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Introduction

The helicases are enzymes that catalyze the unwinding of ener-
getically stable duplex DNA (DNA helicases) or duplex RNA 
secondary structures (RNA helicases). Most of the helicases con-
tain nine conserved motifs (Q, I, Ia, Ib, II–VI) in their protein 
sequence.1-3 Helicases might be playing an important role in sta-
bilizing growth in plants under stress by regulating stress-induced 
transcription and translation.4 Earlier it was shown that mRNA 
of pea DNA helicase 45 (PDH45) is induced in pea seedlings in 
response to high salinity and its overexpression in tobacco plants 
confers salinity tolerance, suggesting a new role of a plant heli-
case in stress tolerance.5 The PDH45 is homologous to eukary-
otic translation initiation factor (eIF-4A) which is a prototypic 
member of the DEAD-box family.6,7 PDH45 is a unique mem-
ber of this family, containing DESD and SRT motifs instead of 
DEAD and SAT in motif V and VI, respectively.6 The homolog 
of PDH45 in Medicago sativa was also reported to play important 
role in salt and drought tolerance in Arabidopsis.8 The overall 
properties of PDH45 suggest that it could be an important mul-
tifunctional protein involved in protein synthesis, maintaining 
the basic activities of the cell, upregulation of topoisomerase I 
activity and abiotic stress response.5,6 Though plants may have 
unique stress adaptive mechanisms against various stresses, but 
the basic cellular stress response (CSR) mechanisms are similar 
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in prokaryotes, lower eukaryotes and plants.9 CSR may target a 
special set of cellular functions, including chromatin stabiliza-
tion, DNA repair and removal of damaged proteins, cell cycle 
control, protein chaperoning and assembly, and few other aspects 
of cellular metabolism.9 As the cellular adaptive mechanisms are 
conserved, therefore, it is possible that overexpression of plant 
stress responsive genes in bacteria may also provide stress toler-
ance to them. Earlier, it has already been reported that overexpres-
sion of certain plant stress-induced genes confer increased stress 
tolerance in bacteria.10-14 To know whether PDH45 also provides 
salinity stress tolerance in bacteria, we have overexpressed the 
PDH45 gene in bacteria and checked the growth of transformed 
bacteria under salinity stress. Furthermore, we have also created 
single and double mutations in the conserved motifs II and VI 
of PDH45 gene and then overexpressed the mutant gene in bac-
teria and compared the growth of the bacteria transformed with 
mutant and non-mutant PDH45 genes.

Results

The schematic representation of all the nine conserved motifs 
along with conserved sequence of motif II (VLDESD) and motif 
VI (HRIGRSGR) of PDH45 are shown in Figure 1A. Based on 
the characteristics of conserved motifs, two highly conserved 
amino acids in motifs II and VI were selected for substitution. In 
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mutant (E183G + R363Q) also confirmed that clone 
PDH45 contains both the mutations. Schematic repre-
sentation of double mutant E185G and R363Q is shown 
in Figure 1D.

Homology based modeling of mutated and non-
mutated PDH45 genes. For structural modeling the 
sequence of PDH45 was submitted to the Swissmodel 
homology-modeling server (swissmodel.expasy.org/).15 

The structural model obtained was based on the crystal struc-
ture of a DEAD-box protein.16 Molecular graphic images were 
produced using the UCSF Chimera package (www.cgl.ucsf.edu/
chimera) from the Resource for Biocomputing, Visualization 
and Informatics at the University of California, San Francisco 
(supported by NIH P41 RR-01081).17 The motif II (DESD) and 
motif VI (HRIGRSGR) which have been selected to create muta-
tions in PDH45 are shown in Figure 1E-i. Figure 1E-ii shows the 
exact location of the selected amino acids in the double mutant 
PDH45. The merged picture of non-mutated and mutated 
PDH45 shows no significant difference (Fig. 1E-iii).

Salinity (NaCl) stress response of mutated and non-mutated 
PDH45 in E. coli bacteria. The E. coli (BL21 cells) containing 
PDH45-pET28 and three different mutated constructs separately, 
were subjected to NaCl salt stress. The BL21 cells were grown to 
log phase OD

600
 = 0.5 and 1 mM IPTG was added to the culture 

to induce the expression of proteins. Along with IPTG, cells were 
grown with 400 mM NaCl concentration (Fig. 1F). The growth 
of the cells after 12 h was much better for wild type PDH45 

motif number II (DESD box), glutamic acid (E) at position 184 
was changed to glycine (G) (E183G) and in motif number VI the 
second arginine (R) at position 363 was changed to glutamine 
(Q) (R363Q) using PCR based site directed mutagenesis.

Preparation of single and double mutants of PDH45 gene. 
The single mutants (E183G or R363Q) and double mutant 
(E183G + R363Q) were prepared as described in materials and 
methods. All the PDH45 genes (mutated and non-mutated) were 
amplified with primers containing desired restriction sites and 
were first cloned in pGEM-T easy vector followed by cloning in 
pET28a vector. The sequencing result of the cloned single mutant 
(E183G) PDH45 gene confirmed the substitution of GAG (code 
for amino acid E) to GGA (code for amino acid G) in the PDH45 
gene. Schematic representation of single mutant E185G is shown 
in Figure 1B. The sequencing result of the other cloned single 
mutant (R363Q) PDH45 gene confirmed the substitution of 
CGG (code for amino acid R) to CAA (code for amino acid Q) 
in the PDH45 gene. Schematic representation of single mutant 
R363Q is shown in Figure 1C. The sequencing result of double 

Figure 1. Site directed mutagenesis in two conserved 
domains of PDH45. (A) Schematic diagram shows nine 
conserved motifs of PDH45 and the sequence of two motifs 
(II and VI) on which mutations have been created is shown. 
(B) Schematic diagram of single mutant E185G. (C) Schematic 
diagram of single mutant R363Q. (D) Schematic diagram of 
double mutant E185G and R363Q. (E) Structure modeling 
and motifs selected for site directed mutagenesis of PDH45 
protein. PDH45 sequence was submitted to Swissmodel 
server and the structure was obtained. The molecular graphic 
images were produced using the UCSF Chimera package 
from the resource for Biocomputing, Visualization and 
Informatics (www.cgl.ucsf.edu/chimera) at the University of 
California, San Francisco (supported by NIH P41 RR-01081). 
(i) Wild type PDH45; (ii) Double mutant PDH45; (iii) Superim-
posed image. Motif (II and VI) have been shown in wild type 
and mutant structures. (F and G) High Salinity (NaCl) stress 
response of PDH45 and its mutants in E. coli. A comparison of 
growth curves of E. coli (BL21) cells transformed with pET28a 
or pET28a-PDH45 or pET28a-mutant PDH45 genes in the pres-
ence of 400 mM NaCl reveals better survival ability of the cells 
containing pET28-PDH45. (F) The tubes picture shows the 
bacterial growth of all four constructs, single mutants (E183G 
and R263Q), Db.Mut, (double mutant, E183G + R363Q) and 
empty vector after 12 h. (G) The growth curves under salinity 
stress of all experimented samples reveals better survival 
ability of the E. coli (BL21) cells transformed with pET28a-
PDH45. (H) High LiCl salt stress response of PDH45 and its mu-
tants in E. coli. The E. coli (BL21) cells transformed with pET28a 
or pET28a-PDH45 or pET28a-mutant PDH45 genes in the 
presence of 400 mM LiCl reveals no survival of the bacterial 
cells in any case (first 5 tubes). The last tube shows the growth 
of the PDH45 gene transformed bacterial cells without LiCl.
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sequence in nine distinct motifs. These motifs represent sites of 
functional significance that have been evolutionarily conserved. 
Because of the presence of motif II (DEAD), they are also called 
as DEAD/H-box helicases family of proteins.23 Each of these 
conserved motifs has important characteristics. The motif II is 
also known as ‘Walker motif B’.24 Previous studies demonstrated 
that DEAD box motif has role in helicase and ATPase activity.25 
The DE of DEAD sequence is highly conserved and is also pres-
ent in many proteins, which play a role in DNA and RNA rep-
lication.26 The residue D of DE has been shown to interact with 
Mg2+, which is required for binding ATP.

The motif VI is suggested to be involved in interaction with 
RNA. This is also a part of the ATP-binding cleft and is also 
involved in coupling between helicase and NTPase activities of 
the protein.3 Mutation in motif VI leads to defects in the nucleic 
acid binding.27 Point mutation in motif VI of E. coli UvrD DNA 
has a negative impact on ATP hydrolysis and ligand induced con-
formational changes.3 Changing the basic residues H or R to the 
uncharged glutamine abolishes RNA binding and reduces ATP 
hydrolysis, which also results in reduced helicase activity.

In plants PDH45 has been shown to play important role in 
salinity stress tolerance,5 but to check whether the same gene can 
also provide the salinity stress tolerance in bacteria or not was the 
aim of this study. In this study we observed that overexpression 
of PDH45 also confers the salinity stress tolerance in the bacteria 
(E. coli; BL21 cells). In order to know whether the functionally 
active gene is required to show the stress tolerance we have cre-
ated two single and a double mutation in the PDH45 gene and 
then checked their stress tolerance in bacteria. We observed that 
the mutant PDH45 gene does not provide the salinity stress tol-
erance in the same bacteria. These findings confirmed that the 
functionally active gene is required for the stress tolerance in bac-
teria. However, it remains to be tested whether these mutations 
affect the activities of the PDH45 protein or whether expression 
of these mutant genes will confer durable resistance to high salin-
ity tolerance in plants. This stress response was specific to Na+ 
ions as the transformed bacterial cells could not grow if the NaCl 
was replaced with LiCl. Overall, this study indicates the first 
direct evidence for the role of PDH45 in promoting the salinity 
stress tolerance in bacteria which could be very useful in devel-
oping high salinity stress tolerant useful bacteria of agronomic 
importance. Therefore, this study may have a great application 
in agricultural biotechnology. Since the same gene (PDH45) can 
provide the salinity stress tolerance in both the plant5 and bac-
teria (this study), therefore, this study shall provide a significant 
contribution for our better understanding of mechanism of stress 
tolerance in bacteria and plants, which is not very well under-
stood. These observations also give us new insights into its appli-
cation in the plant biotechnology and microbiology fields and 
can provide a new tool for developing stress tolerant crop plants 
and bacteria.

Materials and Methods

Site-directed mutagenesis. The detail of the PDH45 gene 
(Accession number Y17186) is described earlier in reference 6. 

(non-mutated) as compared with the single (E183G or R363Q) 
and double (E183G + R363Q) mutants (Fig. 1F). It is interest-
ing to note that very little growth was also observed in case of 
E183G mutant.

A growth curve was made by taking OD
600

 of the bacterial 
culture after every 1 h interval till it reached the stationary phase 
(Fig. 1G). The comparison of the growth curves of the BL21 
cells containing wild type PDH45-pET28a (non-mutated) with 
those containing mutated PDH45-pET28a and empty vector 
pET28a as a negative control showed that the wild type PDH45 
was able to help E. coli tolerate salinity stress, while cells con-
taining mutated proteins were not able to tolerate salinity stress 
condition. Under salinity stress condition, the mutated gene in 
vector and empty vector pET28a containing BL21 cells reached 
the stationary phase earlier (within 3–5 h) as compared with the 
wild type PDH45-pET28a containing BL21 cells, which grew 
linearly even till 8 h of stress (Fig. 1G).

Na+ ions-specific stress response of mutated and non-
mutated PDH45 in E. coli bacteria. In order to check if the stress 
response is specific to sodium ions (Na+), we have used another 
salt LiCl also. The E. coli (BL21 cells) containing PDH45-pET28 
and three different mutated constructs separately, were subjected 
grow in presence of 400 mM LiCl salt concentration as described 
above. The results are shown in Figure 1H, which clearly show 
that the transformed BL21 bacterial cells with mutated (single, 
E183G or R363Q, and double E183G + R363Q mutants) or non-
mutated PDH45 gene and vector (pET28a) alone could not grow 
in presence of 400 mM NaCl (first 5 tubes). The experiment was 
repeated with less concentration of LiCl (200 mM) and still the 
results were same, i.e., the bacterial cells could not grow (data not 
shown). However, PDH45 transformed cells could easily grow 
without the LiCl (Fig. 1H and last tube).

Discussion

In all living systems including bacteria the stress tolerance mecha-
nism exists. Out of various stresses, the salinity stress is one of the 
major stresses that negatively affect the living organism including 
plants and bacteria.18,19 In response to the sub-lethal conditions, 
plants and other organisms activate the CSR mechanism which 
controls important cellular functions and thereby helps them to 
withstand otherwise non-permissive hostile growth conditions.9 
Since the cellular adaptive mechanisms against the stress includ-
ing the salinity stress are conserved across the prokaryotes and 
eukaryotes, therefore, it can be assumed that plant stress genes 
can be screened functionally by their overexpression in simple 
organisms.13,14  Through microarray studies in plants, it has been 
suggested that differences in stress tolerance are mainly due to 
a higher constitutive expression of several stress-related genes 
rather than de novo gene transcription.20,21 It is known that func-
tionally analogous stress tolerant genes exist in both unicellular 
organisms and plants.22 In the present study, we have identified 
the novel function of PDH45 in salinity stress tolerance in bacte-
ria with an unknown mechanism.

PDH45 has been included in a group designated helicase 
superfamily II (SFII) based on conservation of amino acid 
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PDH45-R, Table  1). Finally the E183G and R363Q mutated 
1.2 kb (1,224 bp) fragment was cloned in pGEM-T easy vector 
and sequenced to confirm these mutations. The sequencing result 
confirmed that clone PDH45 gene contains both the mutations. 
Schematic representative of double mutant E185G and R363Q is 
shown in Figure 1D.

Homology based modeling of mutated and non-mutated 
PDH45 genes. This modeling was done as described in results.

Cloning of mutated and non-mutated PDH45 genes into 
pET28a vector. All PDH45 genes (mutated and non-mutated) 
which were amplified with primers containing desired restriction 
sites were cloned in pGEM-T easy vector, digested with NdeI and 
XhoI enzymes. The digested reaction mix was run on the agarose 
gel and the expected fall out of 1.2 was eluted from the gel. The 
eluted fall out band was ligated into the digested pET28a vector 
(NdeI and XhoI). Ligation reaction was transformed using DH5α 
competent cells and colonies were confirmed by PCR with the 
gene specific primers. The recombinant plasmids were confirmed 
by sequencing.

Growth of E. coli bacteria transformed with mutated and 
non-mutated PDH45 gene under salt (NaCl or LiCl) stress. 
The E. coli (BL21 cells) were transformed with mutated and non-
mutated PDH45-pET28 with the standard method. The trans-
formed BL21 cells were first grown to log phase OD

600
 = 0.5. 

Equal amount of these cells were transferred to sterile culture 
tubes with 10 ml of LB medium containing 50 μg/ml kanamy-
cin, 1 mM IPTG (final concentration) and 400 mM NaCl or LiCl 
(final concentration). The cells were allowed to grow at 37°C and 
the growth was monitored every hour taking the OD

600
.
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Desired point mutations were created in PDH45 gene using spe-
cific designed forward and reverse primers (E183G-PDH45 and 
R363Q-PDH45, Table 1).

E183G single mutation in DESD-box motif (motif II) 
of PDH45. The QuikChange site-directed mutagenesis kit 
(Stratagene Cloning Systems, La Jolla, CA USA) was used to 
create the mutation. The 1.2 kb E183G mutated PDH45 DNA 
fragment was prepared by PCR using normal PDH45 gene 
(cloned in pGEMT easy vector) and primers (E183G-PDH45F 
or E183G-PDH45R, Table 1) with desired point mutations 
designed from PDH45 gene. Finally the E183G mutated 1.2 kb 
(1,224 bp) fragment was cloned in pGEM-T easy vector and 
sequenced to confirm the E183G mutation. The sequencing 
result of the cloned gene shows substitution of GAG (code for 
amino acid E) to GGA (code for amino acid G) in the PDH45 
gene. Schematic representation of single mutant E185G is shown 
in Figure 1B.

R363Q single mutation in HRIGRSGR motif (motif VI) 
of PDH45. The 1.2 kb R363Q mutated PDH45 DNA fragment 
was prepared by PCR using normal PDH45 gene (cloned in 
pGEMT easy vector) and primers (R363Q-PDH45F or R363Q-
PDH45R, Table 1) with desired point mutation designed from 
PDH45 gene. Finally the R363Q mutated 1.2 kb (1,224 bp) 
fragment was cloned in pGEM-T easy vector and sequenced 
to confirm the R363Q mutation. The sequencing result of the 
cloned gene shows substitution of CGG (code for amino acid R 
to CAA) (code for amino acid Q) in the PDH45 gene. Schematic 
representation of single mutant R363Q is shown in Figure 1C.

E183G and R363Q double mutation in PDH45 gene. 
Double mutants construct created by using E183G mutant gene 
in pGEM-T easy vector as a template and primers (R363Q-
PDH45F or R363Q-PDH45R, Table 1) in two separate tubes 
for the first PCR and the second PCR with mixture of prod-
ucts from first PCR and gene specific primers (PDH45-F and 

Table 1. Primer sequences

Name of the Primer Sequence Length (bases)

E183G-PDH45F 5'-CAA GTT ACT AGT TCT GGA TGG ATC TGA TGA AAT GTT GAG CAG-3' 42

E183G-PDH45R 5'-CTG CTC AAC ATT TCA TCA GAT CCA TCC AGA ACT AGT AAC TTG-3' 42

R363Q-PDH45F 5'-GTA CAT TCA TCG GAT TGG TCA ATC TGG ACG TTT TGG ACG AAA G-3' 43

R363Q-PDH45R 5'-CTT TCG TCC AAA ACG TCC AGA TTG ACC AAT CCG ATG AAT GTA C-3' 43

PDH45-F (NdeI) 5'-AGA GGC ATA TGG CGA CAA CTT CTG TGG-3' 27

PDH45-R (XhoI, EcoRI) 5'-GAG GAA TTC CTC GAG TTA TAT AAG ATC ACC AAT ATT C-3' 37
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