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Abstract

The shikimate pathway is the biosynthetic route for aromatic amino acids in microbes and plants but not
in animals. Due to the absence of this pathway in animals, it is the main target for action of herbicides
and antimicrobial agents. All the enzymes of this pathway have been targeted for herbicide and drug
development. The EPSP (5-enolpyruvylshikimate-3-phosphate) synthase is one of the important enzymes
of the shikimate pathway which is also involved in the biosynthesis of various secondary metabolites
essential for survival. DAHP (3-Deoxy-D-arabinoheptulosonate 7-phosphate synthase) is the first
enzyme of this pathway, which is involved in the condensation of PEP (Phosphoenolpyruvate) and E4P
(D- erythrose 4-phosphate) to produce DAHP. Chorismate synthase and shikimate kinase are other
enzyme targets of the pathway. To develop new herbicides and drugs targeting this pathway, three
dimentional (3D) structure of the target enzymes must be known. But still a large number of protein
structures are not available due to difficulties in wet lab determination of protein structures. This review
highlights the importance of computational techniques for structural modeling of enzymes of shikimate
pathway and subsequent applications for developing new herbicides and drugs.
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Introduction

Due to exponential increase in the rate of protein sequencing, more than one million protein
sequences are available in the sequence databases (SwissProt, Protein Information Resource).
The primary database for protein structure information is the Protein Data Bank (PDB) 3. The
Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (PDB)
provides an information for structures of biological macromolecules. Various tools and
resources would required for understanding the relationship between function of biological
macromolecules, sequence and structure 2. The prediction of the 3D structure of a protein
sequence is a difficult task. Wet lab techniques for determination of protein structure by X-ray
crystallography or Nuclear Magnetic Resonance (NMR) is expensive and complex. Therefore,
protein threading, homology modeling and ab initio were developed under computational
methods and the most simple and reliable method is homology modeling. The goal of protein
modeling is to predict the structure of a protein from its amino acid with an accuracy that is
comparable to the best results achieved experimentally Bl. Homology modeling refers to
construct a protein 3D structure using an already existing experimentally determined structure
that closely relating at the sequence level . 3D structure of a given protein is predicted via
homology modeling based on its alignment to one or more proteins of known structure
(templates). The prediction process includes identification of template, target-template
alignment, model building, model refinement and model validation. There are several
computer programs and Web servers that may be used for modeling 1. The sequence with
similarity greater than 30% can act as template 1. Threading method compare a target
sequence against a library of structural templates, producing a list of scores. According to the
rank, the best fold is assumed to be one adopted by the sequence. Ab initio prediction method
assumes that the native structure of a protein is at the Gibbs free energy minimum [,

Shikimate Pathway

The shikimate pathway is an important and common pathway for the biosynthesis of the
aromatic amino acids phenylalanine, tyrosine, and tryptophan and also serve as precursors

~ 785~



Journal of Entomology and Zoology Studies

for a wide range of secondary products (auxin, folic acid,
phytoalexins, flavonoids, alkaloids etc.) that are essential for
plant survival ! as well as for human nutrition and health [,
This pathway is found in algae, higher plants, bacteria and
fungi, as well as in apicomplexan parasites [*% but absent from
mammals thus the pathway is an attractive target for the
development of herbicides and antimicrobial agents against
number of diseases [*4. Figure 1 outlines the seven steps of
the shikimate pathway.

The shikimate pathway initiates from phosphoenolpyruvate
(PEP) and erythrose 4-phosphate (E-4P) and comprises seven
reactions catalyzed by seven enzymes to produce chorismate
Bl The seven enzymes of the shikimate pathway were
originally discovered through studies on bacteria, mainly
Escherichia coli and Salmonella typhimurium. In the first
step, there is condensation of the glycolytic intermediate

phosphoenolpyruvate and the pentose phosphate pathway
intermediate erythrose- 4-phosphate to form a seven-carbon
six-membered heterocyclic compound, 3-deoxy-D-arabino-
heptulosonate7-phosphate (DAHP). The reaction is catalyzed
by DAHP synthase [2. Further steps involve six other
enzymes which result in the formation of an aromatic
compound, chorismate that is the final product of the
shikimate pathway. Chorismate is the precursor for several
anabolic metabolites leading to primary and secondary
compounds ™. In addition to performing essential roles in
plant growth and development, the shikimate pathway has
important therapeutic and biotechnological applications.
Many tyrosine-derived alkaloids such as morphine have
medical applications and a variety of phenylalanine derived
phenylpropanoids have been shown to have wide ranging
health benefits 3],
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Fig 1: The shikimate pathway
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A. Homology modeling of shikimate pathway enzymes in
plants

Homology modeling of EPSP Synthase

The enzyme EPSP synthase is the sixth enzyme of the
shikimate pathway. EPSP synthase (also referred to as 3-
phosphoshikimatel-carboxyvinyltranferase) catalyzes the
penultimate step of the shikimate pathway by transferring the
enolpyruvyl moiety of PEP to the 5-hydroxyl position of
shikimate 3-phosphate forming EPSP and inorganic
phosphate. The reaction is chemically unusual because it
proceeds via C-O bond cleavage of PEP rather than via P-O
bond cleavage [*4l. EPSP synthase is a monomeric enzyme
with a molecular mass of 46-48 Kda. The enzyme has been
purified from prokaryotes and eukaryotes and the E. coli
EPSP synthase has been crystallized %1, The enzyme is
encoded by a single gene called aroA, in the majority of the
organisms in which its activity has been characterized [16],
EPSP synthase is the primary target of broad spectrum
herbicide glyphosate 1. Glyphosate (N-phosphonomethyl
glycine, ‘Roundup’) is a relatively non selective
postemergence herbicide, which has proven as potent and
specific inhibitor of EPSP synthase (81, Gyphosate cause the
inhibition of EPSP synthase by a slowly reversible reaction
and shows competitive behavior with PEP while
uncompetitive behavior with shikimate-3-phosphate 4],
Glyphosate has been shown to inhibit the growth of several
apicomplexan parasites, including those that cause malaria
and toxoplasmosis [*°l, EPSP synthases are mainly categorized
into two classes i.e.type | and type Il. Type | EPSP synthases
are glyphosate sensitive and mainly present in all types of
plants and bacteria While type 1l EPSP synthase are usually
present in naturally occurring specific forms of microbes with
glyphosate tolerance ability 2. Naturally occurring
glyphosate tolerant microbes were identified including
Agrobacterium sp. Strain CP4, Achromobactersp. Strain
LBAA and Pseudomonas sp. Strain PG2982 211, The presence
of Alal00 is the main cause of tolerance towards glyphosate
in some species, including Agrobacteriumtumefaciensstrain
CP4 [6],

The two basic strategies that have been successful in
introducing glyphosate resistance into crop species--
Expression of an insensitive form of enzyme and
Detoxification of the glyphosate molecule. The strategy used
is the former, employing a microbial (CP4) or glyphosate is
not able to inhibit a mutated form of EPSP [?2l. Therefore,
mutated form of EPSPS have been identified which does not
allow the binding of glyphosate. Mutagenesis of EPSPS was
done to obtain glyphosate-tolerant EPSPS in various species
like proline-106 to serine in E. indica 3, proline-106 to
leucine in N. tabacum [, glycine-100 to alanine in
Agrobacterium sp. strain CP4 11 (Funke et al., 2006), proline
101 to serine in Salmonella typhimurium %, 2D and 3D
structure of EPSP synthase from different plants i.e. Nicotiana
tabacum, Vitis vinifera, Amaranthus palmeri, Gossypium
hirsutum, Brassica napus, Eleusine indica, Convolvulus
arvensis and Capsicum annu was revealed through In silico
approach via homology modeling % 21, Yagoob et al @
revealed the homology model of Oryza sativa EPSPS
(OsEPSPS) protein using the structure of E. coli EPSPS as
template. The EPSPS protein of rice is composed of a-helices
(42.52%), extended strands (17.86%) and beta turn (10.10%).
Glyphosate resistant corn was developed via expression of a
glyphosate insensitive EPSP synthase enzyme (CP4-EPSP) 2],
Roundup Ready soybean was produced by introduction of the
glyphosate tolerant CP4 EPSPS coding sequence derived

from the common soil bacterium Agrobacterium sp.
strain CP4into the soybean genome using particle-
acceleration transformation [161,

Homology modeling of Dahp Synthase
3-Deoxy-D-arabino-heptulosonate7-phosphate (DAHP)
synthase catalyzes the first step of the shikimate pathway, an
aldol condensation of PEP and E4P to produce DAHP 7,
DAHP synthase is ubiquitous in archaebacterial, fungi and
plants and in plant is known to undergo metabolic regulation.
DAHP synthases are classified into two types on the basis of
primary structure homology and molecular mass - Class | and
Class Il. Class I is found in prokaryotic and archae organisms
(S. cerevisiae, N. crassa). Class || DAHP synthases are found
in plants and some microbes (e.g., Mycobacterium
tuberculosis). The sequences of both the classes of DAHP
synthases are complementary to each other. The 3D structure
of DAHP synthase from Brachypodium distachyon has been
studied by using the structure of DAHPS from
Mycobacterium tuberculosis as template 1,

Homology modeling of Chorismate Synthase

The 3D structure of the yeast chorismate synthase was
resolved by X-ray crystallography using selenomethionine-
labeled crystals at 2.2-A resolution. The structure was consist
of Bafa fold with alternate arrangement of two a-helical and
two B-sheet layers [?8],

Homology modeling of Shikimate Kinase

The crystal structure of Mycobacterium tuberculosis (MtSK)
and Aquifexaeolicus (AaSK) was used as template for the
construction of 3D structure of shikimte kinase from Cassia
obtusifolia. The resulted 3D structure of CoSK was furnished
with a-p-a fold with five parallel B-sheets flanked by 12 a-
helices and endowed with the ability to phosphorylate
shikimate 2],

B. Homology Modeling Of Shikimate Pathway Enzymes
In Microbes

Homology modeling of Epsp Synthase

The first crystal structure of EPSPS was determined for the E.
coli enzyme in its ligand free state by a research group of
Monsanto in 1991 B% The 3-D structure of E. coli EPSP
synthases enzyme consists of six aligned parallel alpha-
helices in each of two similar EPSPS | domains. In E. coli, the
EPSPS protein is composed of 38.88% a-helices, 20.61%
extended strands and 11.48% beta turn. The crystal structure
was further reported for EPSPS from Streptococus
pneumoniae and Agrobacterium sp. Strain CP4 % 31, The
overall topology of both (S. pneumoniae and E. coli) the
EPSP synthase is similar but according to amino acid
sequence alignment both the enzymes are 25% Xerox of each
other 1% 141 Microbial EPSP synthase variants derived from
Agrobacterium tumefaciens sp. CP4 are not inhibited by
glyphosate and provide the basis for tolerance to this
herbicide in the most widely planted transgenic crops. The
three-dimensional structure of CP4 EPSP synthase revealed
that the enyzme exists in an open, unliganded state 2%, The
double mutation Thr97Ala and Prol01Ser in class | EPSP
synthase from E. coli produces a catalytically efficient,
glyphosate-resistant enzyme and also provides the mode of
action for the first commercial varieties of glyphosate tolerant
maize 34,

The first glyphosate-insensitive enzyme reported was a
Gly96Ala mutant of EPSP synthase from Kilebsiella
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pneumonia 2. In mycobacteria, the shikimate pathway leads
to the biosynthesis of aromatic amino acids, naphthoquinones,
menaquinones and myaobactin. Homologues to enzymes in the
shikimate pathway have been identified in the genome
sequence of Mycobacterium tuberculosis H37RV strain [,
Pereira et al 4 describes the two molecular models of M.
tuberculosis EPSP synthase, one without any ligand and
another in complex with 3-phosphoshikimate (S3P) and
glyphosate. The homology modeling was performed by using
the structure of E. coli as template. MtEPSP synthase is an
o/P protein consisting of a mixed B sheet surrounded by a
helices. Bhattacharya [*°, describes the molecular model of
Bordetella pertussis EPSP synthase (BpEPSPS) in complex
with 3- phosphoshikimate (S3P) and glyphosate. The
homology modeling was performed using the crystallographic
structure of EPSPS from Escherichia coli, solved to
resolution 1.5 A, as template.

Sutton et al B3 describe the crystal structure of 5-
enolpyruvylshikimate3-phosphate (EPSP) synthase from the
ESKAPE pathogen Acinetobacter baumannii.

Homology modeling of Dahp Synthase

DAHP synthase is main site for negative-feedback regulation
of the pathway with metal based activity. The isoforms of
DAHPS are specifically inhibited by one of the three aromatic
amino acids in Escherichia coli.The first crystal structure of
DAHPS was determined for E. coli enzyme in complexed
with PEP and Pb?* [3],

The three-dimensional structure of Pseudomonas fragi-
DAHPS was predicted by homology modeling based on the
crystal structure of Mt-DAHPS. Pf-DAHPS model consisted
of a (B/a) (8) TIM barrel structure. Sequence alignment,
phylogenetic analysis and 3D structure model classifies Pf-
DAHPS as a type || DAHPS F71,

Homology modeling of chorismate synthase

On the basis of crystal structure of chorismate synthase from
Helicobacterpylori, Marla et al 8 studied the comparative
modeling of Prevotell arumnicola chorismate synthase. The
predicted homology of CS from Prevotellarumnicola possess
a tetramer consist of three layered “B-a-p sandwich fold” with
highly conserved regions forming the active site with a unique
FMN binding pocket. The homology of CS for B. Melitensis
was generated using H. pylori CS a template. The resulted
model is a tetramer with B-a-f sandwich fold in each
monomer [B%. A number of anti-parasitic agents can be
designed for the treatment of malaria after studying the
shikimate pathway in Plasmodium falciparum. The crystal
structure of Helicobacter pylori chorismate synthase (HpCS)
was used to predict the structure of Plasmodium falciparum
chorismate synthase (PfCS) along with cofactor FMN via
modeling. The model was improved through structure
analysis and molecular dynamics. Dimeric form of PfCS has
been generated along with the proposed mechanism of FMN
binding involving movement of loop near active site. The
identification of active site pocket has been done and the
docking of substrate 5-enolpyruvylshikimate 3-phosphate
(EPSP) along with screened potent inhibitors has been studied
1371

The 3D structure of Mycobacterium tuberculosis chorismate
synthase (MtBCS) and the geometric docking of the
coenzyme FMN and the substrate EPSP were studied using
the crystal structure of CS from Streptococcus pneumoniae as
template 9. The homology model of the Shigella flexneri
chorismate synthase has been proposed using homology

modeling method with the Flavin mononucleotide (FMN)
bounding based on the known CS crystal structure 24 (Zhou
et al., 2006).

Homology modeling of Shikimate Kinase

Cheng et al Y determined the basic structure of shikimate
kinase from Helicobacter pylori. The study of crystal
structure shows a three-layer alpha/beta fold furnished with a
central sheet parallel B-strands flanked by seven a-helices. 3D
model of Shikimate Kinase (SK) (6 helices and 5 sheets) of
Shigella flexneri was introduced by Arora et al ¥ using
shikimate kinase of E.coli (PDBID: 1KAG A) as template.
Arora et al % also described the 3D structure of SK from 3
different strains of Yersinia pestis (the causative organism of
Plague). The molecular model of M. tuberculosis shikimate
kinase (MtSK) and shikimate complex was studied using
docking simulations ®I. The homology modeling was
performed using Erwinia chrysanthemi shikimate kinase as a
template at a resolution better than 2.6 A.

Structural analysis of Bacillus anthracis Shikimate kinase
(BaSK) was done via molecular modeling approach and
molecular dynamics simulations which describes main
residues involved in ATP and SKM-binding. The way of
interaction between ligand and protein helps in finding new
inhibitors for SK and understanding the catalytic activity and
rational drug design for BaSK %],
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