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ABSTRACT

Bordetella pertussis causes pertussis or the whooping cough disease which claims an alarmingly number of
lives each year owing possibly to the emergence of resistance to the antimicrobials of choice for the treatment
of Bordetella pertussis infections. All the shikimate pathway enzymes form attractive targets for herbicides
and antimicrobial agent development because the pathway is essential in algae, higher plants, bacteria, and
fungi, but absent from mammals. In the present work molecular model of the sixth enzyme of the pathway, 5-
enolpyruvylshikimate-3-phosphate (EPSP) synthase in Bordetella pertussis has been generated. The
architecture of the active site has been described based on the prediction of active site residues. This should
provide a structural framework to guide enzymological studies and design of specific inhibitors that could
serve as new and effective antibiotics against the Bordetella pertussis bacterium.
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INTRODUCTION

Lower respiratory tract infections in recent times have figured as one of the 10 biggest killer
diseases in the developing world, ranked by annual death tolls [1]. They claim a lot many lives each
year, estimated to be more than 4 million. These are mostly diseases like pneumonia and other
diseases of the lungs, windpipe or bronchial tubes, including Legionnaire's disease, tuberculosis
and whooping cough. Whooping cough alone claims 200,000 to 300,000 lives each year; the
infection rate is 20 million to 40 million cases every year.

Pertussis (or Whooping Cough) is a highly communicable, though vaccine-preventable disease.
Bordetella pertussis, the microorganism that causes pertussis is a Gram-negative, aerobic
coccobacillus of the genus Bordetella [2]. In children, the disease is manifested with paroxysmal
spasms of severe coughing, whooping, and posttussive vomiting. The paroxysmal cough precedes a
crowing inspiratory sound, this is characteristic of pertussis. Adults show milder symptoms, like
prolonged coughing without the “whoop”. A coughing spell may cause cyanosis, apnoea and
seizures. Other major complications are hypoxia, pneumonia, encephalopathy, and malnutrition. A
prolonged cough could be irritating and at times a disabling cough may go undiagnosed in adults
for many months. This disease results in high morbidity and mortality in many countries every year
[1,2].

The first clear description of pertussis (whooping cough) was provided by Baillou in 1640 [3]. The
incidence of pertussis decreased dramatically in the late 1940s, when the whole-cell pertussis
vaccines were introduced. However, even in countries with good vaccination rates, there have been
recent reports of increases in cases in The Netherlands [4] and in the United States [5]. In the
United States, it has shown that the incidence of pertussis is relatively stable in infants and young
children, but it has increased in adolescents and young adults [5]. Although erythromycin or
macrolides are still the antimicrobials of choice for the treatment of Bordetella pertussis infections,
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there have been reports of emergence of resistance to these agents in clinical isolates from the
United States [6, 7].

The shikimate pathway connects the metabolism of carbohydrates to the biosynthesis of ring-
containing compounds [8]. In plants and microorganismes, all the key aromatic compounds involved
in primary metabolism, are produced via shikimate pathway. The shikimate pathway is essential in
algae, higher plants, bacteria, and fungi, but absent from mammals that depend on these
compounds for their diet. Due to this, there has been interest, extending back more than 25 years,
in the shikimate-pathway enzymes as potential targets against non-toxic herbicides and anti-
microbial compounds [9]. The pathway is composed of seven steps which take the exogenous
substrates, phosphoenol pyruvate and 4-erythrose phosphate, to yield chorismate. It is now
confirmed that inhibitors of the aromatic amino acid biosynthetic pathway have herbicidal activity
and also glyphosate (N-phosphonomethylglycine), which is the active constituent of herbicide
RoundUp targets the shikimate pathway effectively. Also, glyphosate has been shown to inhibit the
growth of several apicomplexan parasites, including those that cause malaria and toxoplasmosis.
The precise enzyme target for glyphosate is 5-enolpyruvylshikimate- 3-phosphate synthase (EPSP
synthase), the sixth enzyme of the pathway, encoded by aroA gene, that catalyzes the transfer of the
enolpyruvyl moiety from phosphoenolpyruvate (PEP) and inorganic phosphate [10].

Recent studies have confirmed that the pathway is present in many pathogens and there is scope
for developing broad-spectrum antibiotics. It is possible that a single compound that inhibits the
shikimate pathway or combinations of synergistic compounds that inhibit various enzymes in this
pathway could be of use in treating patients with multiple infections [11]. We exploit this
information in devising strategies to combat the whooping cough disease by elucidating the
structure of Bordetella pertussis EPSP synthase (BpEPSPS).

The present paper describes the molecular model of 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.
The results presented here should provide a three-dimensional model of BpEPSPS to both guide
enzymological studies and aid in the design of specific inhibitors against Bordetella pertussis, the
causative of the dreaded disease whooping cough.

METHODS

Databases

The amino acid sequences of the experimentally characterized, 5-enol-pyruvyl-shikimate-3-
phosphate (EPSP) synthase enzyme from different organisms were retrieved from the protein
sequence database at NCBI http://www.ncbi.nlm.nih.gov. The 3-D structures of proteins were
obtained from the protein data bank [12].

Servers

Protein sequence databases were searched using BLAST [13] or PSI-BLAST [14] servers at NCBL
FFAS03 [15], FUGUE [16], PHYRE (successor of 3D-PSSM, [17]), SAMTO06 [18] and Gene Silico
Metaserver [19] were used for fold-recognition. Transmembrane helices were predicted using the
TMHMM server v. 2.0 [20]. Secondary structures were predicted using the SAM-T06 [21], JPRED
[22], NNPREDICT [23], PSIPRED [24], SOPMA [25] and SSPRO [26] servers. All the servers were
used with default values for the various parameters, except where mentioned otherwise.

Secondary structure prediction

The secondary structure of the BpEPSPS was predicted separately using six prediction servers
mentioned earlier. The secondary structures were predicted as three states, helix (H), strand (E)
and coil (C). A consensus secondary structure was obtained by comparing the predictions of the
eight servers. If different secondary structure states are predicted for a residue by the servers, the
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state that has been predicted by at least four of six servers was taken as the consensus state; in
other cases, it was marked as U (uncertain).

Multiple sequence alignhment

Multiple sequence alignment was performed using the TCoffee server [27, 28]. The sequence of
BpEPSPS was aligned with the sequences of the same enzyme from Escherichia coli (EcEPSPS) (PDB
Id: 1G6T), Streptococcus (SpEPSPS) (PDB Id: 1RF4), Mycobacterium tuberculosis (MtEPSPS) (PDB Id:
2B]B) and Agrobacterium (CP4 EPSPS) (PDB Id: 2GG4) (obtained from the protein data bank
(http://www.rcsb.org).

Template search for 3D modelling

The amino acid sequence of BpEPSPS (accession no. gi|34978354|sp|P12421.2, entry name:
AROA_BORPE) was obtained from Swiss-Prot database [29]. The PDB BLAST through NCBI was
used to identify homologous structures by searching the structural database of protein sequences
in the protein data bank (PDB) using default parameters. The sequence of BpEPSPS was provided as
input to the Geno3D server (http://pbil.ibcp.fr/htm/.) Also, the most common and highest scoring
template suggested by different fold-recognition servers was taken in consideration when choosing
the template.

Sequence/template alignment

We first performed a BLAST search for proteins with similar sequence and known 3Dstructure
using the 442 residue long BpEPSPS sequence (SWISS-PROT: P12421.2). Significant similarities
were found with several EPSPS enzyme family suggesting that BpEPSPS enzyme sequence bears
high similarity to the sequence of the same enzyme from different organisms and belongs to the
same family. Additionally, a conserved domain search [30] of BpEPSPS sequence also supported the
above idea. A PROSITE analysis of BpEPSPS sequence also indicated the presence of EPSPS domain
signature and profile. The amino acid sequence of BpEPSPS was aligned with sequence of EPSPS
from E.coli (ECEPSPS) extracted from its crystal structure, using EsPript [31].

MODEL GENERATION

The homology model of Bordetella pertussis EPSPS was constructed using the MODELLER version
9v1 (default parameters), based upon the sequence/template alignment. MODELLER is a well-
known comparative modeling methodology, which generates a refined 3D homology model of a
protein sequence automatically and rapidly, based on a given sequence alignment to a known 3D
protein structure. This computational technique is based on the assumption that tertiary structures
of two proteins will be similar if their sequences are related, and it is the approach most likely to
give accurate results [32]. There are two main approaches to homology modeling: (1) fragment-
based comparative modeling [33, 34] and (2) restrained-based modeling [35]. For modeling of the
BpEPSPS we used the second approach. The geometry of loop regions was corrected using
MODELLER/Refine Loop command.

MODELLER is an implementation of an automated approach to comparative modeling by
satisfaction of spatial restraints [36-38]. The modeling procedure begins with an alignment of the
sequence to be modeled (target) with related known three-dimensional structures (templates).
This alignment is usually the input to the program. The output is a three-dimensional model for the
target sequence containing all main-chain and sidechain non-hydrogen atoms. Since there are no
three-dimensional structures available for EPSP synthase enzyme of the BpEPSPS (target) the
models were built based on the atomic coordinates of ECEPSP enzyme (template), which was solved
by crystallographic methods.

The percentage of primary sequence identity between BpEPSPS enzyme and template EcEPSPS
indicates that the crystallographic structure of enzyme (template) is a good model to be used as
template for the BpEPSPS enzyme (target). Further, the ligands (glyphosate and S3P) in the active
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site of the template were copied onto the model of the target to infer the active site residues in the
target structure.

MODEL VALIDATION

The overall stereochemical quality of the final model for the complex BpEPSPS: Glyphosate: S3P
was assessed by the program RAMPAGE [39]. The root mean square deviation (RMSD) between the
main chain atoms of the model and template was calculated for the reliability of the model.

RESULTS AND DISCUSSION

Primary Structure comparison

The sequence alignment of ECEPSPS (1G6S) as template and BpEPSPS (target) is shown in Fig. 1.
The secondary structural elements are indicated in the figure. The sequence of BpEPSPS shows
55% identity with the sequence of ECEPSPS.

Fig. 1: The sequence alignment of ECEPSPS (1G6S) and BpEPSPS indicating the secondary
structural elements. The sequence BpEPSPS shows 55% of identity with the sequence of ECEPSPS.
The alignment was performed with the program EsPript [31].
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Fig. 2: Ramachandran diagram - plot for the EPSPS structure (A) Template ECEPSPS (B) Model
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Fig. 3: (A) Predicted structure of BpEPSPS model (Glyphosate is represented bound as blue stick

model and S3P as brown stick model). (B) Superposition of cartoon representations of BpEPSPS

(green); ECEPSPS (1G6S) (cyan); Streptococcus (1RF6) (magenta), MtEPSPS (2BJB) (yellow); CP4
EPSPS (2GGA) (teal). (C) Residues in active site pocket of EPSPS.
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Fig. 4: Conserved residues in the Glyphosate and S3P binding cavity (Colour codes for residues in
BpEPSPS: green; ECEPSPS (1G6S): brown; Streptococcus (1RF6): magenta and CP4 (2GGA): blue).
The same colour code is used for the Glyphosate and S3P in the centre of the figure.
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Fold recognition

The Geno 3D server returned the crystal structure of Escherichia coli EPSPS (PDB code: 1G6S, Chain
A) as the possible template with the best score. Fold-recognition servers HHPred and FUGUE also
reported ECEPSPS (PDB entry: 1G6S) as the best template with highly significant score. On the basis
of these results, we can conclude that BpEPSPS has a fold similar to this protein. Therefore, we used
this experimental three-dimensional structure as template to predict the 3D structure of BpEPSPS
by using comparative modeling strategy.

Secondary structure prediction

A consensus secondary structure was derived for BpEPSPS based on the results from six secondary
structure prediction servers (data not shown). Overall, about 33% of residues are in helices and
about 19% residues in strands. The conservation of the nature and order of occurrence of
secondary structural elements is strongly suggestive of the conservation of the overall fold in this
EPSP synthase. It can be inferred from the predicted secondary structures that EPSP synthases
belong to the a/f class, as defined in the SCOP database [40].

Multiple sequence alignment

The multiple sequence alignment revealed the conserved residues, the similar residues (data not
shown) and these were further corroborated by the superposition of the modeled BpEPSPS with
the previously solved crystallographic structures of Escherichia coli (ECEPSPS) (PDB Id: 1G6T),
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Streptococcus (SpEPSPS) (PDB 1d: 1RF4), Mycobacterium tuberculosis (MtEPSPS) (PDB Id: 2BJB) and
Agrobacterium (CP4 EPSPS) (PDB Id: 2GG4) (obtained from the protein data bank.

Quality of the model

The Ramachandran plot for the ECEPSPS (1G6S) structure was generated in order to compare the
overall stereochemical quality of BpEPSPS model against EPSP structures solved by
biocrystallography. Analysis of the Ramachandran plot of the BpEPSPS model shows that 92.5% of
the residues lie in the most favorable regions, 4% in the allowed region and the remaining 3.5% in
the outlier region. The same analysis for the crystallographic ECEPSPS structure presents 97.6% of
residues in the most favorable, 2.4% additional allowed regions, and 0.0% in the outlier region (Fig.
2). The overall rating for the BpEPSPS model is slightly poorer than the one obtained for the ECEPSP
structure. However, it has over 90% of the residues in the most favorable regions.

Overall description

Fig. 3A shows the secondary structure of the BpEPSPS model. EPSP synthase is a a/f3 protein. The
structure folds into two domains of nearly equal size, each with a radius of about 24.5 A. Each
domain contains 3 sheets and six parallel a helices aligned in a way that their macrodipoles create a
significant electropositive attraction for the anionic ligands at the interface between the two
domains [41]. The four-stranded [(-sheet structures contain both parallel and antiparallel strands
and the helices are parallel.

The amino and carboxyl termini of the protein lie in the same domain and domains are connected
via two crossover chain segments. The glyphosate and S3P molecules are bound in the interdomain
cleft and could promote the closure of the structure as seen in the case of the previously solved
crystallographic structures of ECEPSPS and SpEPSPS [42-43].

When superposed, the EPSPS structures display overall similarity in folds but they differ in several
regions (Fig. 3B). Superposition of Ca atoms of the constituent domains of ECEPSPS and BpEPSPS
structure results in RMSD of 0.37 A. The RMSD value for equivalent Ca atoms between SpEPSPS
with BpEPSPS was evaluated to be 1.34 A, between CP4 EPSPS and BpEPSPS was 1.65 A and that
between MtEPSPS and BpEPSPS was 1.53 A. The low RMSD values, observed in the superpositions,
indicate that the alternative conformation of the two-domain structures is due to relative motions
of structurally conserved domains.

Active site architecture: 3-Phosphoshikimate and glyphosate binding

The glyphosate and the S3P bind in the cleft in the hinge region and are lined with several
conserved and non-conserved amino acid residues (Fig. 3C). EPSPS structures solved till date like
SpEPSPS and the CP4 EPSPS exist in an open, unliganded state and a closed, S3P liganded state,
suggesting an induced-fit mechanism with binding of S3P as a prerequisite for the enzyme’s
interaction with PEP [42, 43]. The same may be proposed to hold true for BpEPSPS.

Residues lining the glyphosate binding cavity in BpEPSPS consist of Lys16, Asn85, His390, Arg391,
Glu344, Lys343, Asp316, GIn164, Arg91, Gly87, Thr88, Ser241, Argl15, Pro315, Ser162, Ala317,
Asp270, Tyr197. The former ten are conserved residues. Residues surrounding the S3P binding site
consists of Ser17, Arg21, Val161, Ser162, Ser163, GIn164, Thr167, Leu192, lle193, Ser194, Lys195,
Tyr197, 11e198, Asn312, Pro315, Asp316, Ser339, Lys343. Ser17, Arg21, Ser162, GIn164, Asp316
and Lys343 are conserved residues. The conserved residues are shown in Fig. 4.

In the binary complex with S3P, the active site architecture is highly conserved as in CP4 EPSPS and
EcEPSPS enzymes. Strictly conserved residues from both globular domains of the enzyme
constitute the PEP-binding site. In the unliganded state, in analogy with the CP4 EPSPS, BpEPSPS
could be proposed to contain highly flexible regions, particularly around the strictly conserved
residue Glu 344. In the enzyme’s binary complex with S3P, this loop becomes structured and
interacts with the N-terminal domain to constitute the active site [42]. Also, interdomain
interaction in the closed conformation may be stabilized through direct or water-mediated
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hydrogen bonds and by salt bridges. Direct hydrogen bonds and salt bridges are observed in the
hinge region and the cleft between domains. The majority of these interdomain interactions could
be formed by the simple domain approach without significant motion of the participating residues
as observed in SpEPSPS [43].

CONCLUSION

Shikimate pathway enzymes undoubtedly offer important targets for the development of drugs
against bacterial, fungal and apicomplexan parasitic diseases. Each of the enzymatic steps is of
potential interest and the availability of structures for the pathway enzymes will enable rapid
strides in the drug development scenario. It is hoped that the molecular structure of BpEPSPS
predicted in this work should guide biochemical experiments as well as provide insights on
designing antimicrobial agents against the whooping cough disease. The description of the active
site can be used for virtual screening or even de novo ligand design. While designing novel
antimicrobial agents, it could be useful to construct molecules that block the binding of the
substrates important for the function of the enzyme.
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