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Bioinformatics Applications on Cryptosporidium Research: A Review
Afzan Mat Yusof1*

Abstract

The biology of Cryptosporidium has been studied increasingly since it was recognized as a
pathogen of humans more than a century. Its recent recognition as a second leading cause of
diarrhoea or cryptosporidiosis immunocompromised patients globally has led many researchers to
study on this parasite. Many new technologies such as high-throughput omics and bioinformatics
tools have been implemented to investigate this zoonotic parasite in a better approach. The aim of
this review article is mainly to briefly describe recent applications of structural bioinformatics in
order to reveal the potentiality of a suitable therapeutic target in Cryptosporidium. This review
was written based on the search of cited publications in SCOPUS website with the combination
of word ‘Cryprosporidium’ with other words like bioinformatics, protein structure, structural
biology and homology modeling. The search results then were selected based on the relativeness
of updated information needed to be prepared in this review. Several cited publications
were used to elaborate the review accordingly despitelimitedreviewupdatesrelatedtoprotein
bioinformation of thisparasite. As a conclusion, bioinformatics is a commonly known to be
cutting-edge technology that has been recognised for its power to reveal the secret of parasite

biology in silico including a neglected parasite, Cryptosporidium.
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Introduction

Cryptosporidium is an enteric parasite that infects
across varied hosts including humans and animals
which also has been regarded to cause diarrhoea
or cryptosporidiosis’. Two out of 27 species of
Cryptosporidium are commonly known to be major
causes for human cryptosporidiosis, which are
Cryptosporidium parvum and Cryptosporidium
hominis, thereby leading to discover effective ways
of combating this human enteric parasite’. A recent
molecular phylogenetic study has identified that
Cryptosporidium is more closely related to gregarine
parasites rather than coccidian parasites as primarily
classified in the last two decades’®. With respect to
this new discovery in terms of its phylogenetic
classification, it leads into a new investigation of
various aspects on Cryptosporidium, including the
use of high-throughput bioinformatics and omics
technologies for expanding clear cut understanding
of this enteric parasite more deeply*. To date, there is
still a paucity on producing an effective drug for anti-

Cryptosporidium agent and as the most concern so
far, the only US-FDA approved drug is nitazoxanide
(NTZ) with moderate efficacy in immunocompetent
people rather than the immunocompromised
patients®.

However, genome sequencing shed lightto gaininsight
of'advanced research on Cryptosporidium in terms of
its molecular biology. To date, only three species of
Cryptosporidium have been fully sequenced of their
own genomes including Cryptosporidium parvum,
Cryptosporidium hominis and Cryptosporidium
muris®’. Particularly, both Cryptosporidium parvum
and Cryptosporidium hominis shared almost similar
percentage of sequence identity, million base pairs
in size, a similar amount of protein encoding genes,
but Cryptosporidium parvum has a slight difference
in terms of fully assembled genomes with almost
25 percent of its entire assembled genome has
been annotated as non-coding genes’. In contrast,
Cryptosporidium hominis contains genome with some
gaps and not fully assembled®. Nevertheless, most
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concern in this review article is the fact that lacking
characteristics in this genus, Cryptosporidium is
eventually leading to the bioinformatics approach as
an alternative method of Cryptosporidium research’.
In fact, several characteristics possessed by this
genus such as degenerate mitosome without having
a mitochondrial genome, less cytochrome-based
respiratory chain and lacking de novo biosynthetic
genes encoding for important biomolecules
primarily required by Cryptosporidium along with
absent mechanism of splicing, especially in post
transcriptional process of RNA molecule’. Besides
both species of this genus, Cryptosporidium muris
has been sequenced with different characteristics
with different characteristics such as the sets of gene
report markers for specific function like encoding
for the tricarboxylic acid, (TCA) cycle, oxidative
phosphorylation and special enzyme involved as
generating adenosine triphosphate (ATP) molecule,
namely ATP synthase'®. Unlike both species stated
earlier, Cryptosporidium muris has mitochondrial
structure and related proteins due to both species
previously lost their mitochondrial structure after
getting diverged from this Cryptosporidium muris'"3.
Consequently, with all these poor characteristics, this
parasite is generally scavenging heavily any nutrients
from the susceptible host due to loss of important
genes which should be presented for generating vital
metabolic pathways as predominantly happened
in other eukaryotic organisms'®. There is no recent
publication to develop more stable transfection
system by which can promote the identification of
novel proteins localised in this parasite even though
practically. It is difficult due to a complex life
cycle of this parasite and more importantly, lacking
endogenous promoters that can function effectively
for expressing novel proteins'.

Despite having these difficulties of a complex life
cycle and lacking endogenous promoter genes
pertaining to this parasite, a tremendous progress
in the discovery of anti-Cryptosporidium drugs
have been attempted until now'®. However, this
progress has been recognised slower compared to
other applied research focusing on this parasite.
As a result, any effective novel targets are needed
for targeting specifically targeted proteins prior to
drug development!'’”. More recently, drugs such as
human 3-hydroxy-3-methyl-glutaryl-coenzyme A
(HMG-CoA) reductase inhibitor has been brought
into in vitro testing for Cryptosporidium treatment
and perhaps, can be a potential candidate for in vivo

Cryptosporidium treatment especially in human
in future's. With respect to anti-Cryptosporidium
drug discovery, a metabolomics research has been
potentially recognised as a powerful tool in order
to unravel any novel metabolites and targets prior
to production of specific biomarker in diagnostic
application even though it is still infancy especially
in Cryptosporidium research regardless of other
eukaryotic organisms that have been previously
studied extensively in terms of metabolomics
approach'*, Recently, almost 213 enzymes have
been identified to be directly related to 540 reactions
comprising of 514 intracellular metabolites involved
in metabolic biochemical reactions along with
transport reactions whereby having 26 metabolites
moving across the cell membrane of Cryptosporidium
hominis as previously studied using in silico genome-
scale metabolic model*'*.

Thus, in this review article, in silico approaches
like bioinformatics tools have been regarded to
gain insight on the development of anti-parasitic
drugs. Interestingly, upon the establishment of
Cryptosporidium genomes databases, it is worthwhile
to initiate the drug development on specific protein
targets by which involve high throughput screening
of molecular structures libraries, thereby leading
to the discovery of specific drug target candidates
based on the determination of three-dimensional
structure of the protein target either using X-ray
crystallography or nuclear magnetic resonance
(NMR)?. However, in this review, more concern
was given on the protein bioinformatics tools,
particularly homology modelling and eventually
leading to enhance via molecular docking simulations
prior to determination of active site of the targeted
molecular protein structure®*?. Despite having other
methodologies such as in vitro and in vivo test that
could be employed for identification of drug target
molecule, in silico bioinformatics tools also can be
used because of promising preliminary information,
starting from protein target identification, then
selection of specific example of protein structure
retrieved from protein structure databases before
submitting to docking simulations®. Further, ligand
binding affinity to the specific active site of target
protein molecule is subsequently evaluated and
eventually smaller potential hits of binding affinity
will be selected as the best target candidate®’.

Protein Target Selection

It has been reported that 90 structures have been
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deposited in the Protein Data Bank (PDB) belong to
Cryptosporidium species, comprising of 76 protein
structures from Cryptosporidium parvum, 10 protein
structures related to Cryptosporidium hominis and
4 protein structures belong to Cryptosporidium
muris®3°, In the case of anti-Cryptosporidium drugs,
there are several structures of protein targets have been
resolved using X-Ray diffraction method*'*’32. These
protein targets are generally derived from several
types of enzymes classification, namely dihydrofolate
reductase, lactate dehydrogenase, adjacent gene
encoding  predicted malate dehydrogenase,
glyceraldehyde-3-phosphate dehydrogenase, inosine-
5’-monophosphate  dehydrogenase, bifunctional
dihydrofolate reductase-thymidylate synthase and
S-adenosylmethionine synthetase®3°. So far, the
X-Ray resolutions for all protein structures related to
both species of Cryptosporidium have been resolved
mostly between 2.0-2.5 A (angstrom)®. Very few
were more than 3.0 angstrom that have been studied
previously in three different research groups*-*. Out
of 77 deposited protein structures of Cryptosporidium
retrieved from the Protein Data Bank (PDB), only 16
protein structures had X-Ray resolution value less
than 2.0 angstrom®***3,

Ligand Database Selection

To date , only 76 ligands have been deposited along
with specific protein structures belong to both species
of Cryptosporidium, namely Cryptosporidium
parvum and  Cryptosporidium hominis (Table
1). Ligand or simply known as small molecule
has been essentially deposited in one of the most
commonly used databases, which is PubChem
whereby can be a public repository of molecular
structure information, particularly in chemical,
biological and structural features, thereby can be
applied as diagnostic agents***2. This database has
been primarily sustained by the National Center for
Biotechnological Information (NCBI) and widely
used by a scientific community to retrieve available
molecular ligand data by which can potentially be
used for optimisation of structural profiles of target
proteins of interest belong to Cryptosporidium via
in silico approach®. PubChem is regarded as one
of the virtual screening initiatives that has been
linked to other databases such as Entrez comprising
of PubMed and PubMed Central which serve as
a central repository of ligand libraries®. Besides
PubChem, another commonly used database which is
ZINC has been employed and assigned biologically
along with annotation purpose. All molecular ligand
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molecules can be downloaded in the form of SDF
and mol2%, In addition, a subset of ligand molecules
retrieved from ZINC database can be subsequently
used for virtual screening initiatives, particularly on
anti-Cryptosporidium drug prior to being used later
in molecular docking simulations®.

Molecular Docking Simulation

A new generation of anti-Cryptosporidium drugs
could be developed that probably influenced
by the bioinformatics tools application’**, As
stated earlier, with respect to this application of
bioinformatics tools, a starting point is regarded as
identification of protein target and eventually leading
to simulate the newly developed protein structure
of a particular specific protein on Cryptosporidium
using molecular docking simulations (Figure 1)
More importantly, the result of molecular docking
after processing the protein structure can be a key
point for virtual screening on particular protein target
of Cryptosporidium, mainly for commonly human
pathogenic species, C. parvum and C. hominis. Even
though this molecular docking simulation is primarily
time-consuming due to high demand on CPU usage,
the good side is in return with considerably higher
accurate results with the use of specific molecular
docking software after a procedure of rigid body and
flexible body, along with further analyses of scoring
functions®’.

Here,acommonly used method is to combine different
scoring functions for improvement of accuracy based
on the output of molecular docking result®. To date,
there are several molecular docking programs that
have been applied suchas DOCK and AUTODOCK®'.
Even though the programs are diverse, the similarity
of those related programs is to search for the best
fit between two or more ligand molecules to a
receptor of protein targetinput coordinates®”. In
addition, all those programs are capable of giving
experimental data on docking algorithms whereby
the conformations either protein to protein or even
protein to ligand is primarily obtained from in
silico approach. Prior to a comparison of protein
structure, the resolved protein structures deposited
in the Protein Data Bank (PDB) normally will be
used whereby these deposited structures are origin of
X-ray crystallography or nuclear magnetic resonance
(NMR)-based applications®.

Molecular docking is somehow used as an alternative
to testing different ligands on the same protein target
of Cryptosporidium if the experimental methodology
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is not really applicable in terms of getting an accurate
result within a short period of time®. However,
molecular docking is practically applicable to be
established as one of the vital methods in order for
virtual screening on anti-Cryptosporidium properties
towards potential protein target on this neglected
parasite, Cryptosporidium®. Moreover, binding
affinity evaluation is a must to be coupled with
molecular docking for getting an accurate assessment
on a virtual screening of the particular protein target.
Interestingly, it can possibly be promising in the
development of more suitable anti-Cryptosporidium
drugs in future® "2,

An Update on Structural Bioinformatics of
Cryptosporidium Research

Cryptosporidium 1is primarily categorised in the
protozoan phylum Apicomplexa which is responsible
for cryptosporidiosis, which has remarkably elevated
rates of infection in relatively low economic nations
of the world”. The advancement of vaccine and drug
development has been improved by the production
of purified Cryptosporidium recombinant proteins in
order to combat cryptosporidiosis®.

So far, there is no vaccine or wholly effective drug
treatment available for combating Cryptosporidium
infection despite having an existing treatment such
as nitazoxanide and paromomycin that are said to be
effective based on clinical data, particularly for those
of immunocompromised patients’. In other words,
the need for new drug-lead discovery is a must
and can be considered to be urgently highlighted
in Cryptosporidium research™. Until now, limited
successful outcome has been reported for expressing
heterologously of Cryptosporidium proteins and
also its crystallization approach”. In an attempt to
discover for the effectiveness of crystallised proteins
based on a standardized genome-scale methodology,
a large number of targeted Cryptosporidium genes
were selected for the distinct cellular classes, together
with chosen orthologues from two Cryptosporidium
species which are C. parvum and C. hominis®.

All target proteins that have been studied extensively
for years especially on Cryptosporidium research
are enzymes that have different properties with
the specific anti-Cryptosporidium designed-drug
ligand™. One of the studied targeted proteins is
triosephosphate isomerase by which predominantly
exists in all organisms that perform glycolysis*.
Triosephosphate isomerase is commonly known
to be involved in the formation of glyceraldehyde

3-phosphate from dihydroxyacetone phosphate,
thereby ensuring the maximum production of ATP
molecule per glucose molecule®®. On the other
hand, one of the enzymes primarily involved in the
glycolytic pathway, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) also has been studied in
Cryptosporidium by which demonstrate the plasticity
of the substrate binding site from the ternary
complex of C. parvum GAPDH with other GAPDH
complexes as well*. In addition, the active site of
GAPDH can accommodate the substrate in multiple
conformations at multiple locations during the initial
encounter?S.

Besides triosephosphate isomerase and GAPDH
enzymes, both Cryptosporidium parvum and
Cryptosporidium hominis generally contain a group
of calcium-dependent protein kinases (CDPKs),
which have pivotal roles in the calcium-signaling
pathway.  This key enzyme of that pathway
essentially can be found in plants, ciliates and
apicomplexan parasites like Cryptosporidium but
not in humans or fungi‘®. Furthermore, this enzyme
is regarded to have a capability on blocking of an
early stage of C. parvum invasion of HCT-8 host
cells and essentially comprising of a calmodulin-
dependent kinase (CaMK)-like kinase domain
regulated by a calcium-binding domain in the C
terminus**. On top of that, C. parvum has been
reported to have inosine 5'-monophosphate
dehydrogenase (IMPDH) by which involves in
a streamlined pathway for synthesizing guanine
nucleotides from host adenosine’. This enzyme is
recognised as a promising target that has remarkable
potential for treating Cryptosporidium infections”’.
Essentially, Cryptosporidium relies on this enzyme
in order to obtain guanine nucleotides prior to
its dependency on glycolytic pathway for energy
production’. In contrast, the proliferation process of
Cryptosporidium will be shut down if this enzyme
is inhibited’. The previous study has been published
about this enzyme structure for optimising the
selectivity of several inhibitors that can fit effectively
to it’®. More importantly, effective inhibition process
will successfully turn on for suppressing the function
of this enzyme, thereby might be a potential target for
producing anti-Cryptosporidium drugs in future”.

Lactase dehydrogenase is also an enzyme that has
gained attention to unravel the anti-Cryptosporidium
target for this parasite due to the fact this enzyme
is known to be a major regulator of glycolytic
reaction”. Interestingly, there was a study of this

11



Bangladesh Journal of Medical Science Vol. 21 No. 01 January’22

enzyme that subjected to characterize with high
resolution for crystallization that ends up with the
apo-enzyme and four ternary complexes”™. More
importantly, C. parvum lactate dehydrogenase is
considerably different from those in the human
counterpart in terms of the active site loop and the
antigenic loop”. However, structural characteristics
and enzymatic properties of this enzyme from C.
parvum are essentially similar to its counterpart from
other related parasites”. With respect to its common
ancestry, this enzyme has a closely related genetic
relatedness with malate dehydrogenase from the
structural comparison between both enzymes”.

Cryptosporidium also has been targeted with different
protein targets such as Thymidylate synthase (TS)
and dihydrofolate reductase (DHFR) which both
have bifunctional enzymatic properties®®*°. Both
enzymes are necessary for biosynthesizing folate
pathway and particularly, both have been regarded as
well-established function in drug targets on cancer,
bacterial infection and malaria®. Based on this
possibility of having anti-Cryptosporidium target, the
structural basis of DHFR can be extensively studied
for antifolate resistance®. For instance, antifolate
candidate that can be designed as thymidylate
synthase inhibitor to C. hominis is 2-amino-4-oxo-
5-substituted  pyrrolo[2,3-d]pyrimidines®. More
importantly, if this enzyme from Cryptosporidium has
been compared with its counterpart from human type
enzyme, it reveals the difference in terms of active
site that can possibly be used prior to selectively-
species inhibitor design*. It has been stated that C.
hominis for the combination between TS and DHFR
could exhibit catalytic functionality at a high rate at
least greater 10-fold difference®'. Both enzymes can
unusually initiate high rate of catalysis due to two
non-conserved residues that facilitate this enzyme
at the folate tail-binding region*'. With respect to
the development of potential anti-Cryptosporidium
target to this enzyme, both non-conserved TS and
DHFR residues can be mutated that eventually give
negative regulation prior to multiple steps in its
catalytic cycle*. Thus, TS-DHFR enzyme belongs to
C. hominis could be a potential target for the design
of anti-Cryptosporidium agent for those affected
people with weak immunity like AIDS-related
immunocompromised patients®?. Interestingly, TS-
DHFR enzyme from C. hominis has unique feature
of a homodimer which its monomer has a crossover
helix that interact with adjacent cleft on the other
active site within this enzyme*'*?. In addition,
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homodimer state of this enzyme is primarily absent
in its counterpart form that available in human-type
enzyme®. Thus, it might have gained insight into
the development of selective allosteric inhibitors
that are specific to this enzyme in order to affect
its stability and catalytic activity via site-directed
mutagenesis. Additionally, the approach of site-
directed mutagenesis can be applied on crossover
o- helix domain or other mutational analysis to this
enzyme based on the principle of helical protein
interactions*'.

One of the breakthrough findings on the discovery of
potential anti-Cryptosporidium target is via kinomic
research that involved in the elucidation of a set of
kinome derived from Cryptosporidium genome*.
The kinome analysis generally related to structural
and biochemical studies of CDPK and MAP kinase
families. It is important prior to design of promising
drug target on the same studied enzyme of different
parasites®. Based on its essential role, MAP kinase
is pyruvate kinase which plays a vital role in glucose
metabolism that generally acts as a key regulator of
glycolytic reaction”. However, Cryptosporidium
is different from other parasites especially for this
enzyme that essentially showed no allosteric property
when the effector molecules like phospho sugar
present. In addition, MAP kinase is allosterically
regulated by other effector molecules due to its
structural features that have tetrameric nature,
thereby leading to structural changes that happened
in other pyruvate kinases in different organisms®.
Fundamentally, this distinct feature is predominantly
present in Cryptosporidium MAP kinase which is its
active site is open, unlike other structures of different
parasites that normally show partially closed active
site or fully closed state®. The other pyruvate kinase
also show an active site containing sulphate ion
that primarily occupied by a phosphate molecule of
effector molecules such as phospho sugar®, while
the MAP kinase derived from Cryptosporidium is
different due to having disulfide bonds linking to two
monomeric cysteine residues from short and long
helix*. Thus, both residues are potentially unique
and can be a possible target for anti-Cryptosporidium
drugs. However, the disulphide bond intact within
MAP kinase enzyme still remained unclear®.

Another possible target protein that can be manipulated
to design for anti-Cryptosporidium drug is an enzyme,
namely as tryptophanyl-tRNA synthetase (TrpRS)%.
Essentially, this enzyme is regarded to be present in
the genome of Cryptosporidium parvum contains a
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single gene encoding for TrpRS protein that eventually
turns into functional form after post-translational
modification processes®. In particular, this gene
encodes for an N-terminal domain of conserved core
domain for this translated protein that originally derived
from this TrpRS gene available in Cryptosporidium
parvum genome®, From the perspective of sequence
analysis, TrpRS enzyme has an extra domain which is
recognizably conserved among several apicomplexan
parasites including  Cryptosporidium  species®.
However, TrpRS enzyme of Cryptosporidium parvum
can remain to charge tRNA actively even though
the extra domain will be shortened®. While In some
other eukaryotes, the core function of TrpRS enzyme
is different in modification activities either through
the addition of extra domain or variant isoform
expression®®. Generally, this enzyme is necessary
for activating and attaching specific amino acid like
tryptophan towards a cognate tRNA molecule prior to
being used later in the process of protein synthesis®*.

Conclusion

Cryptosporidium genome projects are generally a
rich source of biological information pertaining to
Cryptosporidium that could be used primarily in
identification of potential protein targets by which
can be beneficial for promising anti-Cryptosporidium
drugs. The genomics advancement has significantly
gained our understanding of Cryptosporidium
biology. The main focus on Cryptosporidium has
been continually recognised to reveal potential new
drug targets due to its limited availability of suitable
anti-Cryptosporidium drugs from past to present.
Bioinformatics tools can be used to elucidate three-

dimensional structure after identification of protein
target prior to subsequent steps such as binding
pocket identification, ligand molecule selection and
eventually virtual screening on molecular docking.
Prior to this molecular docking, further evaluation
is very crucial to be assessed for determination
of the best ligand binding affinity towards a given
protein binding site of the studied protein structure
of Cryptosporidium. Once the best docking results
selected, the desired one can show best fit between
ligand molecules that can potentially become target
protein of interest in order to design as a potential
drug target for this parasite. However, based on the
recent studies of structural bioinformatics research
regarding this parasite, most experimental work has
employed the application of X-ray crystallography
or diffraction for determining the accurate three-
dimensional structure of all studied enzymes so far.
Interestingly, some of those enzymes are regarded to
be potentially protein target of interest for the anti-
Cryptosporidium drug in future. One of the main
goals of this review has been to provide insights on
the direction that this new currently growing field
continually has contributed to the elucidation of
potential anti-Cryptosporidium targets.
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Selection of protein Selection of small- Molecular docking
target molecule database simulations

Selection of the best Evaluation of ligand-
docking results binding affinity

Figure 1: In-silico drug design steps of anti-cryptosporidial drugs using bioinformatics tools. After the assembly of
full-length sequences selected from expressed sequences tag library, that particular sequence was subjected to be a
protein target prior to its identification using the contigs and singletons. Protein sequence was then searched in BLASTp
program against the Protein Data Bank database (PDB) that related to crystal structures of homologous proteins to the
protein target of query protein sequences. This homologous reference protein structures that had been crystallised can
be used as template for protein homology modeling. This model of protein structure can be employed for virtual high-
throughput experiments like molecular docking using established docking software. For docking experiments, small
molecule like a ligand structure has to be converted into its three-dimensional form before proceed to assessment of
model quality based on the suitability of ligand and catalytic site of protein structure (enzymes) belong to this parasite,
Cryptosporidium in binding affinity.

Determination of
orthologous genes
between various
species of
Cryptosporidium

Comparison of
orthologous genes
with phenotype
database

significant identity

Selection and in-
depth analysis of Classification of
potential target query sequences
proteins

Comparison of query
sequences with
human proteome

Fig. 2. Orthologous proteins of various species from Cryptosporidium could be determined for exhibiting a potential
candidate of protein targets that might happen in vivo. The orthologous genes were then compared with a phenotype database
for checking if the protein target is vital for main function of this parasite even it is commonly known for its streamline
metabolic pathway. Next, human proteome dataset was subjected to be compared with query sequences of orthologous
proteins, particularly potential protein target. Hence, conservational degree of the protein targets was elucidated and
unravelled with proteins of host organisms prior to detail characterization of selected protein targets. Later, the characterised
target of potential protein was subjected for further in-depth analysis especially in a bioinformatics studies.

14



Bangladesh Journal of Medical Science Vol. 21 No. 01 January’22

References

1.

10.

11.

12.

13.

Abrahamsen MS, Templeton TJ,Enomoto
S,Abrahante JE, Zhu G,Lancto CA, Deng M, Liu C,
Widmer G, Tzipori S, Buck GA. Complete genome
sequence of the apicomplexan, Cryptosporidium
parvum. Science. 2004;304(5669): 441-445.
https://doi.org/10.1126/science.1094786

Bouzid M, Tyler KM, Christen R, Chalmers RM, Elwin
K, Hunter PR. Multi-locus analysis of human infective
Cryptosporidium species and subtypes using ten
novel genetic loci. BMC Microbiol. 2010; 10(1): 213.
https://doi.org/10.1186/1471-2180-10-213
RyanU,Paparini A,Monis PHijjawi N.It’s official-
Cryptosporidiumisagregarine: Whatare the implications
for the water industry?. Water Res. 2016;105: 305-313.
https://doi.org/10.1016/j.watres.2016.09.013

Ellis J, Morrison DA. Application of bioinformatics
to parasitology. Int J Parasitol. 2005;35(5): 463-464.
https://doi.org/10.1016/].ijpara.2005.02.011

Mead JR. Prospects for immunotherapy and
vaccines against Cryptosporidium. Hum
Vaccinlmmunother. 2014;10(6): 1505-1513.
https://doi.org/10.4161/hv.28485

Worthey  EA,Myler PJ. Protozoan  genomes:
gene identification and annotation.
Int J Parasitol. 2005;35(5): 495-512.

https://doi.org/10.1016/j.ijpara.2005.02.008

Heiges M, Wang H, Robinson E,Aurrecoechea
C, Gao X,Kaluskar N, Rhodes P, Wang S, He
CZ,Su Y, Miller J.CryptoDB: a Cryptosporidium
bioinformatics resource update. Nucleic
Acids Res. 2006;34(suppl_1): D419-D422.
https://doi.org/10.1093/nar/gkj078

Xu P, Widmer G, Wang Y, Ozaki LS, Alves JM, Serrano
MG,Puiu D, Manque PAkiyoshi D, Mackey AlJ,
Pearson WR. The genome of Cryptosporidiumhominis.
Nature. 2004;431(7012): 1107-1112.
https://doi.org/10.1038/nature02977
RyanU,HijjawiN.NewdevelopmentsinCryptosporidium
research. Int J Parasitol. 2015;45(6): 367-373.
https://doi.org/10.1016/.ijpara.2015.01.009

Rider SD, Zhu G. Cryptosporidium: genomic and
biochemical features. Exp Parasitol. 2010;124(1): 2-9.
https://doi.org/10.1016/j.exppara.2008.12.014
PuiuD,Enomoto S, Buck GA,Abrahamsen MS, Kissinger
JC. CryptoDB: the Cryptosporidium genome resource.
Nucleic Acids Res.2004;32(suppl_1): D329-D331.
https://doi.org/10.1093/nar/gkh050

Jex AR, Gasser RB.Genetic richness and diversity
in  Cryptosporidium hominis and C. parvum
reveals major knowledge gaps and a need for the
application of “next generation” technologies-
research review. Biotechnol Adv. 2010;28(1): 17-26.
https://doi.org/10.1016/j.biotechadv.2009.08.003

Jex AR, Koehler AV, Ansell BR, Baker
L,KarunajeewaH,Gasser RB. Getting to the guts of
the matter: the status and potential of ‘omics’ research

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

of parasitic protists of the human gastrointestinal
system. Int J Parasitol. 2013;43(12): 971-982.
https://doi.org/10.1016/j.ijpara.2013.06.005

Putignani L, Sanderson SJ, Russo C, Kissinger
J, Menichella D, Wastling JM.Giardia and
Cryptosporidium: From Molecules to Disease. In:
Proteomic and Genomic Approaches to Understanding
the Power Plant of Cryptosporidium. 2009.Pp: 344.
https://doi.org/10.1079/9781845933913.0344
SandersonSJ,XiaD,PrietoH, YatesJ,HeigesM, Kissinger
JC,Bromley E, Lal K, Sinden RE, Tomley F,Wastling JM.
Determining the protein repertoire of Cryptosporidium
parvum sporozoites. Proteomics. 2008;8(7): 1398-1414.
https://doi.org/10.1002/pmic.200700804
RohwerA,Marhofer RJ, Caffrey CR,Selzer PM.
Apicomplexan Parasites:Molecular Approaches toward
Targeted Drug Development. In: Drug Discovery
Approachestoward Anti-ParasiticAgents.2011. Pp: 1-20.
https://doi.org/10.1002/9783527633883.chl

Rossignol JF,Semple JE,Stachulski AV, Gargala
G. Apicomplexan parasites: molecular approaches
toward targeted drug development. In: Recent drug
discovery against Cryptosporidium. 2011.Pp: 493-512.
https://doi.org/10.1002/9783527633883.ch27

Bessoff K,Sateriale A, Lee KK, Huston CD. Drug
repurposing screen reveals FDA-approved inhibitors
of human HMG-CoA reductase and isoprenoid
synthesis that block Cryptosporidium parvum growth.
Antimicrob Agents Chemother. 2013; 57(4): 1804-1814.
https://doi.org/10.1128/AAC.02460-12
Ortega-PierresG, Smith
Thompson  RA.New  tools  provide  further
insights into  Giardia ~and  Cryptosporidium
biology. Trends Parasitol. 2009;25(9): 410-416.
https://doi.org/10.1016/1.pt.2009.06.002

Hublin JSN, Ryan U,Trengove R, Maker G.
Metabolomic profiling of faecal extracts from
Cryptosporidium parvum infection in experimental
mouse models. PloS One.2013;8(10): ¢77803.
https://doi.org/10.1371/journal.pone.0077803
PainA,CrossmanL,ParkhillJ. Comparativeapicomplexan
genomics. Nat Rev Microbiol. 2005;3(6): 454-455.
https://doi.org/10.1038/nrmicrol174

Huston CD, Spangenberg T, Burrows J, Willis P, Wells
TN, van Voorhis W.A proposed target product profile
and developmental cascade for new cryptosporidiosis
treatments. PLoSNegl Trop Dis. 2015;9(10): ¢0003987.
https://doi.org/10.1371/journal.pntd.0003987
Baxevanis AD, Ouellette BF.Bioinformatics: a practical
guide to the analysis of genes and proteins. John Wiley
& Sons; 2004.

Blundell TL, Sibanda BL,Montalvio RW, Brewerton
S, Chelliah V, Worth CL, Harmer NJ, Davies O,
Burke D.Structural biology and bioinformatics in
drug design: opportunities and challenges for target
identification and lead discovery. Philos Trans R
Soc Lond B Biol Sci. 2006;361(1467): 413-423.

HV,CaccioSM,

15



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

16

Bangladesh Journal of Medical Science Vol. 21 No. 01 January’22

https://doi.org/10.1098/rstb.2005.1800

I1zinsO,Isea R,Hoebeke J.Can Bioinformatics Be
Considered as an Experimental Biological Science?.
2016;arXiv preprint arXiv 1607.04836.

Christen R. Identifications of pathogens-a bioinformatic
pointof view. CurrOpinBiotechnol. 2008;19(3): 266-273.
https://doi.org/10.1016/j.copbio.2008.04.003
Cantacessi C. Campbell BE,Jex AR, Young ND, Hall
RS, Ranganathan S,Gasser RB. Bioinformatics meets
parasitology. Parasite Immunol. 2012;34(5): 265-275.
https://doi.org/10.1111/1.1365-3024.2011.01304.x

Rose PW,Prli¢ A, Bi C, Bluhm WE, Christie CH, Dutta S,
Green RK, Goodsell DS, Westbrook JD, Woo J, Young
J.The RCSB Protein Data Bank: views of structural
biology for basic and applied research and education.
Nucleic Acids Res. 2014;43(D1): D345-D356.
https://doi.org/10.1093/nar/gkul214
LvZ,WuZ,ZhangL.,JiP,CaiY,LuoS,WangH,LiH.Genome
mining offers a new starting point for parasitology
research. J Parasitol Res. 2015;114(2): 399-409.
https://doi.org/10.1007/s00436-014-4299-5

Palencia A, Liu RJ,Lukarska M, Gut J, Bougdour
A, Touquet B, Wang ED, Li X, Alley MRK, Freund
YR, Rosenthal PJ. Cryptosporidium and Toxoplasma

parasites are inhibited by a benzoxaborole
targeting  leucyl-tRNA  synthetase.  Antimicrob.
Agents.  Chemother.  2016;60(10):  5817-5827.

https://doi.org/10.1128/AAC.00873-16

McKerrow JH. Designing drugs for parasitic diseases
of the developing world. PLoS Med. 2005;2(8): e210.
https://doi.org/10.1371/journal.pmed.0020210
PazosF, Chagoyen M.Practical
Bioinformatics. Springer;
https://doi.org/10.1007/978-3-319-12727-9
Mukerjee A,lyidogan P, Castellanos-Gonzalez A,
Cisneros JA,Czyzyk D, Ranjan AP, Jorgensen WL,
White AC,VishwanathaJK, Anderson KS.A nanotherapy
strategy significantly enhances anticryptosporidial
activity of an inhibitor of bifunctional thymidylate
synthase-dihydrofolate reductase from Cryptosporidium.
Bioorg Med Chem Lett. 2015;25(10): 2065-2067.
https://doi.org/10.1016/j.bmcl.2015.03.091

Witola WH, Zhang X, Kim CY.Targeted gene

Protein
2014.

knockdown  validates the essential role of
lactate dehydrogenase in Cryptosporidium
parvum. Int J Parasitol. 2017;47(13): 867-874.

https://doi.org/10.1016/j.ijpara.2017.05.002

Madern D,Cai X, Abrahamsen MS,Zhu G.Evolution
of Cryptosporidium parvum lactate dehydrogenase
from malate dehydrogenase by a very recent event of
gene duplication. Mol BiolEvol. 2004;21(3): 489-497.
https://doi.org/10.1093/molbev/msh042

Cook WI,Senkovich O, Chattopadhyay D. An
unexpected phosphate binding site in glyceraldehyde
3-phosphate dehydrogenase: crystal structures of
apo, holo and ternary complex of Cryptosporidium
parvum enzyme. BMC Struct Biol. 2009;9(1): 9.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

https://doi.org/10.1186/1472-6807-9-9

Mandapati K, Gorla SK, House AL, McKenney
ES, Zhang M, Rao SN,Gollapalli DR, Mann BIJ,
Goldberg  JB,CunyGD, Glomski IJ.Repurposing
Cryptosporidium inosine 5’-monophosphate
dehydrogenase inhibitors as potential antibacterial
agents. ACS Med Chem Lett. 2014;5(8): 846-850.
https://doi.org/10.1021/ml1500203p

Anderson AC. Targeting DHFR in parasitic
protozoa. Drug.Discov. Today. 2005;10(2): 121-128.
https://doi.org/10.1016/S1359-6446(04)03308-2

Slapeta J, Stejskal F,Keithly JS.Characterization
of S-adenosylmethionine synthetase in
Cryptosporidium parvum (Apicomplexa).
FEMS Microbiol Lett. 2003; 225(2): 271-277.

https://doi.org/10.1016/S0378-1097(03)00537-8
Martucci WE, Vargo MA, Anderson KS. Explaining
an unusually fast parasitic enzyme: folate tail-
binding residues dictate substrate positioning and
catalysis in Cryptosporidium hominis thymidylate
synthaseti. Biochem. 2008;47(34): 8902-8911.
https://doi.org/10.1021/bi800466z

MacPherson IS Kirubakaran S, Gorla SK,Riera
TV.D’Aquino JA, Zhang M,Cuny GD,Hedstrom
L. 2010. The structural basis of Cryptosporidium-
specific IMP dehydrogenase inhibitor selectivity.
J Am Chem Soc. 2010;132(4): 1230-1231.
https://doi.org/10.1021/ja909947a

Kumar VP, Frey KM, Wang Y, Jain HK,Gangjee A,
Anderson KS.Substituted pyrrolo [2, 3-d] pyrimidines as
Cryptosporidiumhoministhymidylatesynthaseinhibitors.
Bioorganic Med Chem Lett. 2013;23(19): 5426-5428.
https://doi.org/10.1016/j.bmcl.2013.07.037

Kumar VP, Cisneros JA, Frey KM, Castellanos-
Gonzalez A, Wang Y,Gangjee A, White AC, Jorgensen
WL, Anderson KS. Structural studies provide clues for
analog design of specific inhibitors of Cryptosporidium
hominis thymidylate synthase-dihydrofolate reductase.
Bioorganic Med Chem Lett. 2014;24(17): 4158-4161.
https://doi.org/10.1016/j.bmcl.2014.07.049

Vedadi M,Lew J,Artz J, Amani M, Zhao Y, Dong
A,Wasney GA, Gao M,Hills T, Brokx S,Qiu W.
Genome-scale protein expression and structural biology
of Plasmodium falciparum and related Apicomplexan
organisms. Mol BiochemParasitol.2007;151(1): 100-110.
https://doi.org/10.1016/j.molbiopara.2006.10.011
MurphyRC,0jo KK, Larson ET, Castellanos-Gonzalez
A,Perera BGK,Keyloun KR, Kim JE, Bhandari JG,
Muller NR, VerlindeCL, White Jr AC. Discovery of Potent
and Selective Inhibitors of CDPK1 from C. parvum and
T. gondii. ACS Med Chem Lett. 2010;1(7): 331-335.
https://doi.org/10.1021/m1100096t

Brokx SJ, Wernimont AK, Dong A,Wasney GA, Lin
YH, Lew J,Vedadi M, Lee WH, Hui R. Characterization
of 14-3-3  proteins  from  Cryptosporidium
parvum. PLoS One. 2011;6(8): e14827.

https://doi.org/10.1371/journal.pone.0014827




47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Bangladesh Journal of Medical Science Vol. 21 No. 01 January’22

Nguyen TN,Abendroth J,Leibly DJ, Le KP, Guo
W, Kelley A, Stewart L,Myler PJ, Van Voorhis
WC. Structure of triosephosphate isomerase from
Cryptosporidium  parvum. Acta Crystallogr F
Struct  BiolCommun. 2011; 67(9): 1095-1099.
https://doi.org/10.1107/S1744309111019178

Artz JD, Wernimont AK,Allali-Hassani A, Zhao
Y, Amani M, Lin YH,Senisterra G,Wasney GA,
Fedorov A, King O,Roos A.The Cryptosporidium
parvumkinome. BMC genomics. 2001;12(1): 478.
https://doi.org/10.1186/1471-2164-12-478

Bolton EE, Wang Y, Thiessen PA, Bryant SH. PubChem:
integrated platform of small molecules and biological
activities. Annu Rep Comput Chem. 2008; 4: 217-241.
https://doi.org/10.1016/S1574-1400(08)00012-1
Crowther GJ, Shanmugam D, Carmona SJ, Doyle MA,
Hertz-Fowler C, Berriman M, Nwaka S, Ralph SA,Roos
DS, Van Voorhis WC,Agiiero F.Identification of attractive
drug targets in neglected-disease pathogens using an in
silico approach. PLoSNegl Trop Dis. 2010;4(8): e804.
https://doi.org/10.1371/journal.pntd.0000804

Wang Y, Xiao J,Suzek TO, Zhang J, Wang J, Bryant
SH. PubChem: a public information system for
analyzing bioactivities of small molecules. Nucleic
Acids Res. 2009;37(suppl_2): W623-W633.
https://doi.org/10.1093/nar/gkp456

Irwin JJ, Shoichet BK. ZINC-a free database of
commercially available compounds for virtual
screening. J Chem Inf Model. 2005;45(1): 177-182.
https://doi.org/10.1021/ci049714+

Awale M, Reymond JL. A multi-fingerprint
browser for the ZINC  database. Nucleic
Acids Res. 2014;42(W1): W234-W239.

https://doi.org/10.1093/nar/gku379

Ali J, Paila U, Ranjan A. ApicoAlign: an alignment
and sequence search tool for apicomplexan
proteins. BMC  genomics.  2011;12(3): Sé6.
https://doi.org/10.1186/1471-2164-12-S3-S6
Aurrecoechea C,Heiges M, Wang H, Wang Z, Fischer
S, Rhodes P, Miller J, Kraecmer E,Stoeckert Jr CJ,Ro0s
DS, Kissinger JC. ApiDB: integrated resources for
the apicomplexan bioinformatics resource center.
Nucleic Acids Res. 2006;35(suppl _1): D427-D430.
https://doi.org/10.1093/nar/gkl880

Bolstad DB,Bolstad ES, Frey KM, Wright DL, Anderson
AC.Structure-basedapproachtothedevelopmentofpotent
and selective inhibitors of dihydrofolate reductase from
Cryptosporidium. ] Med Chem. 2008;51(21): 6839-6852.
https://doi.org/10.1021/jm8009124

de Azevedo JFilgueira W, Dias R, Macedo Timmer
LFS, Pauli I,Caceres RA, Pereira Soares MB.
Bioinformatics tools for screening of antiparasitic
drugs. Curr Drug Targets. 2009;10(3): 232-239.
https://doi.org/10.2174/138945009787581122

Ekins S, Williams AJ, Krasowski MD, Freundlich JS. In
silicorepositioningofapproveddrugsforrareandneglected
diseases. Drug Discov Today. 2011;16(7): 298-310.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

https://doi.org/10.1016/j.drudis.2011.02.016
Fan E, Baker D, Fields S, Gelb MH, Buckner FS,

Van Voorhis WC,Phizicky E, Dumont M,Mehlin C,
Grayhack E, Sullivan M. Structural Proteomics: High-
Throughput Methods. In: Structural genomics of
pathogenic protozoa: an overview. 2008. Pp: 497-513.
https://doi.org/10.1007/978-1-60327-058-8 33

Faya N, Penkler DL, Tastan BishopO. Human, vector and
parasite Hsp90 proteins: A comparative bioinformatics

analysis. FEBS Open Bio. 2015;5(1): 916-927.
https://doi.org/10.1016/j.fob.2015.11.003
Trott O,Olson AJ. AutoDock Vina: improving

the speed and accuracy of docking with a new
scoring  function, efficient optimization, and
multithreading. J Comput Chem. 2010;31(2): 455-461.

https://doi.org/10.1002/jcc.21334

Goodsell DS,Morris GM, Olson AlJ. Automated
docking of flexible ligands: applications of
AutoDock. J Mol Recognit. 1996;9(1): 1-5.

https://doi.org/10.1002/(SICI1)1099-
1352(199601)9:1<1::AID-JMR241>3.0.CO;2-6

Rose PW,Beran B, Bi C, Bluhm WF,Dimitropoulos
D,Goodsell DS,Prlic A, Quesada M, Quinn GB,
Westbrook JD, Young J. The RCSB Protein Data
Bank: redesigned web site and web services.
Nucleic Acids Res. 2010;39(suppl _1): D392-D401.
https://doi.org/10.1093/nar/gkq1021

Foote SJ, Speed T, Handman E. What can
bioinformatics do for parasitology  research?
Parasitol Today. 1998;14(9): 346-347.
https://doi.org/10.1016/S0169-4758(98)01299-X

Gutierrez JA. Genomics: from novel
genes to new therapeutics in  parasitology.
Int J Parasitol. 2000;30(3): 247-252.

https://doi.org/10.1016/S0020-7519(00)00005-9
Korhonen PK, Young ND, Gasser RB. Making sense
of genomes of parasitic worms: Tackling bioinformatic
challenges. Biotechnol Adv. 2016;34(5): 663-686.
https://doi.org/10.1016/j.biotechadv.2016.03.001
Krasky A,Rohwer A, Schroeder J, Selzer PM. A

combined bioinformatics and chemoinformatics
approach  for  the  development of new
antiparasitic drugs. Genomics. 2007;89(1): 36-43.

https://doi.org/10.1016/j.ygeno0.2006.09.008

Jex AR,Smith HV,Monis PT, Campbell BE, Gasser
RB.  Cryptosporidium-biotechnological ~ advances
in the detection, diagnosis and analysis of genetic
variation. Biotechnol Adv. 2008;26(4): 304-317.
https://doi.org/10.1016/j.biotechadv.2008.02.003
Khanna V, Ranganathan S. In silico approach

to screen compounds active against parasitic
nematodes of major socio-economic importance.
BMC bioinformatics. 2011;12(13): S25.

https://doi.org/10.1186/1471-2105-12-S13-S25

Modis Y. Exploiting structural biology in the fight against
parasitic diseases. Trends Parasitol. 2012;28(4): 124-130.
https://doi.org/10.1016/j.pt.2012.01.003

17



71.

72.

73.

74.

75.

76.

71.

78.

79.

18

Bangladesh Journal of Medical Science Vol. 21 No. 01 January’22

Mason L, Amani P,Cross M, Baker J, Bailey UM,
Jones MK, Gasser RB, Hofmann A. The Relevance of
Structural Biology in Studying Molecules Involved in
Parasite-Host Interactions: Potential for Designing New
Interventions. Aust J Chem. 2014;67(12): 1732-1740.
https://doi.org/10.1071/CH14304

Miyamoto  Y,Eckmann L. Drug development
against major  diarrhea-causing  parasites
of the small intestine, Cryptosporidium and
Giardia. Front Microbiol. 2015;6: 1208.
https://doi.org/10.3389/fmicb.2015.01208
Fayer R, Xiao L. Cryptosporidium
cryptosporidiosis. CRC press;
https://doi.org/10.1201/9781420052275

the

and
2007.

Renslo AR, McKerrow JH. Drug discovery
and development for neglected parasitic
diseases. Nat Chem Biol. 2006;2(12): 701-710.

https://doi.org/10.1038/nchembio837
Huston CD, Spangenberg T, Burrows J, Willis P, Wells

TN, van Voorhis W. A proposed target product profile
and developmental cascade for new cryptosporidiosis
treatments. PLoSNegl Trop Dis. 2015;9(10): e0003987.
https://doi.org/10.1371/journal.pntd.0003987

Gorla SK, Kavitha M, Zhang M, Chin JEW,
Liu X, Striepen B,Makowska-Grzyska M,
Kim Y,Joachimiak A,Hedstrom L, Cuny GD.
Optimization of benzoxazole-based inhibitors of
Cryptosporidium parvum inosine 5’-monophosphate
dehydrogenase. ] Med Chem. 2013;56(10): 4028-4043.
https://doi.org/10.1021/jm400241j

Kim Y,Makowska-Grzyska M, Gorla SK,Gollapalli
DR,Cuny GD, Joachimiak A, Hedstrom L. Structure of
CryptosporidiumIMPdehydrogenaseboundtoaninhibitor
with in vivo antiparasitic activity. Acta Crystallogr
Sect F StructBiolCrystCommun. 2015;71(5): 531-538.
https://doi.org/10.1107/S2053230X 15000187

Maurya SK,Gollapalli DR, Kirubakaran S, Zhang
M, Johnson CR, Benjamin NN, Hedstrom L,
Cuny GD. Triazole inhibitors of Cryptosporidium
parvum inosine 5’-monophosphate dehydrogenase.
J Med Chem. 2009;52(15): 4623-4630.
https://doi.org/10.1021/jm900410u

Cook WI,Senkovich O, Hernandez A, Speed H,
Chattopadhyay D.
characterization of Cryptosporidium parvum Lactate

Biochemical and structural

80.

81.

82.

83.

84.

85.

86.

dehydrogenase. Int J BiolMacromol. 2015;74: 608-619.
https://doi.org/10.1016/j.ijbiomac.2014.12.019
AC.

Anderson Two structures  of
dihydrofolate

from Cryptosporidium  hominis

crystal
reductase-thymidylate synthase
reveal protein-
ligand interactions including a structural basis for
observed antifolate resistance. Acta Crystallogr Sect
F Struct BiolCrystCommun. 2005;61(3): 258-262.
https://doi.org/10.1107/S1744309105002435

Doan LT, Martucci WE, Vargo MA, Atreya CE,
Anderson KS. Nonconserved Ala287
and Ser290 of the Cryptosporidium hominis
thymidylate synthase domain facilitate its rapid rate
of catalysis. 2007;46(28): 8379-8391.
https://doi.org/10.1021/bi70053 1r

Martucci WE, Rodriguez JM, Vargo MA, Marr M,

Hamilton AD, Anderson KS. Exploring novel strategies

residues

Biochem.

for AIDS protozoal pathogens: o-helix mimetics
targeting a key allosteric protein-protein interaction in C.
hominis thymidylate synthase-dihydrofolate reductase
(TS-DHFR). MedChemComm. 2013;4(9): 1247-1256.
https://doi.org/10.1039/C3MDO00141E

O’Neil RH,Lilien RH, Donald BR, Stroud RM,
AndersonAC. Phylogenetic classification of protozoa
based on the structure of the linker domain in the
bifunctionalenzyme,dihydrofolatereductase-thymidylate
synthase. J Biol Chem. 2003;278(52): 52980-52987.
https://doi.org/10.1074/jbc.M310328200

D,Gabaldon T, GlJ,
Langsley G,Doerig C. The kinomes of apicomplexan
parasites. Microbes Infect. 2012;14(10): 796-810.
https://doi.org/10.1016/j.micinf.2012.04.007

Cook WIJ, Senkovich O, Aleem K, Chattopadhyay
D. Crystal structure of Cryptosporidium parvum
pyruvate kinase. PloS One. 2012;7(10): e46875.
https://doi.org/10.1371/journal.pone.0046875

Merritt EA, Arakaki TL, Gillespie R,Napuli Al,
Kim JE, Buckner FS, Van Voorhis WC,Verlinde
CL, Fan E, Zucker F, Hol WG. Crystal structures
of three protozoan homologs of tryptophanyl-tRNA
synthetase. Mol BiochemParasitol. 2011;177(1): 20-28.
https://doi.org/10.1016/j.molbiopara.2011.01.003

Miranda-Saavedra Barton




