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Abstract Computational approaches to predict structure/
function and other biological characteristics of proteins are be-
comingmore common in comparison to the traditional methods
in drug discovery. Cryptosporidiosis is a major zoonotic diar-
rheal disease particularly in children, which is caused primarily
by Cryptosporidium hominis and Cryptosporidium parvum.
Currently, there are no vaccines for cryptosporidiosis and rec-
ommended drugs are ineffective. With the availability of com-
plete genome sequence of C. hominis, new targets have been
recognized for the development of effective and better drugs
and/or vaccines. We identified a unique hypothetical protein
(TU502HP) in the C. hominis genome from the CryptoDB
database. A three-dimensional model of the protein was gener-
ated using the Iterative Threading ASSEmbly Refinement serv-
er through an iterative threading method. Functional annotation
and phylogenetic study of TU502HP protein revealed similarity
with human transportin 3. The model is further subjected to a
virtual screening study form the ZINC database compound li-
brary using the Dock Blaster server. A docking study through
AutoDock software reported N-(3-chlorobenzyl)ethane-1,2-di-
amine as the best inhibitor in terms of docking score and

binding energy. The reliability of the binding mode of the in-
hibitor is confirmed by a complex molecular dynamics simula-
tion study using GROMACS software for 10 ns in the water
environment. Furthermore, antigenic determinants of the pro-
tein were determined with the help of DNASTAR software.
Our findings report a great potential in order to provide insights
in the development of new drug(s) or vaccine(s) for treatment
and prophylaxis of cryptosporidiosis among humans and
animals.

Keywords C. hominis . Hypothetical protein . Molecular
docking .Molecular dynamics simulation

Introduction

Cryptosporidiosis is a gastrointestinal illness caused by
Cryptosporidium species.Cryptosporidium is an apicomplexan
protozoan parasite belongs to the class Conoidasida. The path-
ogen is responsible for diarrheal disease in both immunocom-
petent and immunodeficient humans. Cryptosporidiosis has
been emerged as the second major cause of diarrheal disease
and death in infants (Snelling et al. 2007; Striepen 2013). The
most common route of Cryptosporidium transmission is
through consumption of contaminated water (Efstratiou et al.
2017; Mahon and Doyle 2017). In humans, Cryptosporidium
hominis andCryptosporidium parvum are two epidemiological
important diarrheal pathogens, which cause cryptosporidiosis
(Snelling et al. 2007; Berahmat et al. 2017). In children,
Cryptosporidium infection is also associated with malnutrition
and impaired physical fitness (Guerrant et al. 1999; Sharling
et al. 2010). Actual quantification of zoonotic and
anthroponotic transmission is very difficult in the environment.
However, history suggests major epidemic outbreaks occurred
due to contaminated water and food; therefore, it poses
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significant challenges for controlling transmission in both de-
veloping and developed nations (Yoder and Beach 2010).

Treatment strategies are extremely limited; no vaccine is
available for this parasite, and nitazoxanide (NTZ) is the only
FDA-approved drug for cryptosporidiosis that shows moder-
ate efficacy in immunocompromised individuals (Abubakar
et al. 2007). There is an immediate need for developing new
therapeutics for cryptosporidiosis. Continuous long-term
maintenance of Cryptosporidium in cell culture and frequent
genetic modifications in Cryptosporidium genome are ex-
tremely difficult. Therefore, alternative search strategies like
computational approach to exploit the genomics data provide
a potential solution for identification and characterization of
novel therapeutic candidates.

The sequencing of Cryptosporidium genomes provides
better knowledge of microbial biology, pathogenicity,
evolution, and virulence for this parasite. Pertinent to this
context, the CryptoDB (Heiges et al. 2006) database en-
ables the identification of genes based on text, sequence
similarity, and motif queries. However, the CryptoDB da-
tabase contains ∼50% of proteins in both C. hominis
TU502 and C. parvum IOWA as hypothetical or unnamed.
The abundance of hypothetical proteins in the parasite
genome makes their study a difficult task; therefore, more
rational approach is required for screening and identifica-
tion of novel drug/vaccine targets.

In this study, a unique hypothetical protein of C. hominis
TU502 was identified and characterized, utilizing in silico
methodologies with the objective of identification of a novel
target for new drug(s) or vaccine candidate for control and
prevention of cryptosporidiosis in humans and animals.

Materials and methods

Sequence retrieval

The CryptoDB (Heiges et al. 2006) database is a community
bioinformatics resource database of the Cryptosporidium spe-
cies genome, which provides a comprehensive Web interface
for mining and visualization of data. C. hominis and
C. parvum are the two major causes of human cryptosporidi-
osis; therefore, we targeted those sequences, which were pres-
ent in both C. hominis and C. parvum. The search reported a
total list of 105 proteins. The next step of our approach was
based on screening of unique proteins in the C. hominis and
C. parvum genome. For that, the amino acid sequences of all
105 proteins were checked for their uniqueness through
BLAST analysis to target as a potential therapeutic candidate.
TU502 hypothetical protein which was conserved in
C. hominis and C. parvum and was unique in nature was
selected for generation of three-dimensional structure and
physiological and biochemical characterization.

Three-dimensional model prediction and functional
annotation

General physiological characters like molecular weight, iso-
electric point (pI), amino acid composition, molecular extinc-
tion coefficient, half-life, instability index, and aliphatic index
of the hypothetical protein were predicted using an ExPASy
ProtParam tool (Gasteiger et al. 2005). Hydrophobicity and
hydrophilicity were analyzed using ProtScale (Gasteiger et al.
2005). We used the I-TASSER (Iterative Threading
ASSEmbly Refinement; Yang and Zhang 2015) online server
to determine secondary structure elements of uncharacterized
hypothetical protein.

I-TASSER is a bioinformatics server for generating three-
dimensional protein structure. Out of the five models generat-
ed, the best model was selected based on the highest C score
and Template Modeling (TM) value. The quality of the best-
predicted model was further validated through Ramachandran
plot analysis using PROCHECK (Laskowski et al. 1993),
ERRAT (Colovos and Yeates 1993), and VERIFY3D
(Eisenberg et al. 1997). The ProSA server (Wiederstein and
Sippl 2007) was used for calculating native conformation, and
PyMOL software (Schrödinger, LLC 2010) was used for tar-
get template superimposition. The DALI server (Plewczynski
et al. 2004) was used for structural and functional similarity
search of TU502HP with other proteins of database.
Subcellular localization of the hypothetical protein was pre-
dicted by using CELLO v.2.5 (Yu et al. 2006), which is a
multi-class support vector classification system. CELLO algo-
rithm determines the localization for a protein if it has a con-
fidence score of 1 for a particular localization. However, a
minimum confidence score of 2 was retained for a stringent
screening method in this study.

Sequences, alignment, and construction of phylogenetic
tree

Phylogenetic analysis is an important step in understanding
the ancestral relationship of a set of sequences. Genome anal-
ysis of Cryptosporidium reported extremely streamlined met-
abolic pathways and a lack of many cellular structures.
Previous studies suggested that Cryptosporidium possess an
extensive array of transporter protein which enables the im-
port of essential nutrient from the host (Xu et al. 2004; Rider
and Zhu 2010; Pain et al. 2005).

Therefore, a phylogenetic tree of TU502HP protein was
constructed with other 14 related sequences based on func-
tional annotation study results of TU502HP. Molecular
Evolutionary Genetics Analysis (MEGA) v6.0 (Tamura et al.
2013) was used for the creation of phylogenetic tree. The
evolutionary history was inferred using the neighbor-joining
(NJ) method (Saitou and Nei 1987). NJ is a method for
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constructing phylogenies from a set of distances between each
pair of sequences by successive clustering.

Virtual screening and ADMETanalysis

The Dock Blaster server (Irwin and Shoichet 2005) was used
for virtual screening of inhibitor molecules. The server per-
forms structure-based virtual screening against the ZINC
chemical database (Irwin and Shoichet 2005) by using the
docking program DOCK 3.5.54 (Lorber and Shoichet 1998).
The modeled hypothetical protein TU502 was subjected to a
structure-based virtual screening study of potential lead com-
pound from the ZINC database. Dock Blaster identified 199
lead compounds docked in the active site of target protein.
These compounds were filtered and arranged orderly based
on docking score and Lipinski’s rule of five (Lipinski et al.
2001).

Molecular docking

Molecular docking studies were carried out to understand the
binding mode of lead compounds with TU502HP using
AutoDock v4.2.6 software (Morris et al. 2009). The grid pa-
rameters were arranged at x = 0.547, y = −0.098, and
z = −1.245 dimensions. Prior to docking, all the water and
solvent atoms of the protein were removed, and the polar
hydrogen atoms were added. The protein was kept rigid while
the ligand was allowed to rotate and explore more flexible
binding pockets. AutoDock ranks the poses using binding free
energy (ΔG). The interaction plot representing the H bond
interactions of the protein-ligand complex was generated
using PyMOL v 1.3 (Schrödinger, Inc.).

Molecular dynamics simulation and energy minimization

A molecular dynamics (MD) simulation study of the best
identified compound was performed to confirm the binding
mode determined from a molecular docking study using the
GROMACS v5.0 software package (Berendsen et al. 1995).
GROMOS96 43a1 force field (Scott et al. 1999) was chosen
for the simulation. The topology file of the ligand was pre-
pared using the PRODRG server (Schüttelkopf and Van
Aalten 2004). One Na+ ion was added as a counter ion to
neutralize the charges in the system. The protein was solvated
with SPC 60,590 water molecules and centered in a cubic box
with dimensions 40 nm × 40 nm × 40 nm. This system was
subjected to energy minimization for 884 steps by using the
steepest descent algorithm. The MD simulation was per-
formed with periodic boundary conditions to ensure that the
atoms stay inside the simulation box. Berendsen temperature
coupling was turned on with a temperature set to 300 K. The
leapfrog algorithm was used for integrating Newton’s equa-
tion in MD simulation. Finally, linear constraint solver

(LINCS) algorithm (Hess et al. 1997) was used, and equili-
brated systems were subjected to MD simulation for 10 ns at
300 K.

Trajectory analysis

The simulation trajectories were analyzed using tools from the
GROMACS package and were viewed using PyMOL soft-
ware. The root-mean-square deviation (RMSD) was calculat-
ed using g_rms. The radius of gyration (Rg) of the protein was
calculated using g_gyrate. All GROMACS analysis plots
were generated using Xmgrace plotting software (Vaught
1996).

Antigenic epitope prediction

Antigenic determinates of the TU502HP were predicted with
the help of DNASTAR (Burland 1999) software. Algorithms
used in this analysis were hydrophobicity plot flexible re-
gions, antigenic index, and surface accessibility. B cell and
T cell linear epitopes were predicted by using BCPred (Saha
and Raghava 2004) and CTLPred (Bhasin and Raghava 2004;
Saha and Raghava 2004) software. The BCPred server pre-
dicts epitopes by using flexibility, hydrophilicity, polarity, and
surface properties combined at a threshold of 2.38. CTLPred
is a direct method for prediction of CTL epitopes. The
methods followed were based on elegant machine learning
techniques, viz., artificial neural network (ANN) and support
vector machine (SVM). In this method, information or pat-
terns of T cell epitopes instead of MHC binders were used
for the development of methods. The cutoff scores were
0.51 and 0.36 for ANN and SVM, respectively, above which
peptides were designated to be antigenic.

Source of Cryptosporidium DNA and target gene
amplification

C. hominis genomic DNAwas obtained from a standard lab-
oratory of Christian Medical College, Vellore (India), on re-
quest, and C. parvum oocysts (Product No. P102C) were pur-
chased from Waterborne, Inc., USA. C. parvum genomic
DNA was extracted by DNeasy Blood and Tissue extraction
from Qiagen (Cat. No. 69504). The TU502HP encoding gene
was amplified by standard PCR using a newly designed pair
of specific primers (Table 1). The PCR was performed in a
total of 25μl reaction by adding 5μl (1–10 ng) of the genomic
DNA to 20 μl of the reaction mixture containing 10× PCR
buffer (200 mM Tris-HCl; 500 mM KCl), 2 mM of MgCl2,
2 mM dNTP, 20 pm of each primer, and 1 unit of Taq DNA
polymerase (Invitrogen) and water. The PCR cycling condi-
tions were as follows: initial denaturation at 94 °C for 5 min
followed by 35 cycles of 94 °C for 45 s, 61.9 °C for 30 s, and
72 °C for 2.45 min followed by 1 cycle of 10 min at 72 °C.
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The PCR product was subjected to 1% agarose gel electropho-
resis to confirm amplification.

TA cloning and sequence identification of the TU502HP
encoding gene

The TU502HP gene was amplified from genomic DNA using
conventional Taq polymerase (Invitrogen) that generates PCR
products with 3′ A overhangs. PCR products were then puri-
fied using a Promega Gel cleanup kit (Promega, USA) and
cloned into a TA cloning vector using a TOPO TA cloning kit
(Invitrogen, USA), according to the manufacturer’s protocol.
The ligation mix was then incubated at 22 °C for 30 min. Two
microliters of the ligation mix is then transformed into chem-
ically competent DH5α cells. Transformation was carried out
in a 42 °C water bath for 60 s. Then, 400 μl of the SOC
medium was added to the mixture and incubated at 37 °C
for 1 h at 150 rpm. This was then plated on ampicillin or
kanamycin selection plates. Next day, colonies on the plate
were subjected to colony PCR using vector-specific primers.
Positive colonies showing specific bands were inoculated for
plasmid isolation. Next day, plasmids were isolated and again
confirmed by PCR. These plasmid clones were sequenced on
both strands using a Big Cycle Termination v 3.1 cycle se-
quencing kit (Applied Biosystems, Foster City, USA).
BLAST search was carried out to confirm the sequence simi-
larity with the target sequence.

Results and discussion

Sequence retrieval and physiological and biochemical
characteristics of TU502HP

The selected C. hominis hypothetical protein sequence
(TU502HP) reported 91% sequence identity with C. parvum
hypothetical protein (CryptoDB: cgd2_2550). Length of the
TU502HP was found to be 739 amino acids long and is
encoded by a 2220-nucleotide-long ORF sequence. The mo-
lecular weight and theoretical isoelectric point was found to be
84 kDa and 6.75, respectively. The pI of the TU502HP is near
to the neutral pH. pI is the pH at which the amino acids of
protein tolerate no net charge; moreover, proteins become
more stable and compact at isoelectric pH. The protein con-
tains Ser (11.1%), Asn (8.1%), and Tyr (5.7%) as major polar

amino acid residues and Leu (11.9%), Ile (11.4%), and Phe
(6.2%) as major non-polar amino acid residues. The total
number of negatively charged residues (Asp + Glu) and pos-
itively charged residues (Arg + Lys) is 78 and 77, respectively,
which give a stable charge to the protein. The estimated half-
life of this protein was found to be 30 h in mammalian retic-
ulocytes and >20 h in yeast. The aliphatic index was found
high as 106, and the instability index was found to be 43. The
molar extinction coefficient of this protein at 280 nM in water
was found to be 79,303 m/cm. A two-dimensional structural
analysis of this protein revealed that the majority of protein
contains alpha helices. Hydrophobic effect is an important
factor for protein folding and architectural stability
(Malleshappa Gowder et al. 2014). The grand average of hy-
drophobicity (GRAVY) of this protein was found to be 0.079.

Tertiary structure prediction and validation of TU502HP

In silico methods are extremely useful in preliminary structure
prediction and functional annotation of proteins. Presently,
various protein structure prediction methods are available as

Table 1 Detailed descriptions of
primers used in the study Target sequence Primer name Primer sequence (5′ to 3′) Tm (°C) Size (bp)

TU502HP Crypto_X_1_Fw ATGGAAAGTTATTCGTCTT
CTTTAAG

61.9 2220

Crypto_X_2_Rw TCAAGTTTTTAGACCATTG
TTAATAAATGC

Fig. 1 Three-dimensional model of C. hominis hypothetical protein in
cartoon representation showing a secondary structure (α-helices in blue
color and connecting loops in magenta color) of hypothetical protein
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Fig. 2 Model validation plot of
best generated hypothetical
protein model. a Ramachandran
plot. Dark black band represent
amino acids, and red zones A, B,
and L represent the most favored
regions. b Main chain parameter.
All six graphs show how the
structure compares with well-
refined structures at the similar
resolution. The dark band in each
graph represents the results from
the well-refined structures; the
central line is a least-squares fit to
the mean trend as a function of
resolution, while the width of the
band on either side of it corre-
sponds to a variation of 1 standard
deviation about the mean
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Web servers (Watson et al. 2005). Awell-established function
prediction approach relies on the analysis of the three-
dimensional structure of protein (Adams et al. 2007; Baker
2006). The protein sequence was subjected to BLASTp
(Altschul et al. 1997) search against the Protein Data Bank
(PDB) database (Bernstein et al. 1977). However, BLASTp
against PDB reported no suitable template for three-
dimensional structure predictions through a homology model-
ing study. Therefore, a three-dimensional structure of this hy-
pothetical protein was predicted using the I-TASSER online
server. I-TASSER is one of the most successful and freely

available tools for protein tertiary structure prediction. This
online server detects the structure of templates from PDB by
a threading technique and generates five top models for the
given protein with a C score ranging from −5 to 2. On the
basis of these parameters, we selected the first model (Fig. 1)
with the highest C score of −1.59 and TM 0.43 ± 0.14. The
RMSD of the structure with the template was computed to be
2.47 Å and with an IDEN score of 0.077. The quality of the
model was validated through the Ramachandran plot by the
PROCHECK server. This plot revealed 623 residues (91.2%)
were in the most favored core region, 43 residues (6.3%) in the

C. hominis unnamed protein product (CUV04613)

C. hominis TU502 hypothetical protein (XP666027)

C. parvum Iowa II hypothetical protein (XP626457)

C. ubiquitum hypothetical protein (OII71827)

C. muris hypothetical protein (XP002141921)

C. andersoni hypothetical protein (OII71624)

C. parvum possible mitochondrial import inner membrane protein (XP626850)

Plasmodium falciparum Dd2 ion transport protein (KOB85325)

Plasmodium sp.potassium channel protein (SBT80949)

Plasmodium berghei ANKA potassium channel protein (CDS52125)

Musmusculus transportin-3 isoform 1 (NP796270)

Chain A Unliganded Transportin 3 (4C0P_A)

Pongoabelii transportin-3 (NP001127272)

Homo sapiens transportin-3 isoform 1 (NP036602)

Chain B Crystal Structure of Transportin-sr2 (4OL0_B)

100

100

100

100

96

100

100

98

100

88

52

61

50

Fig. 3 Phylogenetic tree constructed for C. hominis hypothetical protein (TU502HP)
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additional allowed region, 10 residues (1.5%) in the generous-
ly allowed region, and 7 residues (1%) in the disallowed re-
gion (Fig. 2a). The main chain parameter plots for the
model were generated using PROCHECK shown in the
(Fig. 2b). The plots are for the Ramachandran plot quality,
peptide bond planarity, bad non-bonded interactions, C-
alpha tetrahedral distortion, main chain hydrogen bond
energy, and the overall G factor. Overall analysis reported
the I-TASSER-generated model of hypothetical protein

TU502HP is of good quality. The compatibility of three-
dimensional model was checked by the VERIFY3D pro-
gram which reported 36.27% of the residues had an aver-
age three-dimensional-one-dimensional score of ≥0.2. The
ERRAT server gives the overall quality factor of the pro-
tein model as 48.974. We studied the quality of model
using the ProSA Web server, and it revealed a Z score value
of −6.65 which is in the range of native conformations. So, it
can be concluded that several quality assessment and validation
parameters computed in this study indicate the reliability of the
model for a structure-based drug design approach.

The functional annotation of TU502HP through the DALI
server suggested structural similarity with human transportin
3. Transportin 3 is a nuclear import protein that plays an im-
portant role in the import of splicing factor and HIV-1 repli-
cation (Maertens et al. 2014). In silico prediction of subcellu-
lar localization provides a rapid and inexpensive way to find
out information regarding protein function. The knowledge of
the subcellular localization of a protein plays a very signif-
icant role in target identification during the drug discovery
process. CELLO v.2.5 was used to determine the subcellu-
lar localization. CELLO algorithm determines the localiza-
tion of protein if it has a confidence score of 1 for a par-
ticular location. The software reported a confidence score
of 2.064 for the extracellular location. Apart from CELLO,
ESLPred (Bhasin and Raghava 2004), BaCelLo (Pierleoni
et al. 2006), and EuLoc (Chang et al. 2013) servers, which

Fig. 5 Structural conformation of
protein and compound complex at
different time intervals during
MD simulation. a At 2.5 ns. b At
5 ns. c At 7.5 ns. d At 10 ns

Fig. 4 Binding pose of C. hominis hypothetical protein before MD
simulation; hydrogen bond interactions are shown in red dashes

Parasitol Res (2017) 116:1533–1544 1539

Author's personal copy



specifically used for subcellular localization prediction in
eukaryotic protein, were also used to predict the localiza-
tion. The consensus report revealed that the protein is hav-
ing a location in the cytoplasm.

Phylogenetic analysis

Phylogenetic analysis of TU502HP usingMEGA inferred that
this protein is most closely related to other Cryptosporidium

Fig. 7 a Backbone root-mean-square deviation (RMSD) plot of the protein-ligand complex shown in red color at 10 ns. b Radius of gyration plot. c
Root-mean-square fluctuation (RMSF) of protein residues shown in blue color. d Solvent accessible surface area plot

Fig. 6 Binding pose of the
C. hominis hypothetical protein-
ligand complex before and after
MD simulation. Hydrogen bond
interactions are shown in red
dashes
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hypothetical proteins.C. hominis (CUV04613) was most closely
related to TU502HP followed by C. parvum (XP626457),
Cryptosporidium ubiquitum (OII71827),Cryptosporidiummuris
(XP002141921), and Cryptosporidium andersoni (OII71624)
hypothetical proteins, respectively. Among the character-
ized proteins, it showed maximum similarity with human
transportin 3. The nodes in the phylogenetic tree indicate
separate evolutionary paths, and the lengths of the
branches give an estimate of how distantly these sequences
are related. Results clearly predicted among characterized
proteins, this protein is closely related with human transportin
3 in comparison to otherCryptosporidium transporter proteins
(Fig. 3). Genome analysis of Cryptosporidium revealed that
this parasite possesses hundreds of transporter and
transporter-like proteins and most of these transporter pro-
teins help in the scavenging nutrients from the host. In our
study, functional annotation and phylogenetic analysis re-
ported that this TU502HP could be an important trans-
porter protein or transporter-like protein.

Structure-based virtual screening

Result from an in silico virtual screening study provides a list
of top 199 lead compounds from the ZINC database, which
interact with TU502HP three-dimensional structure
(Supplementary Table 1). The 199 lead compounds were
checked for their physiochemical properties based on
Lipinski’s rule of five.

Molecular docking study

A docking simulation study was performed to explore the
binding interaction of inhibitor to C. hominis hypothetical

protein (TU502HP). Top 5 compounds from virtual screening
analysis were selected for a molecular docking study
(Supplementary Table 2). From the overall molecular docking
study, N-(3-chlorobenzyl)ethane-1,2-diamine was found to
have the highest binding energy (ΔG) interaction of
−7.9 kcal/mol. Molecular docking studies revealed the bind-
ing modes of the ligand with TU502HP, giving insights of the
key amino acid residues that are involved during the binding
conformation. The ligand (Zinc_32919754) has the highest
binding energy, and it forms four hydrogen bonds with resi-
dues Leu 525, Ile 526, Glu 528, and Glu 529 (Fig. 4). The next
compound (Zinc_79438559) has the second highest binding
energy of −7.79 kcal/mol, and it forms three hydrogen bonds
with active site residues.

Molecular dynamics simulation

After the docking analysis, the binding stability of the best
inhibitor and modeled protein was further evaluated using
the 10-ns molecular dynamics (MD) simulation in

Table 2 Potential B cell epitopes
of TU502HP predicted by
BCPred

BCPred peptide rank Start position Sequence Score

1 340 FRYKLTIPTTNNKSIVKTKD 0.997

2 479 NLLCWDSNNGTSKHCSYIQV 0.973

3 620 NLPHFIKHNNNPQESGFVFT 0.921

4 14 TKIRMVGKYSGFGGETPVSF 0.893

5 593 PKIKDIIFKPDFSECPIPEI 0.86

6 410 RPGDLPSDSSPQIHLMKRVP 0.812

7 192 TSILDIPVYESDISQATESY 0.805

8 705 KRTEVESAKIVSNQIRSIIP 0.771

Table 3 Potential T cell epitopes of TU502HP predicted by CTLPred

CTLPred peptide rank Start position Sequence Score

1 228 DNSILLNIN 1.000

2 489 VFRYLKSNI 1.000

3 65 SIYKNLAPL 0.990 Fig. 8 Representative gel image of the TA cloneC. hominis hypothetical
protein (TU502HP) encoding gene
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GROMACS within the water solvent system. Trajectories
were analyzed at each 2.5-ns time interval, among which the
hydrogen bond with Leu 525 (NH–O=C) and Gly 530 is sig-
nificantly present (100%) in MD trajectories (Fig. 5). The
binding pose of protein and compound complex before and
after MD simulation is shown in Fig. 6. The RMSD of the
protein backbone after 10 ns showed that the protein-ligand
complex attains a maximum RMSD value of approximately
0.9 nm between 3000 and 10,000 ps (Fig. 7a). Compactness of
the protein can be determined by the Rg of the protein; during
the simulation of this protein, a gradual decrease of the Rgwas
observed after 4 ns to reach a compact structure at around
10 ns (Fig. 7b). The flexibility of structure was calculated
through root-mean-square fluctuation (RMSF) from 0- to
10-ns simulation; the plot of protein residues displayed a max-
imum fluctuation in the region of 0.8 nm (Fig. 7c). Increased
fluctuation was predominately observed in the 634th and
708th amino acid residues. Solvent accessible surface area
(SASA) was calculated for protein to check for available sur-
face area for ligand interactions and extension of hydropho-
bicity of the model. The SASA result indicates that after the
protein unfolds itself, i.e., after 2 ns, the protein becomes more
compact (Fig. 7d).

Most of the hydrogen bonds of the protein-ligand complex
were retained in an energy-minimized complex structure at
10-ns MD simulation. The MD simulation study provides
substantial evidence of the reliability of molecular docking
and binding stability of the protein-ligand complex.

Potential B and T cell epitopes

B cell epitopes are usually recognized by host immune cells and
induce a protective immune response against infection. In total,
eight potential B cell epitopes were predicted on the basis of
variability, surface accessibility, fragment mobility, and second-
ary structures (Table 2). The amino acid sequences with a high
binding score have high possibility to induce an antibody re-
sponse (Tambunan and Parikesit 2009). Three out of eight epi-
topes were predicted with a score of ≥0.9. The highest ranking
epitope was predicted to be FRYKLTIPTTNNKSIVKTKD
starting at position of the 340th residue in the protein.
The list of potential T cell epitopes is also shown in
Table 3. CTLPred predicted three T cell epitopes of nine res-
idues long with a higher recommended cutoff score of 0.51 for
ANN and 0.36 for SVM. The server predicted DNSILLNIN
and VFRYLKSNI as the highest ranking epitopes at the 228th
and 489th residues of the protein, respectively. The majority
of predicted epitopes contain polar amino acids (serine, thre-
onine, tyrosine, and asparagine) similar to the epitopes report-
ed from the envelope glycoprotein E of dengue virus type 3
(Ilyas et al. 2011). The Jameson-Wolf index analysis of
TU502HP demonstrated that it had a good antigen index of
1.7 and suggested that it could be a potential candidate to

detect C. hominis infection. Furthermore, TU502HP also pos-
sesses class 1 immunogenicity and antibody epitopes
(Supplementary Tables 3 and 4). For developing synthetic
peptide vaccines, immunodiagnostics, and antibody produc-
tion, it is necessary to identify antigenic determinants on target
proteins (Chen et al. 2007).

Identification of TA-cloned TU502HP

PCR-cloned product was visualized by electrophoresis; a
2220-bp band was observed on 1% agarose gel (Fig. 8). The
sequencing results also revealed 97.2% identity with a
TU502HP gene sequence which shows that the particular hy-
pothetical protein exists in the C. hominis genome
(Supplementary Fig. 1).

Conclusions

A continuous increase in access to the parasite genomic se-
quence data has provided an opportunity to predict the
parasite-borne proteins to be potential drug and/or vaccine
candidates. Computational screening of such targets using
docking with a dynamics protocol and a drug-like compound
library database has enhanced significantly the identification
of possible novel therapeutic agents. Currently, in biomedical
research, the search for novel drug targets and there character-
ization by various predictive tools allow a more complete and
unbiased interpretation of the data, leading to suggestions for
experimental validation of predicted targets and biomarkers
for the uncharacterized proteins.

In the present study, the identified C. hominis hypothetical
protein (TU502HP) is expected to be a drug target for the
suggested inhibitor molecule. However, an in vitro or
in vivo study to confirm the above proposition is warranted.
A further study might facilitate the identification of possible
other functional proteins and putative inhibitor molecules in
novel drug designing for cryptosporidiosis.
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