified, and its proteolytic activity was con-
firmed by enzymatic assays using 1% azocasein as substrate at pH 6.0
[9,29]. SRCD spectroscopy was employed to investigate the structure of
Peruvianin‑I (instead of the conventional circular dichroismmethod), be-
cause of the ability to measure lower wavelength data and the improved
signal-to-noise ratio of the technique. These data allow higher accuracy
in determining the secondary structure of proteins with low content of
helix and high content of beta conformation [30]. The SRCD spectra of
Peruvianin-I (0.66 mM) in aqueous solutions were collected at the AU-
CD beamline of the ASTRID2 synchrotron (Aarhus, Denmark), taking
three successive scans over the wavelength range from 170 to 270 nm,
in 1 nm intervals, using a 98.6 μm pathlength Suprasil quartz cuvette at
25 °C.

Additionally, a dehydrated film of Peruvianin-I (0.7 nM) was ob-
tained on the surface of a quartz plate, by depositing the protein solution
on the plate and keeping it under vacuum overnight. The SRCD spectra
of the dehydratedfilmswere obtained from280 to 155 nm, at 25 °C, tak-
ing four different rotations on the plate (0°, 90°, 180°, and 270°) in order
to avoid any linear dichroism effect.

Protein stabilitywas investigated at different pH levels by incubating
protein for 30min in buffers: 20mMsodiumacetate (pH 4.0 and 5.0) or
20mMsodiumphosphate (pH 6.0, 7.0, and 8.0) in the presence of 1mM
dithiothreitol (DTT), a reducing agent and activator of cysteine pepti-
dases, and taking the respective SRCD spectra. Protein at pH 6.0 was
also incubated at temperatures ranging from 20 to 90 °C, in 10 °C
steps, allowing 5 min equilibration at each temperature, and taking
three scans at each point.

All SRCD spectra were processed using the CDTools software [31]
and consisted of averaging the individual scans, subtracting the respec-
tive averaged baseline (solution containing all components of the sam-
ple, except the protein), smoothing with the Savitzky-Golay filter,
zeroing at 263–270 nm, and expressing the final SRCD spectra in delta
epsilon units, using a mean residual weight of 110.9. Estimation of
Peruvianin-I secondary structure content was performed with the
Dichroweb server [32].

To assess the role of the disulfide bridge inmaintaining the secondary
structure of Peruvianin-I, different concentrations of DTT (1–10 mM)
were incubated at pH 6.0 with the protein at 25 °C. The influence of
iodoacetamide (IAA), a cysteine peptidase inhibitor, on Peruvianin-I's
structural conformation was also investigated under the same condi-
tions. In this case, Peruvianin-I was evaluated for its structural behavior,

http://www.cbs.dtu.dk/services/NetNGlyc/
https://swissmodel.expasy.org/
http://galaxy.seoklab.org/
http://galaxy.seoklab.org/
http://aecom.yu.edu
http://pymol.org
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either in its native (free) formor complexedwith IAA (10mM)under re-
ducing conditions (1 mM DTT) at pH 6.0.

2.6. Histochemical detection of oxalate oxidase (OxO) activity

OxO activity in situwas detected using the procedure of Dumas et al.
[33]. Leaves of T. peruviana, approximately 8× 2 cm,were incubated in a
bleach solution (0.15% TCA, 75% ethanol, 25% chloroform) for 60 min,
washed with distilled water, and immersed in an activation solution
(40 mM succinate buffer, pH 4.0, containing 60% ethanol, 3 mM oxalic
acid, 0.1 mg/ml 4‑chloro‑1‑naphthol and 3 mM EDTA) for 60 min at 37
°C. Oryza sativa leaves were used as positive control for oxalate oxidase
activity [34]. The appearance of blue spots in the plant tissue evidenced
the oxalate oxidase activity, which was easily observed using a light
microscope.

2.7. Kinetic parameters for proteolytic activity

The kinetic parameters of Peruvianin-I peptidase activity were de-
termined at 37 °C, using Nα‑Benzoyl‑DL‑arginine β‑naphthylamide hy-
drochloride (BANA)(Sigma, Brazil) as specific substrate for cysteine
peptidases. The reaction mixture consisted of 20 μg of Peruvianin-I (20
μl, 1 mg/ml in 50mM sodium phosphate buffer, pH 6.0) and a final con-
centration of BANA ranging from 0.1 to 0.5 mM, in 50 mM sodium
Box B

10        20        30       
....|....|....|....|....|....|....|...

Peruv1           -------------------------------RADPGPL
GLCp1            -------------------------------------V
GLCp2            --------------------------------------
A. comosus SLSFSISFLFYIHGFSISTLAVLALAFAQALAYDPSPL
P. persica --MNMITSSSLVFSLLFCLMVSMLLLPLPSNGADPDPL
A. tauschii ------MASARSMILQALLIAAALVAAAPRVLSDPPPL
C. pepo -----------------------------MIKSDPDPL
P. avium --MNMITSSSLVFSFLFCLMVSMLLLPLPSHGADPDPL
S. italica ---------MASSAVRSLVLLLTIAAAIAGALSDPTPL
A. thaliana --------MEGFLRFLVAKAILLALASSFVSCYDPSPL
Clustal Consensus

100       110       120       
....|....|....|....|....|....|....|...

Peruv1           FVTAGQFPALNTLGLTINRCVLLPGGSTQFRTNPRASS
GLCp1            PAFAPTFPGVNGLGVSIARLDLAVDGVVPMHTHPGSSE
GLCp2            PAFDAQFPGLNGLGISMARLDLAPGGVVPMHTHPEANE
A. comosus LVNVQRLPGLNTLGVSIARLDYAPNGLNPLHTHPRATE
P. persica AGNVLAFPGLNTLGISMNRVDFAPGGINPPHSHPRASE
A. tauschii RATVSAFPGLNTLGLSITRTDLAPGGLNPPHSHPRGSE
C. pepo QGNVLAFPGLNTLGLSMNRVDLARGGINAPHSHPRASE
P. avium AGNVLAFPGLNTLGISMNRIDFAPGGINPPHSHPRASE
S. italica RATVSTFPGLNTLGVSITRVDLAPGGLNPPHSHPRASE
A. thaliana NVNVDKIPGLNTLGVSLVRIDFAPGGQNPPHTHPRATE
Clustal Consensus :*.:* **::: *     .*    :::* ...

190       200       210       
....|....|....|....|....|....|....|...

Peruv1           TFYASLNSQNPGGQIVGLMDETVIAHLKAQYPNVVSQM
GLCp1            VAYASFGSSYPGLQITDFALFKN--DLPTEIVVKTTFL
GLCp2            IAFVSFSSSNPGLQILDFALFGN--NIPTSLLQKSTFL
A. comosus VAISGFNSQNPGLIVIADAVFGSNPPIPVQVLEKSFQV
P. persica LAFTAFNSQLPGAVVLPLTLFASMPSIPDQVLTKALQV
A. tauschii VFMAMFDAQSPGLVTPTLGLFAAKPAMSMEVLTKTFLM
C. pepo ILLTAFNSQLPGAVIVSRTLFASNPPIPLEILTKTFQV
P. avium LAFTAFNSQLPGAVVLPLTLFASTPSIPDQVLTKALRV
S. italica VFVAMFDSQSPGLVTPTFAMFATKPAMPMEVLTKTFLM
A. thaliana VAFAGLGSQNPGTITIADAVFGSKPSIMPEILAKAFQL
Clustal Consensus :.:. **              :  .       :

Fig. 1.Multiple sequence alignment among Peruvianin-I (Peruv1) anddifferent germin-like pro
is highly conserved in all GLPs, are highlighted in gray. Putative N‑glycosylation sites are mark
glutamate, in orange (box B), represent the amino acids known to be involved in oxalate oxidas
of the catalytic site for oxalate oxidase in GLPs are indicated in red. The amino acids present in
phosphate buffer (pH 6.0), containing 1 mM DTT. The final volume
of the reaction was 500 μl. After 30 min at 37 °C, the reaction was
stopped by adding 500 μl of 2% HCl in ethanol and 500 μl of 0.06%
4‑(dimethyl‑amino) cinnamaldehyde (Sigma, Brazil). After 40 min,
the resulting yellow color was measured by absorbance at 540 nm
[29]. All assayswere performed in triplicate. Vm, Km and kcat were calcu-
lated using linear regression analysis based on the Lineweaver–Burk
plot. Purified papain (a cysteine peptidase from Carica papaya latex)
was used as control [35]. Statistical significance was calculated by the
paired t-test (p b 0.05) using the GraphPad Prism 6 program.
3. Results and discussion

3.1. Sequence analysis of Peruvianin-I

All 10 cDNA clones obtained by 3′ RACE PCR encoded only one poly-
peptide sequence of 202 amino acids without signal peptide, because
the forward primer used was based on the N-terminus of the mature
Peruvianin-I (Fig. 1). The sequences of other germin-like proteins that
share the highest identity with Peruvianin-I are shown in Fig. 1. Similar
to other GLPs, Peruvianin-I has two cysteine residues located close to its
N-terminal, which are involved in the formation of a disulfide bond
[36,37]. Interestingly, another cysteine residue (Cys77) is present solely
Box A

Box C

 40        50        60        70        80        90
.|....|....|....|....|....|....|....|....|....|....|
QDFCLADLNSP-LFINGYPCRNPALATSDDFIYSGFKQAP-SGFDQWGLNVT
LDFCVADPSLP-VGPAGYSCKKVASVTEKDFVFS-LGTAG-NTSNIIKAAVT
-DFCIGDLTAP-ETPSGYHCKNPANVTAEDFAFSGLGASG-NTTNLIKAAVT
QDFCVADLNSP-IFINGFVCKNPNLVTAQDFFASGLNIAG-NTQNKVGFNVT
QDFCVADLNAS-TSVNGFPCKPVSKTTSDDFFFDGLSKEG-NTSNPFGANLT
QDFCVADLKAA-TAVDGFPCKAPSTVADDDFFSDAMVAAPRTDTNPFGVNST
QDFCVADLNAT-VSLNGFPCKPVSEVTSDDFFFDGLSKEG-NTDNPFGFGAT
QDFCVADLSAS-TSVNGFPCKPVSKTTSDDFFFDGLSKEG-NTSNPLGANLT
QDFCVADLQAA-TPVDGFVCKPPASVEDDDFFSRAIAAAG-STSNPFGVNST
QDFCVAVDDASGVFVNGKFCKDPKYVKAEDFFTSGLNIAG-NTINRVGSNVT
***:.    .     *  *:    .  .**    :     .  :      *

130       140       150       160       170       180
.|....|....|....|....|....|....|....|....|....|....|
LVMATEGEILEGFYSTND--NQLYVKRLTPGDLFIIPPGLMHFTVNVGTGNA
ILVVVEGQLCAGFISSL--ENIVYFKTLFKGDVMVFPQGLLHFQFNSGKAAA
LLLVVQGSVATGFISSS--N-QFYYKVLRKGDIMVYPKGLLHFQINARGKNA
ILTVIRGTLLVGFVTSSP-NNTLFQRVLRPGDVFVFPIGLIHFQLNVGRGPA
SGVVIEGKLLVGFVTTNN---VFYSKVLSAGQMFVIPRGLVHFQLNVGEGKA
LVLVLEGEVMVGFTSAAN---RLYSKVVKKNELYVVPRGLQHFQLNVGKGDA
SVVVIKGKVLVGFVSTSN---VYYYKVLTEGEMFIIPRGLVHFQYNVGHSKA
SGVVIEGKLLVGFVTTNN---VFYSKVLSAGQMFVIPKGLVHFQLNVGEGKA
LVMVLKGEVLVGFTTAVN---RLFSKVVRENELFVVPRGLQHFQLNAGAGDA
ILVVVEGTLLVGFVTSNQDNNRLFSKVLYPGDVFVFPIGMIHFQVNVGRTNA
   . .* :  ** ::       : : :  .:: : * *: **  *     *

220       230          
.|....|....|....|...
LPSVNDRINSKIPVIKLPL-
DVAQVKKLKGVLGGKN----
DAAQIKMLKGVLGGTN----
GQNVIQELQAQFK-------
DKDVINTIRSKFGF------
GEDEVSAMKSKFAGF-----
DDGVINSIKSKFA-------
DKDVINTIRSKFGF------
GEDEVSAMKSKFAAF-----
DVNVVKYLEARFSSNYDRHY
     . :.. :   

teins (GLPs). The two cysteine residues responsible for formation of a disulfidebond,which
ed with a red asterisk. The three histidine residues, colored in blue (box B and C), and the
e activity. The amino acid residues of Peruvianin‑I that were different than the amino acids
Peruvianin‑I responsible for its proteolytic activity are highlighted in green and by arrows.
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in the Peruvianin-I sequence, while all the other GLPs have predomi-
nantly a leucine or valine at the same position (Fig. 1).

Most of the germins andGLPs have highly conserved amino acid res-
idues, located in regions denominated germin boxes A, B and C [38]. As
shown in Fig. 1, Peruvianin-I exhibited these three conserved se-
quences. However, two His and one Glu, which are highly conserved
in germin box B, are replaced in Peruvianin-I by Arg, Asn and Ser, re-
spectively. On the other hand, other amino acids in box C, including
His, were conserved in Peruvianin-I (Fig. 1). The His and Glu in box B
and the His in box C are fundamental for oxalate oxidase activity of
germins [39].

Two putative N‑glycosylated sites were predicted in Peruvianin-I, at
positions Asn55 and Asn144, using in silico analysis (Fig. 1). Similarly,
two N-glycosylation sites were predicted in Calotropis procera GLPs
(Asn41, Asn57) and wheat germin (Asn47, Asn52) [40,41]. This in silico
analysis was confirmed by previous results, since Peruvianin-I has been
described as a glycoprotein with a carbohydrate content of almost 22%
[9]. Asparagine N-linked glycosylation is the best known co- and post-
translational modification of secretory proteins [42], and N‑glycosylation
is essential for many biological processes, including expression and fold-
ing of glycoprotein, glycan-dependent quality control processes in the
endoplasmic reticulum(ER), andprotein–protein interactions [43]. How-
ever, the specific role played by glycosylation in GLPs is still unknown.

Peruvianin-I presented a mature sequence of 202 amino acids, pre-
dicted molecular mass of 21.85 kDa and isoelectric point (pI) of 5.58
(Supplementary Table 1). These values are in concordance with those
described previously [9], since analysis by SDS-PAGE showed that
Peruvianin-I had an apparentmolecularmass of 20 kDa,whichwas con-
firmed by mass spectrometry, which only detected peaks of approxi-
mately 20,522 Da [9]. Two-dimensional gel electrophoresis of
Peruvianin-I indicated the presence of spots with molecular masses
around 20 kDa and pI values between 4.0 and 5.0 [9]. These biochemical
characteristics were quite similar to several other GLPs, in which the
mature amino acid sequences (without signal peptides) ranged from
189 to 207 amino acids, molecular masses from 18.2 to 22.7 kDa and
pI from 5.45 to 8.03 (Supplementary Table 1).

Structural analysis of several germins and GLPs permitted grouping
them into ten different clades/subfamilies, namely GER 1, GER 2, GER 3,
GER 4, GER 5, GER 6, GER 7, GER 8 and bryophyte subfamilies 1 and 2
[38]. The phylogenetic analysis of Peruvianin-I and several germins and
GLPs (Supplementary Table 2), representing all clades/subfamilies,
showed that Peruvianin-I did not belong to any classification previously
described (Fig. 2).When the three amino acids frombox B in Peruvianin-
I (Arg, Asn and Ser) were replaced by two His and one Glu (amino acids
conserved in germin and GLPs), Peruvianin-I was included in clade GER
2, similar to GLPs from C. procera latex [40]. These results show that
Peruvianin-I should be classified in a new clade/subfamily of GLPs.
Therefore, we suggest a new clade/subfamily named GER 9, in which
GLPs exhibiting activities other than oxalate oxidase should be gathered,
such as serine protease inhibition, ADP-glucose pyrophosphatase/phos-
phodiesterase and polyphenol oxidase activity, besides proteolytic activ-
ity [6–9].

3.2. Prediction of the active site for oxalate oxidase activity in Peruvianin-I

The three-dimensional models of Peruvianin-I were obtained by ho-
mologymodeling usingH. vulgare germin (PDB number: 1FI2) as a tem-
plate. The Ramachandran plot and the analysis performed by the
PROCHECK and WHAT IF servers showed that the best models were
those generated by the GalaxyWeb platform (Supplementary Table 3).
Structural comparisons between the overall structure of Peruvianin-I
and the template revealed a RMSD of 3.428 Å. Crystallographic studies
of barley germin showed that oxalate oxidase activity requires amanga-
nese center buried in itsβ-barrel jellyroll domainwhich is bound by the
side chains of three histidines and one glutamate residue (His88, His90,
Glu95 and His137) (Fig. 3A), forming a trigonal bipyramidal geometry
[25]. Specifically, for the active site the Peruvianin-I three-dimensional
model and germin crystal structure showed RSMD of 0.504 Å. Theman-
ganese ion was not bound in the Peruvianin-I β-barrel jellyroll domain,
because it has the residues Arg88, Asn90, Ser95 and His135 instead of
His88, His90, Glu95 and His135 (Fig. 3B). In another study, in silico analysis
showed that the exchange of one histidine (His102) by one tyrosine, in
germin box B of SlGLP (Solanum lycopersicum), modified the architec-
ture of the active site for Mn2+. Consequently, the protein did not ex-
hibit oxalate oxidase activity [44]. These results provide further
evidence that the three histidines and glutamate are essential for oxa-
late oxidase activity, being responsible for correct interaction of the ac-
tive site of the oxalate substrate [36]. These findings corroborate our
previous results that showed Peruvianin-I does not have oxalate oxi-
dase activity in vitro [9].

Molecular docking calculations using the oxalate substratewere also
performed to better understand the function of four conserved amino
acids in germins (His, His, Glu and His) for oxalate oxidase activity. A
careful inspection of the active site of barley germin (1FI2) indicated
that oxalate substrate adapted itself in a cage surrounded by His88,
His90, Glu95 and His137, with calculated interaction energy of
−4.1 kcal·mol−1 (Fig. 3C). As expected, the oxalate ligand interacted
strongly with residues responsible for manganese ion binding. The
two histidines (His88 and His90) present in the central cores of the ß-
barrel of barley germin formed two hydrogen bonds with oxalate. The
bondswere between the OH group of oxalate and the N atoms from im-
idazole rings of His88 (2.0 Å) and His90 (2.6 Å) (Fig. 3C). By comparison,
the oxalate substrate was docked only at an α-helical C-terminus do-
main of Peruvianin-I (Fig. 3D). As pointed out before, three residues
present in the active site of barley germin were not conserved in
Peruvianin-I (Fig. 1), and these changes undoubtedly influenced the
binding pattern with the oxalate substrate. The hydrophobic surround-
ing of the active site of germin is also very important for oxalate oxidase
activity [45]. Substitution of the Val77 and Phe153 residues present in
barley germin (1FI2) by less hydrophobic residues (Cys77 and Leu151)
in the Peruvianin-I also negatively influenced the interaction with the
oxalate. Accordingly, it was shown that the decrease of nonpolar resi-
dues in the active site of Arabidopsis GLP significantly decreased its in-
teraction with the oxalate [45].

Thevetia peruviana leaves were used to detect possible in situ activity
of oxalate oxidase, since purified Peruvianin-I can lose its activity during
the purification process [9]. No oxalate oxidase activity was detected in
T. peruviana leaves, in contrast to Oryza sativa leaves, used as positive
control (Fig. 4). This result corroborates those from in silico analysis
and supports that Peruvianin-I does not have oxalate oxidase activity.

3.3. Characterization of the active site for proteolytic activity of Peruvianin-I

Although previous results showed that Peruvianin-I is a cysteine
peptidase, its structural characterization was not performed [9]. Based
on the primary and tertiary structures of Peruvianin-I, it was possible
to observe that it contains the same catalytic triad (Cys77, Asn90 and
His135) present in the structure of several cysteine peptidases, including
papain (Cys25, His159 and Asn175) (Fig. 5). Interestingly, these results
show that Peruvianin-I underwent punctual mutations, which were re-
sponsible for the loss of oxalate oxidase activity while at the same time
exhibiting proteolytic activity (Fig. 1). The structural overlap shows that
the active-site architecture and the spatial arrangement of amino acid
residues involved in enzyme catalysis of papain are reasonably similar
to Peruvianin-I residues (Fig. 5C), which are located within its β-barrel
jellyroll domain (Fig. 5B).

Most plant cysteine peptidases belong to the papain (C1) and
legumain (C13) families. All these peptidases have a nucleophilic cyste-
ine thiol in their catalytic triad (Cys, His, and Asn) [46]. Interestingly,
Peruvianin-I presents a similar spatial arrangement of the catalytic
triad responsible for this proteolytic activity, despite having completely
different structural domains than proteins belonging to the papain
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family. The molecular docking analysis between cysteine peptidase in-
hibitor (iodoacetamide, IAA) and papain (1PPP) showed that IAA
forms hydrogen bonds of 2.2 Å and 2.9 Åwith Gln19 andHis159 residues,
respectively, as well as having interaction energy of −3.5 kcal·mol−1

(Fig. 6A). In Peruvianin-I, therewas one hydrogen bond between the ni-
trogen of the imidazole ring of His135 and IAA, with a mean distance of
2.6 Å, and another one between IAA and the residue of Cis77, with
total energy of −2.9 kcal·mol−1 (Fig. 6B). This interaction was con-
firmedwhen the proteolytic activity of Peruvianin-Iwas totally and spe-
cifically inhibited by IAA [9]. The interaction between IAA and cysteine
peptidases generates an alkylation reaction between the iodine group
of the inhibitor and the sulfur group of the cysteine residue of the
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catalytic triad, forming a stable thioether bond [47]. This reaction results
in a very stable enzyme–inhibitor complex, which is responsible for ir-
reversible inhibition of peptidases [9].

The proteolytic activity of Peruvianin-I and papain followed
Michaelis-Menten kinetics (Fig. 7). The km of Peruvianin-I, using
BANA as substrate, was 0.237 ± 0.05 mM, almost four times smaller
than papain, 0.809 ± 0.08 mM (p b 0.05). The Vmax and Kcat values
were 0.54 × 10−9 M·s−1 and 0.1 ± 0.02 s−1 and 9.2 × 10−9 M·s−1

and 2 ± 0.05 s−1 for Peruvianin-I and papain, respectively (p b 0.05).
The catalytic efficiency of papain (Kcat/Km = 2.4 × 104) was about 60-
fold higher than that of Peruvianin-I (Kcat/Km = 4.2 × 102). Although
Peruvianin-I has the same catalytic triad, its overall and active site struc-
tures are very different from most plant cysteine peptidases, including
papain. In addition, the presence of polar residues such as Ser95 and
Arg88 possibly decreased the hydrophobic interaction between the cat-
alytic site of Peruvianin-I and the hydrophobic rings of BANA. Accord-
ingly, replacing some amino acids at the Ervatamin C active site
drastically altered its catalytic efficiency [48,49]. These results clearly
demonstrate that the kinetic performance of an enzyme is not strictly
related to the amino acid composition of its catalytic clefts, but is closely
related to the protein's adjacent residues and overall structure.

A previous study showed that Peruvianin-I exhibited no antifungal
activity on different phytopathogens and that the lack of antifungal ef-
fect could be correlated to its low proteolytic activity compared to
other (latex) antifungal cysteine peptidases, such as papain [9]. As
pointed out before, the low proteolytic activity may be associated with
its unusual germin-like tridimensional structure, which is far from the
typical structure of cysteine peptidases so far described. Latex cysteine
peptidases have also been related to plant defense against insects [50].
Therefore, the possible role played by Peruvianin-I in latex physiology
is unclear and deserves more research.

3.4. Effect of pH, temperature, reducing agent and peptidase inhibitor on
structure of Peruvianin-I

The SRCD spectrumof Peruvianin-I in aqueous solution (pH 6.0)was
typical of a β-rich protein, displaying a broad negative band with small
magnitude at 217 nm, and a large positive maximum at 197 nm. Since
the SRCD method was employed, an additional large negative band
was observed at 175 nm, which is also characteristic of the β-strand
structure. These spectral features are commonly observed in proteins
with elevated concentrations of β-sheet segments [51,52]. Similar
SRCD spectra were observed for native Peruvianin-I independent of
pH conditions (Fig. 8A). Although at pH 4.0 a small increase in the
peak at 197 nm was observed, the protein's structural content was un-
changed from pH 5.0 to 8.0.

The estimation of the secondary structural content of Peruvianin-I
from its SRCD spectrum at 25 °C was 35% organized in β-strands, 40%
disordered, plus a small content of α-helices (~9%). These results are
similar to previous results of molecular modeling (Fig. 3), and are in
agreement with the structural content observed in germins and GLPs
[25,36,53], which are usually characterized by a beta-barrel core
structure.

The SRCD spectra of the Peruvianin-I subjected to the temperature
denaturation assay showed only slight changes in the range from 20
to 50 °C (Fig. 8B), revealing protein thermal stability within these tem-
peratures. But band shifts and a significant signal reduction were seen
between 60 and 70 °C, and the protein assumed a completely unfolded
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state at 80 and 90 °C. These results corroborate those from in vitro as-
says, where Peruvianin-I was 100% active until 45 °C and then was
completely inactive at 65 °C [9].

The presence of the reducing agent DTT at concentrations of
1–10 mM (Fig. 8C) produced the same discrete change in the SRCD
spectra of Peruvianin-I, with an increase of the peak at 197 nm and
narrowing of the negative band at 217 nm, without changing the
spectrum's typical profile. These changes can be associatedwith the dis-
ruption of the disulfide bridge located in the protein's N-terminus por-
tion (Fig. 1). Because the disulfide bond is located far from the active
site, its disruption did not significantly change the protein structure
and its proteolytic activity remained stable [9].

In addition to analysis of SRCD in solution, the deposition of
Peruvianin-I on partially dehydrated films allowed collecting data at
even smaller wavelengths, close to 155 nm, adding more transitions to
be monitored and further converted into structural information. The
SRCD spectra of the Peruvianin-I on the film kept all the spectral
bands seen in the solution and showed the full negative peak at
175 nm and a positive peak at 160 nm, both in the presence of the
beta-strands. The SRCD spectra of Peruvianin-I on the film in the pres-
ence of DTT or DTT and IAA are also shown in Fig. 8D. Once again, it
can be seen that DTT alone did not cause any significant structural
change in Peruvianin-I. However, when IAA was added, a drastic reduc-
tion of the peaks attributed to the beta-content was seen, revealing a
loss of its native conformation that affected its enzymatic activity. Sim-
ilar spectroscopic studies performed with papain revealed that the
Papain

Fig. 7. Effect of substrate concentration (BANA) on proteolytic activity of papain and Peruvianin
Lineweaver-Burk plot.
alkylation of the thiol group in its active site caused changes in its sec-
ondary structure [54]. In another study, the use of iodoacetamide
(IAA) modified the structure of ficin, a cysteine peptidase, and also
inhibited its activity irreversibly, generating large amounts of protein
aggregate [55]. Several studies have shown that iodoacetamide can
cause rapid aggregation of cellular proteins [56].
4. Conclusion

Peruvianin-I is the only germin-like protein (GLP) described as hav-
ing proteolytic activity. We showed that it has primary, secondary and
tertiary structures very similar to other germins and GLPS. However, it
underwent punctual mutations in three amino acid residues, which
were responsible for the absence of the oxalate oxidase activity. On
the other hand, some of these mutations together with the presence
of a single free cysteine residue were responsible for forming a catalytic
triad, which was highly conserved in papain-like cysteine peptidases.
SRCD results confirmed the native state of Peruvianin-I and its classifica-
tion as a β-rich protein, and agreed with previous proteolytic assays, in
which Peruvianin-I exhibited thermostability until 50 °C and an optimal
pH stability ranging from 5.0 to 7.0. Furthermore, the protein interacted
with and had its secondary structure significantly changed in the pres-
ence of a cysteine peptidase inhibitor. The involvement of Peruvianin-I
in latex functionalities still deserves more investigation. The structure
of the protein reveled highly punctual replacements of key amino acid
Peruvianin-I

-I at pH 6.0 and 37 °C. Inset: Lineweaver-Burk plot. Km and Vmax were calculated from the
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Peruvianin‑I (B); SRCD spectra of the protein in the presence of the reducing agent DTT (at 1, 5, or 10 mM) (C); and SRCD spectra of partially dehydrated films of Peruvianin-I deposited
on quartz-glass plates (D) in the absence or presence of DTT (1 mM), and the influence of a cysteine peptidase inhibitor iodoacetamide (IAA, 10 mM).
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residues, suggesting shift of protein activity. Whether these new fea-
tures are involved in new physiological roles remains to be answered.
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