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Abstract Five major cereal crops such as rice, wheat,
maize, barley and sorghum are continuously threatened by
a multitude of pathogens and other disorders. Cystatins
offers a pivotal role in deciding the promising plant
response. The use of bioinformatics tools for phylogenetic
relationships of five major cereal crop (rice, wheat, maize,
barley and sorghum) phytocystatins based on amino acid
sequence information was elucidated, and their secondary
and tertiary structures were investigated for structural
comparisons. Twenty-eight distinct phytocystatins from 28
plant species were investigated. Phytocystatins could be
divided into five distinct phylogenetic groups. Five major
cereal crops their structural features were highly conserved,
and their amino acid sequence similarities ranged from 48
to 86 %. A new highly conserved amino acid sequence
motif, YEAKxWxKXF, in the C-terminal end being unique
to phytocystatins was identified. The predicted 3D
homology models showed a high conservation of the
general central structure of the phytocystatins, i.e., the 4-5
anti-parallel f-sheets, wrapping halfway round a single
central a-helix and particularly the three active site regions,
the N-terminal, the first and second hairpin loops. Any
structural differences seem to be mainly in the length of the
N- and C-terminal, the length of the second hairpin loop
and the fifth fS-sheet. Via docking experiments, small
heterogeneities were observed in the vicinity of the OC-I
active sites that seemed to be influential in the binding
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process and stability of the resultant inhibitor—protease
complex.

Keywords Five major cereal crop phytocystatin -
Phylogenetic relationship - Structural comparisons

1 Introduction

Phytocystatins are proteinacious inhibitors of plant origin
that inhibit specifically cysteine proteases by forming tight
reversible bonds thus preventing the hydrolysis of proteins
by protease [1]. The cystatin super family is subdivided
into three families based mainly on the three criteria
sequence homology, presence of disulfide bonds and the
molecular mass of the protein. These families are the ste-
fins, cystatins and kininogens [2]. Many different phyto-
cystatins have been isolated from different plants and their
gene sequences available on public databases.

Phylogenetic analysis provides an insight into the
molecular evolution of proteins. Numerous bioinformatics
and computational tools provide automated analysis of
relationships of proteins at molecular and structural level.
Public sequence databases have also provided a very useful
and wide range of resources to perform such analyses. One
of the key ideas in genomic bioinformatics is the concept of
homology. This is used to predict the function of genes and
proteins. This is followed by a next level where not only
protein function can be predicted but also the primary,
secondary and tertiary structures of a protein also can be
predicted. This is achieved through powerful computation
methods referred to as in silico analysis. Such analysis
provides a better understanding of the microstructures on
the protein surface that contribute or may even hinder its
proper function.
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Phylogenetic relationship of phytocystatins based on
available amino acid sequence information was one of the
primary objectives. This was carried out by a comparative
study on the primary, predicted 2D and 3D structures of
known phytocystatins. In particular the 3D positions of the
amino acid involved in binding, structures of active sites
and local structural variation among members of the pro-
posed phytocystatin family were studied.

2 Materials and Methods
2.1 Sequence Analysis

Amino acid sequences of phytocystatins were derived from
at least 28 different plant species from NCBI databases

number with the references of all the phytocystatins are
represented in Table 1.

Multiple alignments were performed using the program
CLUSTALX [26] with default setting, and the alignments
were edited manually. Long sequences were truncated both
at the N- and the C-terminal to include only the domain
region, and the alignment was repeated.

Phylogenetic inference was performed using the PHY-
LIP version 3.5.7 suit [27]. First a distance matrix was
generated using the PROTDIST program followed by the
neighbor-joining method using NEIGHBOR programmer.
A consensus tree was derived after 1000 bootstraps through
the program BOOTST and CONSES. An un-rooted phy-
logenetic tree was contracted using TREEVIEW program
[28] and MEGAS [29].

Analysis of conserved motif was performed by MEME

(http://www.ncbi.nlm.nih.gov/).

GeneBank

accession

Table 1 Phytocystatins obtained from sequence databases

(Multiple Em for Motif Elicitation) software version 3.5.4

Code Common name Species name Database (Acc No.) References”

Apple Apple Malus domestica EMBL: AY173139 Ryan et al. [3]

Ara Arabidopsis Arabidopsis thaliana EMBL: AAM64985 Haas et al. [4]

Bar Barley Hordeum vulgare EMBL: Y12068 Gaddour et al. [5]

Bit Bitter Dock Rumex obtusifolius EMBL: AJ428415 Tinney et al. (unpub.)

Broc Broccoli Brassica oleracea EMBL: AY065838 Watson and Coupe 2001 (unpub.)
Cab Chinese Cabbage Brassica rapa EMBL: L41355 Lim et al. [6]

Car Carnation (Clove pink) Dianthus caryophyllus EMBL: AY028994 Sugawara et al. [7]

Cast Castor Ricinus communis EMBL: 749697 Szederkenyi et al. [8]

Cau Cauliflower Brassica oleracea TrEMBL: Q8VYX5 Watson and Coupe 2001 (unpub.)
Chesl European Chestnut Castanea sativa EMBL: AJ224331 Pernas et al. [9]

Chesll American Chestnut Castanea dentate EMBL: AF480168 Connors et al. (unpub.)

ChrB Christmas Bells Sandersonia aurantiaca EMBL: AF469485 Eason 2002 (unpub.)

Cock Cockscomb Celosia cristata EMBL: AJ535712 Gholizadeh et al. [10]

Cor Corn Zea mays EMBL: D10622 Abe et al. [11]

Cow Cowpea Vigna unguiculata EMBL: 721954 Fernandes et al. [12]

Faba Faba bean Vicia faba EMBL: AY237958 Berdnikov et al. (unpub.)

Kiwi Kiwi Actinidia deliciosa GB: AY390353 Rassam and Laing [13]

Mugw Mugwort Artemisia vulgaris EMBL: AF143677 Hubinger et al. [14]

Rice Rice Oryza sativa EMBL: J03469 Abe et al. [15]

Pap Papaya Carica papaya EMBL: X71124 Song et al. [16]

Pot Potato Solanum tuberosum GB: AAB29661 Walsh et al. [17]

Sorg Sorghum Sorghum bicolor EMBL: X87168 Li et al. [18]

Soy Soyabean Glycine max EMBL: U51855 Zhao et al. [19], Botella et al. [20]
Sug Sugarcane Saccharum officinarum NCBI: AAM78598 Soares-Costa et al. (unpub.)

Swe Sweet potato (Batate) Ipomoea batatas EMBL: AF117334 To et al. [21], Huang et al. [22]
Taro Taro Colocasia esculenta EMBL: AF525880 Yang et al. [23]

Tom Tomato Solanum lycopersicum EMBL: AF198388 Girarad et al. [24]

Whe Wheat Triticum aestivum EMBL: AB038393 Kuroda et al. [25]

? Years on unpublished references indicate date sequences were submitted in the database

@ Springer


http://www.ncbi.nlm.nih.gov/

Interdiscip Sci Comput Life Sci (2015) 7:233-241

235

(http://meme.sdsc.edu) using minimum and maximum
motif width of 8 and 15, respectively, and a maximum
number of 15 motifs, keeping the rest of the parameters at
default.

2.2 Protein Structure Modeling and Analysis

The coordinate file (pdb) for OC-I [30] and papain [31] were
obtained from the protein data bank (PDB) database (www.
rcsb.org/pdb/) [32]. The OC-I pdb file was used to predict
the 3D structures of selected representative from each of the
phylogenetic groups. Structure modeling to predict the
unknown structures was done using the I-TASSER [33] that
determines structure using the satisfaction of spatial con-
straints. The input files consisted of the pdb file of OC-I and
the amino acid sequence alignment between OC-I with the
unknown sequence at greater that 30 % sequence similarity
with OC-I. Predicted model was evaluated for energy dis-
tribution. Stereochemical quality of the predicted structures
was tested using the energy minimization online tool on
Chiron (http://troll.med.unc.edu/) and PROCHECK pro-
grams  (http://www.ebi.ac.uk/thornton-srv/software/PRO
CHECKY/) [34], respectively. Structures were visualized
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Bar -RGVLLJ
Bit MA--TIfe
Broc A - ML
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Fig. 1 a Amino acid sequence alignment of known phytocystatins
showing residue conservation across the different cystatins studies. A
consensus sequence was also generated. Identical amino acids are
highlighted in black, while similar ones are in gray. b Cartoon of the

using both SWISS-PDB Viewer [35] and PyMOL (www.
pymol.org).

3 Results and Discussion
3.1 Sequence Analysis

The multiple sequence analysis of the phytocystatins using
ClustalX to shows high levels of sequence homology and
conservation especially around the regions involved in
function and important structural features (Fig. 1). The
conserved glycine (G/GG) residue in the N-terminal region
is known to be characteristic to this group of proteins and
involved in N-terminal binding. The QVVxG motif char-
acteristic of all members of the cystatin super family and
responsible for the second binding site (located in the 2nd
hairpin loop) was clearly identified in the multiple align-
ments (Fig. 1).

The LARFAV motif was also found in the N-terminal
corresponds to the alpha-helix structure and is character-
istic to phytocystatins [36]. A new YEAKxKxWxKxF was
identified in the C-terminal of the phytocystatins. This

¥ fe-- I—GKE——IEIFIIEI

YEAK XK XW K XE

32 ) 83

Loop 2

) B4

Loop 3

)

Loop 4

(b)

generalized secondary structural elements of phytocystatins. The
orange arrows are the f-sheet (numbered from 1 to 5) and red spiral
representing the single a-helix. The positions were the loops occur are
indicated with a gray paper clip mark and labeled 1-4
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Fig. 2 Phylogenetic tree for
known phytocystatins based on
the neighbor-joining method
using PROTDIST and
NEIGHBOR program available
in the PHYLIP (Phylogeny

Inference Package) Version
3.5.7 suit. Circled numbers
indicate the five clades that were
obtained
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motif being unique to phytocystatins further adds to their
qualification for a separate subfamily. This region is not as
highly conserved as in animal cystatins. It has been
respected to constitute the third binding region but with
less binding capacity and probably more important in sta-
bilizing the complex with proteases. Since this region is
characteristic only to phytocystatins, several workers have
proposed that this group of proteins may constitute a sep-
arate subfamily within the cystatin family. From the mul-
tiple alignments, it is also clear that there is high
correlation of conserved region to important structural
features used for either binding or structural conformity of
the protein (Fig. 1).

To determine the evolutionary the phylogenetic rela-
tionships of five major cereal crop (rice, wheat, maize,
barley and sorghum) cystatins with other cystatins for the
based on the neighbor-joining phylogenetic tree that was
generated, phytocystatins could be separated into five dis-
tinctive clades (Fig. 2). Clades 4 and 5 seemed to be more
primitive and may be progenitor of all the other group of
phytocystatins.

The biggest clade, cladel could further be divided into
two subclade, subclade 1 and 2 with the entire monocot
cystatins grouping together in subclades 2. Subclade 1
included a rather more diverse group of phytocystatins.
Other clades also showed high plant taxa relationships, for
example in clade 3 are members of the Tomato and Potato

@ Springer
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multi-cystatin, both plants belong to Solanaceae family and
both phytocystatins are characterized by multiple domains.
Clade 4 includes mostly members of the Fabaceae (Legu-
minosae) family for example the Mugbean and Cowpea
cystatin. This clade seems to be evolutionary primitive.
However, one of the domains clustered in clade 3, shows
significant difference from its other domain cousins. The
highest similarity percentage was found between rice,
wheat, maize, barley and sorghum cystatins, and this sug-
gests that these are orthologs, genes that have maintained
sequence and functional similarity ranged from 48 to 86 %
(Table 2).

ScanProsite tool for EXPASY was used to scan the cereal
crop cystatins sequence against PROSITE patterns and
profiles. PROSITE consists of documentation entries
describing protein domains, families and functional sites as
well as associated patterns and profiles to identify them. It
also used to identify the presence of Cysteine Proteases
Inhibitor signature pattern (PS00287-[GSTEQKRV]-Q-
[LIVT]-[VAF]-[SAGQ]-G-{DG}-[LIVMNK]-{TK }-X-
[LIVMFY]-{S}-[LIVMFYA]-[DENQKRHSIV]). On
examination we found that though this pattern was present in
rice, wheat, maize, barley and sorghum phytocystatins pro-
tein sequence (Table 3). For further analysis of motifs inrice,
wheat, maize, barley and sorghum, the MEME program was
used. A motifis a sequence pattern that occurs repeatedly in a
group of related protein or DNA sequences. MEME analysis
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Table 2 Similarity between five major cereals crops (rice, wheat,
maize, barely and sorghum) in percentages

Similarity between cereal crops Similarity in percentages (%)

Rice Wheat 65
Rice Maize 73
Rice Barley 57
Rice Sorghum 72
Wheat Maize 62
Wheat Barley 48
Wheat Sorghum 61
Barley Maize 54
Barley Sorghum 52
Maize Sorghum 86

revealed the presence of highly conserved five motifs com-
mon in rice, wheat, maize, barley and sorghum. In barley
motif 5 is absent. The twelve-residue-long YEAKxKxWx
KxF motif that was highly conserved in the C-terminal end
being unique to phytocystatins was identified in motif 1 and
3. The three-residue-long LARFAV motif in N-terminal
corresponds to the alpha-helix structure was present in motif
2, and the five-residue-long QVVxG motif in second binding
site which was located in the second hairpin loop was present
in motif 4 (Fig. 3).

3.2 Structure Analysis

NMR structure of oryzacystatins (OC-I, PDB accession
No. legk) which is the only plant phytocystatin whose
crystal structure has been determined so far, was the only
template structure used for the comparative modeling to
determine the 3D models of five major cereal crops (rice,
wheat, maize, barley and sorghum) cystatins using
I-TASSER. For each molecule, five structures were gen-
erated in the database, out of which the minimized average
model with maximum score was selected. The energies of
the designed structures were minimized using the energy
minimization online tool of Chiron. The minimized struc-
tures were finally saved as .pdb files, which were validated
online by PROCHECK software (data not shown).

The core structure of the OC-I involving an o-helix and
four antiparallel S-strands is well preserved in all the major
cereal crops cystatin with slight differences that do not
bring any major changes in the 3D structures (Fig. 4). The
hairpin loops L1 and L2, which are known to play an
important role in interaction with the cysteine proteases
and contain the highly conserved residues of QVVXG and
P/AW, possess the same number of residues in five major
cereal crops as in OC-I. Fig. 5 shows the similarity and
differences among the five major cereal crops (rice, wheat,
maize, barley and sorghum) cystatins, with respect to the
secondary structure of OC-L. It also show the diagrammatic
representation of the secondary structures of five major
cereal crops and OC-I.

In silico docking experiments involving OC-I and
papain revealed that OC-I attaches onto the active side cleft
of papain and possibly in the same way with five major
cereal crops (rice, wheat, maize, barley and sorghum)
cysteine proteases (Fig. 6). Due to electrostatic forces
along these two molecules, an average distance of 1.8 A
separates them from each other. During the docking pro-
cess, one residue in the N-terminal of OC-I, aspartic acid
(Asp4), prevented the inhibitor from docking closer into
the papain active site (Fig. 6).

4 Discussion

Phytocystatins are inhibitors of cysteine proteinases that
are used as potent weapons by phytopathogens and pests
for invasion and colonization. In such a system of inter-
acting proteins, each partner coevolves in response to the
changes occurring in the cognate molecule [37]. Cystatins
in each species have conserved residues particularly the
ones involved in maintaining structure and related bio-
chemical function. Despite the conservation of the
sequences, sufficient variations are also present, which do
not bring gross alterations in structure and function but do
introduce changes in specificity and inhibitory activity.
This is desirable for improving the repertoire of cysteine
proteinase inhibitors in plants against offenders.

Table 3 Cysteine proteases
inhibitor sequence motif in five
major cereal crops (rice, wheat,

Cereal crops

Cysteine proteases inhibitor

Total no. of amino
acid in sequences

Cysteine proteases inhibitor
no. of amino acid

maize, barley and sorghum)

Rice QQVVAGTLYyFTIE 90-103 140
Wheat EQAVAGRLYYyITIQ 91-104 142
Maize TQVVAGTMYyLTIE 84-97 134
Barley QQVVAGCMHYyFTIE 62-75 107
Sorghum TQVVAGTMYyLTVE 80-93 130
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Fig. 3 Block diagram represent Sequence  E-value
and distribution of different Maize

motifs identified by MEME Sorghum

software in cystatins of rice, Rice 7.2e-97
wheat, maize, barley and Barley 4.3-80
sorghum Wheat 1.5e-73

Block diagram
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Fig. 4 a 3D structure of oryzacystatin. Predicted three-dimensional
structures of five cereal crops b Wheat, ¢ Maize, d Barley, e Sorghum
and showing the secondary structure elements; five anti-parallel f-

In five major cereal crops, cystatins have been experi-
mentally identified and characterized. Each of them display
characteristic features of cystatins but with variations
depending on spatial, temporal and conditional stimuli
regulating their expressions. This study has provided new
information about the structure of phytocystatins. Firstly,
despite high structural similarity of phytocystatins, there is
very wide variation in inhibition potential meaning that
biochemical screening could yield selection of cystatins
targeting a wide range of pests as well as other uses [1]. It
has been shown in this study that the experimentally

@ Springer
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strands (blue), one o-helix (red), three hairpin loops, a long
N-terminal trunk and short C-terminal. 3D structures were con-
structed by I-TASSER software using oryzacystatin as the template

determined structure of OC-I can effectively and success-
fully be used to predict structural conformations of
unknown cystatins. Docking and inhibitor—protease com-
plex prediction was possible for the first time using phy-
tocystatins from the analyses of binding candidate residues
to engineer for improved binding were inferred.
Evolutionary relationships among phytocystatins were
inferred using an unrooted phylogenetic tree. As expected,
most phytocystatins grouped together to reflect the plant
taxonomic groups. However, some members of the mul-
tidomain cystatins tended to occur in distinctly different
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Fig. 5 Amino acid sequence alignment of oryzacystatin (OC-I) and
five major cereal crops (rice, wheat, maize, barley and sorghum)
similarity. The

cystatins. Red box sequence show highly

(b)

Fig. 6 a Modeled complexes between OC-I (fop) and papain
(bottom) in front and side view. OC-I is shown in spheres and its
structure colored by rainbow. The N-terminal is blue toward the
C-terminal red. The surface of papain is colored light gray. The active
site of papain appears as a trench extending from the front to the back

grouping. This suggests that plants, such as tomato, soy-
bean and sugarcane, contain complete cystatin-coding
genes that may have distinctly different evolutionary ori-
gin. The twelve residues long YEAKxKxWxKxF motif
was highly conserved in the C-terminal end being unique to
phytocystatins was identified in motif 1 and 3.

In silico observations in this study have shown the
possible formation of a bond between residues GLY6 and
VALS forming a loop structure in long enough N-termi-
nals. This probably stabilizes the trunk allowing a more
precise binding more and rendering the complex more
stable. Cystatins bind to proteases with a 1:1 stoichiometry
and with varying affinities. The whole phytocystatin
molecule is wedge shaped with the N-terminal, and the two
hairpin loops forming the sharp edge in some case the

diagrammatic representation of secondary structures of five major
cereal crops (rice, wheat, maize, barley and sorghum) cystatins

of the molecule. b—f The modeled complexes between OC-I (fop) and
b rice, ¢ wheat, d maize, e barley and f sorghum (bottom). The
complex was initially manually and the model refined using
MULTIDOCK program based on minimization algorithms. Visual-
ization and rendering graphics were done using PYMOL program

N-terminal protrudes out into a long arm extending out-
wards from the rest of the structure forming what has been
referred to as a trunk (Fig. 3). This sharp edge is highly
hydrophilic and complimentary to the active cleft of cys-
teine proteases forming the active site region. The active
site itself is composed of a glycine residue N-terminal, and
this appears to be the most important binding site in many
cystatins although its removal or absence does not seem to
affect binding by other types of phytocystatins.

In this study, bioinformatics tools have been success-
fully used to predict the inhibitor—protease (OC-I and
papain) complex. In general, the binding in the predicted
complex was in agreement with that of the experimental
complex structures previously reported between stefin-B
and papain and stefin-A with cathepsin-H. In docking OC-I
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and papain, it was difficult to dock two residues of aspartic
acid ASP4 in the N-terminal trunk and ASP86 in the 2™
binding hairpin loop of the C-terminal region. These two
residues are close to the active site and seemed to prevent
closer binding of the active sited to the target papain.
Therefore, these sites appear to be potential targets for site-
directed at improving binding and therefore potency of
OC-I to papain and probably to other cysteine protease.
The wide variation in affinities found for phytocystatins in
this study, and indeed also in the other animal cystatins, is
not explainable by a simple structural difference. For
example, an inhibitor with highly similar structural features
has a great difference in affinity. 1** binding hairpin loop
with the QVVAG highly conserved motif was not essential
for cysteine protease inhibitor activity in cystatin-A.
Therefore, it is possible that such functional differences
may be explainable by small structural features at residue
level that result in great differences in affinity of the
inhibitor.
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