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Natural rubber is an important polymer produced by plants and made up of isoprene units derived from
isopentenyl diphosphate (IPP). Although more than 2000 plant species are known to produce natural
rubber, currently there are two important commercial sources, Hevea brasiliensis (the Brazilian rubber
tree) and Parthenium argentatum Gray (guayule). Natural rubber biosynthesis requires three distinct
biochemical processes such as (i) initiation, (ii) elongation and (iii) termination. Computational
analyses of the enzymes farnesyl diphosphate (FPP) synthase in P. argentatum and cis-prenyl
transferase (CPT) in H. brasiliensis that play a vital role in initiation and elongation stages for
biosynthesis of cis-1,4-polyisoprene has been undertaken in this study. Amino acid sequence
comparisons of FPP synthase and CPT to their identified similar sequences were carried out to
understand the evolutionary relationship among different species. Homology modeling and binding
pocket analysis aided in the understanding of structure-function relationship and enzyme-substrate
interaction of FPP synthase and CPT. The structural templates farnesyl diphosphate synthase (Source:
Gallus gallus) [PDB ID: 1UBX] for FPP synthase and undecaprenyl diphosphate synthase (Source:
Micrococcus luteus B-P 26) [PDB ID: 1F75] for CPT were selected for homology modeling. The
Ramachandran plots were developed for modeled structures of FPP synthase and CPT, which showed
95.9 and 92.6% of amino acid residues occurring in favored regions. These models were deposited into
Protein Model Database [PMDB ID: PM0075218 and PM0075509]. The substrate and cofactor binding
site residues of FPP synthase (R103, L149, A184, Y197, L211, H214, E223, T226, D332, K246, Y306, K313)
and CPT (Y4, E7, R20, K21, G22, K154, K178, D193, E231, T232, R233) were identified by using binding
pocket analysis, which is consistent with available X-ray crystal structure of both the templates. The
computational analysis of initiation and elongation for cis-1,4-polyisoprene biosynthesis provided
invaluable insights into the identification of putative initiation and elongation factors for FPP synthase
and CPT.
Key words: Cis-prenyl transferase, deep view, errat, farnesyl diphosphate synthase, Hevea brasiliensis,
MODELLER, Parthenium argentatum, protein model database.
INTRODUCTION
Natural rubber (polyisoprene) is an important polymer
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+91-11-26591066. Fax: +91-11-26582282.
Abbreviations: APP, allylic diphosphate; CPT, cis-prenyl
transferase; FPP, Farnesyl diphosphate; GPP, Geranyl
diphosphate; IPP, Isopentenyl diphosphate; SG, sub group.

produced by plants. It is an important raw material used
in many products, including hundreds of medical devices.
It is obtained from latex, an aqueous emulsion present in
the laticiferous vessels (ducts) or parenchymal (single)
cells of rubber-producing plants (Puskas et al., 2006).
Primarily, due to its molecular structure and high molecular weight, rubber has high performance properties that
cannot be easily mimicked by artificially produced
polymers. Although more than 2000 plant species are
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known to produce natural rubber, currently there are two
important commercial sources, Hevea brasiliensis (the
Brazilian rubber tree) and Parthenium argentatum Gray
(guayule). Prenyl transferase or prenyl diphosphate synthase is an enzyme that catalyze the formation of linear
prenyl diphosphate involved in the biosynthesis of various
isoprenoid compounds including carotenoids, sterols,
terpenes, glycosyl carrier lipids, prenyl proteins, quinones
and natural rubber.

Precursors of biosynthesis of cis-1,4-polyisoprene
Cytosolic acetyl CoA is the preliminary substrate of the
isoprenoid pathway and for the synthesis of natural
rubber. Acetyl CoA is converted into isopentenyl
diphosphate through a pathway called mevalonate
pathway involving various intermediates such as
acetoacetyl CoA, HMG CoA, mevalonate, mevalonate
phosphate and mevalonate diphosphate. Isopentenyl
diphosphate (IPP) is converted into dimethyl allyl
diphosphate (DMAPP) catalyzed by isopentenyl
isomerase. DMAPP primes the sequential head to tail
condensations of isopentenyl diphosphate molecules by
trans-prenyl transferase to form geranyl diphosphate
(GPP), farnesyl diphosphate (FPP) and geranyl geranyl
diphosphate (GGPP) (van Beilen and Poirier, 2007).

Biosynthesis of cis 1, 4 polyisoprene
Cis 1, 4-polyisoprene formation requires three distinct
biochemical processes: (a) initiation, which requires an
allylic diphosphate molecule (trans-prenyl transferases
catalyze synthesis of allylic diphosphate); (b) elongation,
cis-prenyl transferase catalyze cis 1, 4-polymerization of
isoprene units from isopentenyl diphosphate; (c)
termination, the release of the polymer from the rubber
transferase (Cornish, 1993). The comparative sequence
analysis is a preliminary step to understand the
evolutionary relationship and gene structure. The
knowledge of the three-dimensional structure of a protein
would be an invaluable aid to understand the functional
details of a particular protein. The three-dimensional
structures of P. argentatum – FPP synthase and H.
brasiliensis – CPT are not available so far. Therefore, in
addition to a comparative sequence analysis of rubber
biosynthetic genes in Parthenium and Hevea, we have
attempted to predict the structural as well as active site
information of FPP synthase and CPT, which are helpful
to carry out further enzyme-substrate and cofactor
interaction studies. The current study aims to get insights
into rubber biosynthesis with the help of extended
multiple sequence analysis and computational screening
of the substrates of both FPP synthase and CPT with
existing resources.

METHODS
Amino acid sequence comparison and phylogenetic tree
construction
The protein sequence of FPP synthase and CPT were retrieved
from Genpept database and their accession numbers were
CAA57893 and BAB71777. The proteins with significant amino acid
sequence similarity to FPP synthase or CPT were collected by a
BLAST (Altschul et al., 1997) search of the non-redundant protein
sequence database at the NCBI site (http://www.ncbi.nlm.nih.gov/
BLAST). A multiple sequence alignment of these sequences was
produced using Multalign web server (Corpet, 1988).
Based on the alignment, an unrooted molecular phylogenetic tree
was constructed by the neighbour joining method (Saitou and Nei,
1987). The statistical significance of the NJ tree topology was
evaluated by a bootstrap analysis (Felsentein, 1985) with 1000
iterative tree constructions using the software package MEGA 3.1
(Kumar et al., 2008).
Secondary structure prediction
The secondary structures of FPP synthase and CPT were predicted
from the amino acid sequence by the method of GOR IV, based on
information-theoretical ideas that are essential for function
prediction, protein classification and understanding the structural
changes (Garnier et al., 1996).
Three-dimensional structure prediction
An effort was made to find a suitable structural template protein or
homolog for the modeling of FPP synthase and CPT in P.
argentatum and H. brasiliensis respectively. Initially, a structural
template was obtained from BLASTP (Altschul et al., 1990) with the
aid of Protein Data Bank (Berman et al., 2003). Alternatively, the
threading method was also employed by 3D PSSM web server
(Kelley et al., 2000) to recognize a fold, based on secondary
structure of proteins. The amino acid sequence of these two key
enzymes and their templates was aligned by using align-2D python
script (sequence alignment module in MODELLER9V2) that
required two essential parameters such as target sequence (Protein
Information Resource format) and structural template (Protein Data
Bank format).
The three dimensional structure of FPP synthase and CPT was
predicted by using another python script file (model-single.py) in
MODELLER9V2 (Eswar et al., 2008). The theoretical model of
these two enzymes was subjected into Swiss-PDB Viewer (Kaplan
and Littlejohn, 2001) for energy minimization with a harmonic
constraint of 100 kJ/mol/Å2, applied for all protein atoms, using the
steepest descent and conjugate gradient technique to correct the
stereochemistry of the model. Computational analysis was carried
out in vacuo with the GROMOS96 43B1 parameters set, without a
reaction field.
Finally, the refined models were subjected to a series of tests for
testing its internal stability and reliability. Backbone conformation
was evaluated by examining the Psi/Phi Ramachandran plot
obtained from RAMPAGE web server (Lovell et al., 2003). Errat
web server (Colovos and Yeates, 1993) was used to investigate the
statistics of non-bonded interactions between different atom types
and plotting the graph. Finally, the evaluated reliable models were
deposited into Protein Model Database [PMDB].
Binding pocket analysis
Binding sites and active sites of proteins are often associated with
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Figure 1. A multiple alignment of farnesyl diphosphate synthase with its homologs from various organisms. Multalign program was used for
alignment. Conserved region color code: High (red in color), low (blue) and neutral (black).

structural pockets and cavities. The accurate identification of
substrate binding sites in enzyme structures can be valuable in
determining their substrate or cofactor interaction. CASTp server
(Binkowski et al., 2003) was used to identify the binding pocket or
potential substrate-binding site of the predicted models. It uses the
weighted Delaunay triangulation and the alpha complex for shape
measurements, which provides identification, and measurements of
surface accessible pockets as well as interior inaccessible cavities
of proteins.

RESULTS AND DISCUSSION
The number of amino acids present in two enzymes FPP
synthase and CPT were 342 and 284 respectively and
their molecular weight was 39385.2 and 32786 Da
calculated
by
ProtParam
web
server
(http://www.expasy.org/tools). Closely related sequences
or homologs were identified by using BLASTP against
non-redundant protein sequence database (Additional
File 1 and 2).

Multiple sequence alignment, conserved sequences
and the phylogenetic tree of FPP synthase and CPT
Numerous consensus regions and potential conserved
amino acid residues were identified from this study for the
two enzymes FPP synthase and CPT (Figures 1 and 2).
The consensus sequences are essential for binding to its
specific substrate or cofactor (Fujihashi et al., 2001),
which is similar in all the related protein sequences.
Koyama et al. (1993) had earlier reported the conserved
amino acid residues from the set of isopentenyl diphosphate synthases (Koyama et al., 1993). The results of our
comparative sequence alignment showed that there are
four significant sites present in the two enzymes, namely,
conserved, variable, singleton and parsimony and their
statistics were 42, 308, 226, 80 for CPT and 97, 148, 59,
88 for FPP synthase. The multiple sequence alignment
results showed that, an elongating enzyme has fewer
conserved sites and more variable sites with their
homologs compared with initiating enzyme. The overall
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Figure 2. A multiple alignment of cis-prenyl transferase with its homologs from various organisms. Gaps for insertions and/or deletions are
indicated by hyphens.

distance average of two enzymes was 0.88 and 0.17.
Two major groups were obtained from the phylogenetic
analysis of FPP synthase (Figure 3). Group 1 has two
sub-groups namely SG1 and SG2. SG1 contains two
clades, taxa Artemisia tridentata and Artemisia annua
occur in clade A and clade B consisting of P. argentatum
and H. annus showing 94% identity. Matricaria recutita
exist as mono taxa, but it is closer to clade 1. SG2
contains only one clade consisting of Panax ginseng and
Panax notoginseng. Centella asiatica exist as mono taxa,
and it is nearer to the same clade. Group 2 did not
contain any sub groups and had two clades. It consisted
of Mentha x piperita, and Vitis vinifera occurring in first
clade and Hevea brasiliensis and Gossypium arboreum
occurring in second clade respectively. The most
primitive branch was a functional segregation of FPP
synthase of Arabidopsis thaliana from the remaining
Group 1 and 2 of FPP synthases.
An initiating enzyme, FPP synthase was found in
second clade of SG1, which is closely related with

Helianthus annus and its alignment score and pairwise
distance was 93 and 0.06 respectively (Additional File 1).
The other probable similar organisms were Artemisia
tridentata, Artemisia annua and Matricaria recutita, which
were found in neighboring clade.
Two Groups were obtained from molecular phylogeny
of CPT (Figure 4), and it contains sub groups and clades.
The first group contains only one sub group and a clade.
The SG of Group 1 has three clades namely clade A
(Mus musculus, Rattus norvegicus), clade B (Aedes
aegypti, Culex quinquefasciatus) and clade C
(Neurospora cressa, Saccharomyces cerevisae). Homo
sapiens and Danio rerio exist as mono taxa, and it is
closer to clade A. As seen in Additional File 2, the alignment score of Arabidopsis thaliana was 43 revealing that
it is more similar to Hevea brasiliensis, while it is found in
a separate clade of Group 1 with Hevea brasiliensis
(Kharel and Koyama, 2003). Group 2 did not contain any
sub groups, which has only one clade (Thermoanaerobacter pseudethanolicus, Thermoanaerobacter
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Figure 3. An unrooted phylogenetic tree of farnesyl diphosphate synthase with their homologs. Tree was
constructed by the neighbor-joining method. Topology was also evaluated by bootstrap analysis (MEGA 3.4.1). The
numerical values in the tree represent bootstrap results.

Figure 4. An unrooted phylogenetic tree of cis-prenyl transferase with their homologs.
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tengcongensis MB4).
Escherichia coli str. K-12,
Micrococcus luteus B-P 26 and Clostridium thermocellum
are mono taxa, which is present in the same clade. The
bootstrap value of Hevea brasiliensis and Arabidopsis
thaliana was 100 and other probable similar organisms
were Mus musculus, Rattus norvegicus, Aedes aegypti,
Culex quinquefasciatus, Neurospora crassa and
Saccharomyces cerevisae, which were found in clade A,
B and C respectively.
The Pairwise distance of CPT from H. brasiliensis and
FPP synthase from P. argentatum with other species are
represented in Additional Files 1 and 2. The Pairwise
distance between Arabidopsis thaliana and Hevea
brasiliensis was 0.780, which was very low in comparison
to others indicating that less divergence has occurred.
Secondary structure prediction
Comparative sequence analysis of FPP synthase and
CPT can lead to identify the evolutionary relationship
alone. In order to find out the structural class of these two
enzymes, proclass web server (http://www.imtech.res.in/
raghava/proclass/) was used. The result of this tool is
based on a statistical approach, which reveals that FPP
synthase and CPT belong to all , or / class. We have
also
adopted
Garnier-Osguthorpe-Robson
(GOR)
approach for this prediction. The percentage of alpha
helix, extended strand and random coil were 54.86, 30.42
and 14.72 in CPT and 52.98, 24.91 and 22.11 in FPP
synthase. From these results, it is confirmed that alpha
helices was dominated in protein secondary structure of
two enzymes.
Prediction of homology models
The protein sequence of FPP synthase was submitted
into BLASTP (Altschul et al., 1990) and picked out its
homologs with the help of Protein Data Bank (Berman et
al., 2003). The template crystal structure of FPP synthase (PDB ID: 1UBX) from Gallus gallus showed 48%
sequence identity with the given target sequence. A
threading method was employed for predicting the threedimensional model of CPT because BLASTP provided
the low sequence identity structural templates. The 3DPSSM web server suggested that the high-resolution Xray crystallography structure of Micrococcus luteus B-P
26 - undecaprenyl diphosphate synthase (PDB ID: 1F75)
could be a suitable template because of its secondary
structural identity of 86%. It could be validated by comparing the composition of secondary structural elements
present in template and CPT sequences. The percentage
of alpha helices, beta pleated sheets and coils were
similar in both the cases which infer the accuracy of the
threading results. The next step of comparative modeling
was to align the target sequence with template, which

was done by the align-2D python script (Sequence
alignment module in MODELLER), used to identify the
conserved regions or motifs (Figure 5). Once targettemplate alignment was completed, the three dimensional
structure
was
predicted
using
the
program
MODELLER9V2, which produced several different
conformations of each enzyme. In general, the best
model could be the one, which has the lowest value of
the MODELLER objective function, and hence the model
of FPP synthase with 2011.1 and CPT with 1909.5 were
selected for energy minimization and validation of
models.
Several programs were employed to check the stereo
chemical properties of the predicted homology models.
Initially, the models were subjected to energy
minimization in Swiss-PDB Viewer and the optimal
conformers of the two enzymes were again processed
into RAMPAGE and Errat web server for verification and
reliability. The Ramachandran plot of FPP synthase and
CPT showed that more than 90% of amino acid residues
fall into the most favoured region for valid models (Lovell
et al., 2003). The quality factor of any high-resolution
structures should be around 90% or higher. Here, the
over all quality factor of refined models were 92.526 and
90.060, which was predicted from Errat (Colovos and
Yeates, 1993). The evaluated reliable models were
deposited in to PMDB and are now publicly accessible.
The three dimensional model structures of FPP synthase
and CPT are shown in Figure 6.
Binding site analysis
The predicted conserved residues, secondary and threedimensional structure can serve as an important factor for
locating putative binding sites for their substrate and
cofactor of FPP synthase and CPT. CASTp server
(Binkowski et al., 2003) was used to predict the binding
pockets (pocket size: CPT – 4312.7, FPP synthase –
3183.3) (Figure 7). The substrate and cofactor binding
site residues of FPP synthase (R103, L149, A184, Y197,
L211, H214, E223, T226, D332, K246, Y306, K313) and
CPT (Y4, E7, R20, K21, G22, K154, K178, D193, E231,
T232, R233) were identified. These binding site residues
were well correlated with the experimental results of
crystal structure of undecaprenyl diphosphate and
farnesyl diphosphate synthase from Micrococcus luteus
B-P 26 (Fujihashi et al., 2001).
Conclusion
The study of plant rubber biosynthesis is an essential part
for production of useful natural rubber. An attempt to
produce synthetic rubber of good quality comparable to
natural rubber is yet to be materialized. This study on
enzymes involved in cis-1,4-polyisoprene biosynthesis
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Figure 5. Pairwise sequence alignment. (A) A pairwise sequence alignment between farnesyl
diphosphate synthase (1UBX) from Gallus gallus and farnesyl diphosphate synthase (FPP) from
Parthenium argentatum. “*” indicates a conserved region (conserved) between two sequences and
“-“indicates gaps. (B) A pairwise sequence alignment between undeca prenyl diphosphate synthase
(1F75) from Micrococcus lotus B-P 26 and cis-prenyl transferase (CPT) from Hevea brasiliensis.
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Figure 6. Three-dimensional structural representation (Pymol display) of farnesyl diphosphate (A) and
cis-prenyl transferase (B).

Table 1. Closely related protein sequences, identity, sequence alignment score and distances of farnesyl diphosphate synthase (FPP) in Parthenium argentatum with their
homologs are represented. Homologs, alignment score and distances were predicted from Protein BLAST (BLASTP), clustal weight (ClustalW) and molecular evolutionary
Genetics Analysis 3.1 (MEGA) respectively.

S. No
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

Accession number
AAP74720
AAD17204
AAC78557
ABS11699
AAY87903
AAY53905
AAV58896
AAK63847
AAM98379
AAB49290
AAK58594
AAX76910
AAM08927
CAA72793

Source
Artemisia tridentata
Artemisia annua
Helianthus annuus
Matricaria recutita
Panax ginseng
Panax notoginseng
Centella asiatica
Malus x domestica
Mentha x piperita
Hevea brasiliensis
Gossypium arboreum
Humulus lupulus
Vitis vinifera
Arabidopsis thaliana

Protein name
farnesyl diphosphate synthase
farnesyl diphosphate synthase
farnesyl pyrophosphate synthase
farnesyl diphosphate synthase
farnesyl diphosphate synthase
farnesyl pyrophosphate synthase
farnesyl diphosphate synthase
farnesyl diphosphate synthase
farnesyl diphosphate synthase
farnesyl diphosphate synthase
farnesyl diphosphate synthase
farnesyl diphosphate synthase
farnesyl pyrophosphate synthase
farnesyl pyrophosphate synthase

Identity (%)
93
93
94
92
85
85
82
81
81
75
80
79
82
80

Alignment score
92
92
93
92
85
85
82
82
81
81
80
80
80
79

Distance (s)
0.07
0.07
0.06
0.07
0.15
0.15
0.18
0.19
0.19
0.19
0.20
0.21
0.22
0.26
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Table 2. Comparative sequence analysis results of cis-prenyl transferase in Hevea brasiliensis.

S. No
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

Accession number
AAM65193
XP_001657391
NP_080420
NP_995583
NP_001011978
XP_001843572
NP_998352
YP_001037426
CAD21109
YP_001665210
NP_623022
BAA36577
AAC73285
BAA31993

Source
Arabidopsis thaliana
Aedes aegypti
Mus musculus
Homo sapiens
Rattus norvegicus
Culex quinquefasciatus
Danio rerio
Clostridium thermocellum
Neurospora crassa
Thermoanaerobacter pseudethanolicus
Thermoanaerobacter tengcongensis
Saccharomyces cerevisae
Escherichia coli K12
Micrococcus Luteus B-P 26

provided invaluable insights into the identification
of putative initiation and elongation factors for FPP
synthase and CPT. A further study of comparative
sequence analysis could be extended to multiple
species to derive the ancestral details of FPP
synthase and CPT. The three-dimensional
structure details of proteins are of major
importance in providing insights into their
molecular functions. Further analysis of threedimensional structure and binding pockets of FPP
synthase and CPT will aid in protein-lipid and
protein-ligand interaction studies and this
approach will help in identifying possible factors
essential for initiation and elongation of natural
rubber using high throughput virtual screening
technique. By adopting both the extended
comparative sequence analysis and virtual screening
approach, one would be able to achieve the above
task significantly.
Competing interests
The authors declare that they have no competing

Protein name
undecaprenyl diphosphate synthase
dehydrodolichyl diphosphate synthase
dehydrodolichyl diphosphate synthase
dehydrodolichyl diphosphate synthase isoform b
dehydrodolichyl diphosphate synthase
dehydrodolichyl diphosphate synthase
dehydrodolichyl diphosphate synthase
undecaprenyl pyrophosphate synthase
cis prenyl transferase
undecaprenyl diphosphate synthase
undecaprenyl pyrophosphate synthase
cis prenyl transferase
undeca prenyl diphosphate synthase
undeca prenyl diphosphate synthase

Identity (%)
42
34
36
37
36
35
36
34
35
35
42
34
36
37
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