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In a living cell, folding of proteins is assisted by molecular chaperones and other folding helpers. In Escherichia coli
(E. coli), recently an ATP independent chaperon ‘Spy’ was discovered which is highly up-regulated in the pres-
ence of protein unfolding agents like ethanol, butanol and tannic acid. Two response regulators; BaeR and
CpxR have been recognized as transcriptional regulators of spy gene. However, the mechanism of genetic regu-
lation of spy under protein denaturants like ethanol has not been studied in detail so far. Based on a combination
of genetic, molecular biology and biochemical experimental data, we propose that BaeR protein is the primary
Chaperones regulator of spy gene in response to ethanol stress in E. coli. In addition, we expanded the experimental spectrum
Ethanol stress and validated that regulation of spy gene in the presence of zinc and copper metal stress is primarily via BaeR and
Spy CpxR regulators respectively. We also performed in-silico analysis to identify the homologs of Spy protein and
BaeR regulator their cognate regulatory elements in bacterial species belonging to enterobacteriaceae family. Based on the

Keywords:

CpxR regulator unique ATP-independent chaperone nature and genetic regulation of spy we also propose its importance in bio-
sensor development and facilitated production of properly folded recombinant proteins.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction onslaught of undesirable environmental changes that might lead

Molecular chaperones assist various processes in the bacterial cell
including folding of newly synthesized protein, protein secretion,
preventing aggregation of protein and even repairing the damaged pro-
teins (Hartl, 1996). There are several chaperones in a bacterial cell
which provide folding protection to the nascent proteins in both inter-
nal and external milieu of the cells, mostly at the expense of energy mol-
ecules like adenosine 5’ triphosphate (ATP) (Hartl, 1996; Lund, 2001).
Periplasmic space of Gram-negative bacteria like Escherichia coli is ex-
posed to the external environmental fluctuations and is devoid of ener-
gy sources such as ATP, thus presenting cells with a challenge to cope
with the problem of aggregation and unfolding of the proteins in the
periplasm. This enigma was settled by an elegant genetic selection ex-
periment which led to the discovery of a protein ‘Spy’ found responsible
for protein stability in E. coli periplasm (Powers and Balch, 2011; Quan
et al.,, 2011; Yamamoto et al., 2008). Spheroplast protein Y (Spy) is a
non-ATP dependent chaperone which protects E. coli from the

Abbreviations: BaeR, bacterial adaptive response regulator; CpxR, conjugative plasmid
expression regulator; GFP, green fluorescence protein; OD, optical density; Psp, phage
shock protein; qRT-PCR, quantitative reverse transcription polymerase chain reaction;
Spy, spheroplast protein Y; WT, wild type.
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to protein aggregation. Spy like periplasmic chaperone can be of bio-
technological importance to facilitate conformational processing of a sig-
nificant fraction of de novo synthesized recombinant polypeptides
overproduced in E. coli (Kyratsous et al., 2009; Schlapschy and Skerra,
2011; Yoon et al.,, 2008).

Normally, the amount of Spy protein present in E. coli cell is vanish-
ingly small, however on exposure to environmental stresses such as
copper (Cu), zinc (Zn), ethanol, indole and tannins, the expression of
spy gene gets induced (Bury-Moné et al., 2009; Kwon et al., 2010;
Nishino et al., 2005; Yamamoto and Ishihama, 2006; Yamamoto et al.,
2008). Expression of spy is transcriptionally regulated by two stress re-
sponse systems; Bae and Cpx, which monitor protein folding in the
extracytoplasmic envelope (MacRitchie et al., 2008; Vogt and Raivio,
2012). Bae and Cpx belong to the category of two component systems
in which inner-membrane proteins BaeS and CpxA act as histidine ki-
nase to sense the membrane stress. Upon activation by stress, BaeS
and CpxA get autophosphorylated and transfer this phosphate to their
cognate response regulatory partners BaeR and CpxR respectively.
Phosphorylation of these response regulators activates transcription of
cognate target genes (MacRitchie et al., 2008; Nagasawa et al., 1993).
Yamamoto et al. analyzed the upstream sequence of spy gene and
established that the promoter is composed of two BaeR and one CpxR
binding motifs which interact with their cognate regulatory pro-
teins and modulate the expression of spy gene under various stress-
es (Yamamoto and Ishihama, 2006; Yamamoto et al., 2008).
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It has also been observed that the percentage of Spy protein in E. coli
gets highly elevated in bacterial cells exposed to the protein unfolding
agents like ethanol and butanol (Brynildsen and Liao, 2009; Nishino
et al,, 2005; Rutherford et al., 2010). However, the exact mechanism of
regulation is not known. Yamamoto et al. observed that in the presence
of copper, the upregulation of spy gene is mediated only through the
regulatory protein CpxR (Yamamoto and Ishihama, 2006; Yamamoto
et al., 2008). This observation prompted us to investigate the regulatory
mechanism of spy gene in the presence of ethanol stress. We fused the
promoter of spy gene with GFP (green fluorescence protein) and
implanted the recombinant construct (spy::GFP) into wild type E. coli
strain and null mutants of cpxR (AcpxR) and baeR (AbaeR) genes respec-
tively. The GFP expression was monitored in the wild type, AcpxR and
AbaeR strains, harboring spy::GFP, in the presence of ethanol. To deci-
pher the role of regulatory elements (BaeR and CpxR binding sites) of
spy gene, the promoter of spy gene was truncated to remove the BaeR
and CpxR binding sites. These promoter variants were fused with the re-
porter protein GFP and were used to probe the role of CpxR and BaeR
binding motifs in activation of spy gene in the presence of ethanol. Fur-
thermore, the effect of null mutants of baeR and cpxR on the level of ex-
pression of spy gene in the presence of ethanol was investigated by
monitoring mRNA expression using qRT-PCR. Through a series of exper-
imental evidences, we propose the regulatory mechanism of spy gene in
the presence of ethanol.

Homologs of Spy proteins have been identified in other bacterial
species also (Quan et al., 2011). The enigmatic nature of Spy protein
prompted us to look for conservation in regulatory elements of other
Spy like protein homologs in Gram-negative bacterial species. Spy pro-
tein of E. coli shows sequence similarity (31%) with CpxP protein which
is a known repressor of Cpx pathway. Spy and CpxP proteins both con-
tain two LTXXQ motifs each. In-silico bioinformatic search of protein da-
tabases revealed that within the family enterobacteriaceae, several
hypothetical proteins with LTXXQ motifs are present. These proteins
and their regulatory elements also show varying degree of conservation
of BaeR and CpxR-binding motifs. These analyses indicate that Spy like
other hypothetical proteins encoded in the genome of enterobacteriace-
ae family may also be regulated through Cpx and Bae regulators.

2. Materials and methods
2.1. Bacterial strains, plasmids and oligonucleotides

Bacterial strains and plasmids used in this study have been listed in
Tables 1 and 2. All the experiments described here were based on E. coli

Table 2
Oligonucleotides used in this study.

Name of primers 0Oligo sequences (5'-3")

Forward primer F—RT spy GCCAGCGATACCTTCGATAA This study
Reverse primer R—RT spy GCAGGCATTTTACCTTTTGC This study
Forward primer—spyg; ATTAGAATTCTACAGATTAATCCTGGT This study
Forward primer—spyr, ATTAGAATTCATCGTGTTGTAATATTCT This study
Forward primer—spye; ATTAGAATTCATTGGCGCAAAAGTGTTT  This study
Reverse primer-R—spy ATTAAAGCTTTTATTACGGCTTTCTTAA This study
Forward primer F—spy-10/35 TGACTGGATCCGCTCTGATTAATTGACGC  This study

Reverse primer R—spy-10/35 ATTGCAAGC CAGTTATTTATTACGGC This study
Forward primer—BaeR EcoR1  TAGTGAATTCATGCTCGAAAAAATAAGC  This study
Reverse primer—BaeR BamHI ~ GCATGGATCCAACAC GCGCCAAT This study

K-12 BW25113. All mutant strains (AbaeR and AcpxR) used in this study
originated from the KEIO collection (Baba et al., 2006). Plasmid vector
pPROBE-TT’ used in this study was a kind gift from Prof. Steven Lindow,
Berkeley University, USA. Vector pPROBE-TT” has ColE1 origin of replica-
tion, codes for tetracycline resistance and encodes green fluorescence
protein downstream of multiple cloning sites (Miller et al,, 2000). Oligo-
nucleotides used in this study were synthesized by Eurofins Scientific,
India and have been listed in Table 2.

2.2. Media, antibiotics and growth conditions

Bacterial cultures were maintained on Luria Bertani agar (Himedia,
India) plates at 37 °C. All liquid cultures were grown in Luria Bertani
broth (Himedia, India) with shaking (250 rpm) at 37 °C. To ensure
proper strain and plasmid maintenance, the culture medium was sup-
plemented with following antibiotics whenever necessary: kanamycin
(40 pg/ml) or tetracycline (30 pg/ml) (Sambrook et al., 1989). All anti-
biotics were purchased from Sigma Aldrich, USA.

2.3. Bioinformatics analysis

Homologs of the E. coli MG1655 Spy protein (gi|16129697) were
searched using NCBI's Basic Local Alignment Search Tool (http://
blast.ncbi.nlm.nih.gov). The periplasmic hypothetical proteins of
enterobacteria showing conservation with E. coli Spy proteins were
selected. Selected hypothetical protein sequences and upstream se-
quences of the genes encoding these proteins were aligned by using
ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2). To identify
the motifs present in the homologs of Spy protein in enterobacteriaceae,

Table 1
Bacterial strains and plasmid used in this study.
Strains Description/genotype References
E. coli DH5x F~, deoR, endA1, gyrA96, hsdR17 (rK—/mK™), recA1, phoA, relA1, thi-1, A(lac ZYA-argF), U169$80dlacZAM15\ ", supE44 Taylor et al. (1993)

E. coli BW25113
E. coli BW25113 AbaeR
E. coli BW25113 AcpxR

Plasmids used

F—, A(araD-araB)567, AlacZ4787(::rrnB-3), A~ rph-1, A(rhaD-rhaB)568, hsdR514
F—, A(araD-araB)567, AlacZ4787(::rrnB-3), A~, AbaeR778::kan, rph-1, A(rhaD-rhaB)568, hsdR514
F—, A(araD-araB)567, AlacZ4787(::rrnB-3), A~ rph-1, A(rhaD-rhaB)568, AcpxR772::kan, hsdR514

Baba et al. (2006)
Baba et al. (2006)
Baba et al. (2006)

Plasmid name Description/resistance

PPROBE-TT’

PpPROBE-TT’ spy BBC::GFP
sites in pPROBE-TT’

PPROBE-TT’ spyBC:GFP
sites in pPROBE-TT’

pPROBE-TT" spy C::GFP
PPROBE-TT’

pPROBE-TT’ spy BB::GFP
PpPROBE-TT’

Promoter Probe shuttle vector, Tet®, GFP has been cloned at downstream of MCS
Upstream sequence of spy gene containing two BaeR and CpxR binding sites was cloned between EcoR1 and Hindlll restriction

Upstream sequence of spy gene containing one BaeR and CpxR binding sites was cloned between EcoR1 and Hindlll restriction
Upstream sequence of spy gene containing only CpxR binding sites was cloned between EcoR1 and Hindlll restriction sites in

Upstream sequence (containing only BaeR binding sites) of spy gene was cloned between EcoR1 and HindIll restriction sites in

Miller et al. (2000)
This study

This study
This study

This study
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a motif scan program (http://myhits.isb-sib.ch/cgi-bin/motif_scan) was
used (Sonnhammer et al., 1998).

2.4. Construction of spy promoter variants

The upstream sequences (— 500 to — 20) of spy gene were amplified
from the genomic DNA of E. coli BW25113 by using forward primer spy._r
and reverse primer spy_g (Table 2), which introduced EcoRI and HindllI re-
striction sites at the ends of the amplified fragments. The amplified up-
stream sequence of spy gene containing two BaeR and one CpxR
binding sites was truncated by using different sets of primers. Forward
primer spy_g,; and reverse primer spy_r (Table 2) were used to amplify
the upstream sequence which had one BaeR and one CpxR binding site.
Another pair of oligos spy_r3 forward and spy g reverse was used to ampli-
fy the upstream sequence having only CpxR binding sites. To clone the
BaeR binding motif, the upstream sequence of spy gene was amplified
using two sets of forward primers (F-spy-10/35 and F-BaeR EcoR1) and
reverse primers (R-spy-10/35 and R-BaeR BamHI) (Fig. 2A-B). Each of
the amplified products was digested with EcoRI and HindIll restriction en-
zymes and ligated with EcoRI and HindlIlI digested promoter probe vector
pPROBE-TT (Sambrook et al., 1989). Variants of spy promoter were
named spyBBC::GFP, spyBC::GFP, spyBB::GFP and spyC::GFP. Restriction en-
zymes used in this study were purchased from Thermo Fisher, USA and
New England Biolabs, USA. DNA Sequence of all constructs was confirmed
at Eurofins Laboratories, Hyderabad, India.

2.5. RNA and DNA extraction and quantification

Wild type E. coli BW25113 strain and deletion strains E. coli
BW25113 (AcpxR) and E. coli BW25113 (AbaeR) were treated with 4%
ethanol. After 6 h of induction, the cells were harvested and total RNA
was isolated using Trizol reagent (MRC, Cincinnati, Ohio, USA) as
per manufacturer's instructions (Mackey and Chomczynski, 1996).
Genomic DNA of E. coli BW25113 was isolated by using genomic
DNA isolation kit (Fermentas, USA) according to the manufacturer's
instructions. DNA and RNA concentrations were determined using
the SpectraMaxM?¢ microplate reader (Molecular Device, CA, USA)
at 260/280 nm (Maniatis et al., 1982).

2.6. Real time PCR

The total RNA was treated with DNase I (Fermentas, USA) for remov-
al of any contaminating genomic DNA. DNase treated total RNA (1 pg)
was converted to strand-specific cDNA in a 25 pl reaction consisting of
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1x RT reaction buffer, 4 mM of each dNTP, 1.6 UM gene specific reverse
primer (spy-R), 20 U RNase inhibitor, and 1 ul of ImProm-1I"" Reverse
Transcriptase (Promega, Madison, USA). Each 25 pl of PCR reaction
contained 12.5 pl of Light cycler 480 SYBR Green I master (Roche diag-
nostics, Germany), 0.2 M of each primer and 2 pl (450 ng) of cDNA. Rel-
ative qPCR was carried out in Smart Cycler (Cepheid, Sunnyvale, CA)
with primers spy-F/R specific for spy as the target gene, and primers
16S rRNA-F/R specific for 16S rRNA as the reference gene (endogenous
gene). From the fluorescent values obtained through the real-time PCR
analysis, the threshold cycles (Cr-value) were obtained. The calculated
threshold cycle (Cr) for each gene was normalized to Cy of the rRNA
gene, expression which is invariant across a large range of growth con-
ditions (Livak and Schmittgen, 2001).

2.7. Measurement of GFP fluorescence

The bacterial cells were grown with shaking at 37 °C in LB medium
until they reached an optical density at 600 nm (ODggg) of 0.3 (early
log phase). Grown bacterial cell cultures were induced at early-log
phase (0.2-0.3) with 4% ethanol, 0.6 mM copper chloride, and 0.6 mM
zinc sulfate. To quantify the fluorescence intensity, 1 ml of bacterial cul-
ture was harvested after 2 h of induction, washed and re-suspended in
500 pl 1x PBS (phosphate buffered saline). Expression of GFP protein
was measured using the SpectraMaxM?2° microplate reader (Molecular
Device, CA, USA). Fluorescence intensity was measured in a black
opaque 96 well plate (Corning® 96 well opaque black plate, USA) at ex-
citation of 490 nm and emission of 510 nm. Fluorescence value was nor-
malized with optical density (Miller et al., 2000).

2.8. Fluorescence microscopy

To visualize bacterial cells expressing GFP protein using a fluores-
cence microscope, the cells were washed thrice with 1x PBS. Washed
cells were spread on slides and allowed to air dry. Cells were observed
under 100x oil immersion objective lens of a Nikon Eclipse Ti-E
inverted fluorescence microscope (Nikon, Tokyo, Japan).

3. Results

3.1. Influence of cpxR and baeR deletion on spy promoter activity in the
presence of ethanol, copper and zinc

The activity of spy promoter was assessed in terms of GFP expression
by external addition of 4% ethanol, 0.6 mM copper ion and 0.6 mM zinc
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Fig. 1. E. coli strains (WT, AcpxR and AbaeR) harboring the spy::GFP plasmid were induced with 4% ethanol, 0.6 mM zinc sulfate and 0.6 mM copper chloride. The spy promoter activity was
quantified by measuring fluorescence intensity. A) Fluorescence microscopic view of induced cells. B) Fluorescence values were monitored using a fluorescence spectrophotometer.
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Fig. 2. A) Diagram illustrates the method of spy promoter truncation by using different sets of primers (Spyr1, SPYe2, SPYr3, and Spyr-10,-35 forward primers spy and spyg and Spyrgammi
reverse primers). B) Schematic diagram showing the cloning of spy promoter variants in pPROBE-TT’ plasmid vector containing GFP as reporter gene.

ion to E. coli BW25113, E. coli BW25113 AcpxR and E. coli BW25113 were challenged with protein unfolding agents ethanol and metal
AbaeR strains respectively. Expression of GFP was monitored by spec- zinc, the spy promoter was activated in wild type E. coli and AcpxR
trophotometric and microscopic examinations. When E. coli strains strains resulting in expression of GFP which was above the background
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Fig. 3. A) E. coli strain harboring transcriptional fusion of GFP and variants of spy promoter (spyBBC::GFP, spyBC::GFP, spyC::GFP and spyBB::GFP) were induced with 4% ethanol, 0.6 mM zinc
sulfate and 0.6 mM copper chloride and fluorescence intensity was measured using a spectrophotometer. B) Expression of spy m-RNA level was monitored by qRT-PCR in the presence of
4% ethanol in wild type E. coli and deletion mutant of cpxR and baeR strains.
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values. However, both the stress agents failed to activate the promoter
in AbaeR strain (Fig. 1A, B). On the other hand copper failed to activate
the spy promoter in AcpxR strain whereas it was activated in WT and
AbaeR strains. These results indicate that the cytoplasmic regulator
BaeR plays a pivotal role in the expression of Spy under ethanol and
zinc stresses. However, in the presence of copper the induction of spy
gene in E. coli is cpxR dependent.

3.2. Response of spy promoter variants to ethanol, copper and zinc

To understand the role of DNA regulatory element of spy gene con-
taining BaeR and CpxR binding motifs under ethanol, copper and zinc
stresses, the truncated variants of spy promoter possessing different
regulatory motifs were generated. Constructed spy promoter variants
were named; spyBBC::GFP (containing two BaeR and one CpxR binding
sites), spyBC::GFP (containing one BaeR and one CpxR binding site),
spyBB::GFP (two BaeR sites only), and spyC::GFP (one CpxR binding
site only) as shown in Fig. 3A. E. coli strains harboring the spy promoter
variants (spyBBC::GFP, spyBC::GFP, spyC::GFP & spyBB::GFP) were in-
duced with 4% ethanol, 0.6 mM copper ion and 0.6 mM zinc ion respec-
tively and the fluorescence values were measured. The variant of spy
promoter containing only the CpxR binding motif was unable to drive
GFP expression during ethanol and zinc stresses, however the GFP fluo-
rescence values increased on exposure to copper ion. Other E. coli vari-
ants harboring (spyBBC::GFP, spyBC and spyBB::GFP) one BaeR binding
motif each, drove the expression of GFP and showed three fold higher
fluorescence values compared to the control set, indicating that the pro-
moter was in an active state (Fig. 3A). The response of E. coli BW25113
strain harboring spyBB::GFP was found to be linear over a range of 2-6%
ethanol (Supplementary Fig. 1.) These observations suggest that the
presence of BaeR and CpxR binding motifs in the promoter of spy gene
provides site for interaction with cognate phosphorylated BaeR and

Outer Membrane

CpxR protein leading to regulation of spy gene during ethanol, zinc
and copper stresses (Fig. 4).

3.3. Quantification of spy gene m-RNA expression in cpxR and baeR deletion
strains on exposure to ethanol

To further confirm the regulation of spy gene under ethanol stress,
we followed the mRNA levels in AbaeR and AcpxR strains using qRT-
PCR. E. coli BW25113, E. coli BW25113 AcpxR and E. coli BW25113
AbaeR cells were treated with 4% ethanol and qRT-PCR was carried
out to analyze the expression of spy gene in-vivo. The expression of
spy gene was highly upregulated (~415 fold) in deletion mutant of
cpxR and wild type strains. However, no significant change (~6-7
fold) was observed in case of baeR deletion mutant. These results con-
firm that in the absence of BaeR protein, the expression of spy gene
gets diminished; whereas, in AcpxR and wild type E. coli strains, the ex-
pression was highly elevated in the presence of ethanol (Fig. 3B).

3.4. Conservation of Spy homologs in other bacterial genomes

A BLASTP search was performed using the sequence of Spy protein
as the initial query to identify representatives of the same protein family
in related bacterial genomes and the BLAST results indicated that these
bacteria belong to the enterobacteriaceae family. Multiple sequence
alignment of these homologs shows high conservation at their N
and C terminal amino acid sequences. Search in motif scan program
(http://myhits.isb-sib.ch/cgi-bin/motif_scan) (Sonnhammer et al.,
1998), led to the observation that most of the homologs of Spy protein
in bacterial genomes contain two LTXXQ motifs each (Supplementary
Fig. 2). The LTXXQ motif present in Spy protein has been predicted to
help maintain its own structural integrity (Kwon et al., 2010; Thede
et al., 2011). Of these Spy homologs, representative hypothetical pro-
teins from Dickeya zeae, Sodalis glossinidius, Pantoea ananatis, and
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Fig. 4. Schematic diagram showing the cellular mechanism of the activation of the periplasmic chaperone spy in the presence of ethanol, indole, zinc and copper.
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Pectobacterium carotovorum were selected for further analysis. These
proteins merit further investigation since despite the presence of two
LTXXQ motifs they show a low sequence conservation (20-35%) with
CpxP and higher sequence conservation (48-60%, Supplementary
Table 1, Supplementary Figs. 4-5) with Spy protein of E. coli. Alignment
of complete protein sequences of these hypothetical proteins with Spy
of E. coli also revealed that similarity of the sequences is not confined
to only small stretches around the LTXXQ motif (Supplementary
Fig. 3). Conserved Spy homologs encoded in enterobacteria prompted
us to investigate their regulatory elements and compare CpxR and
BaeR binding motifs. It was found that the BaeR-binding motif shows
some degree of conservation (Fig. 5, Supplementary Fig. 6). However,
the CpxR binding motif was highly conserved in this group of bacteria.
High conservation of the CpxR binding motif in an upstream region of
various genes encoding Spy like hypothetical protein shows that this
regulator may play a role in activation of these genes during environ-
mental stresses. Taken together, these observations indicate that the
identified uncharacterized proteins of the CpxP family encoded in the
genome of enterobacteria are also likely to be transcriptionally regulat-
ed by two stress response systems, Bae and Cpx.

4. Discussion

Several extracytoplasmic pathways exist in E. coli to cope with the
envelope stresses. Amongst the well characterized signaling pathways;
oF, Psp, Cpx and Bae have been identified as major regulatory elements
of such stresses (Bury-Moné et al., 2009). Cpx and Bae systems also reg-
ulate expression of spy, an enigmatic chaperone, which supports protein
refolding without the need for energy source like ATP (Kwon et al.,
2010; Quan et al., 2011). On the one hand it is critical to understand
the mode of action of Spy as chaperone; on the other hand, the agents
which regulate the expression of Spy also merit a deeper investigation.
Through a combination of genetic, biochemical and molecular studies
we have investigated the genetic regulation of Spy protein in the pres-
ence of ethanol and metal ions like Cu and Zn. In this study, we conclude
that BaeR is the primary regulator of ethanol stress in E. coli. This conclu-
sion has been arrived at by using E. coli strains lacking CpxR and BaeR

B High Conservation

[ Low Conservation

regulators separately. GFP induction data of these strains substantiates
the role of BaeR in E. coli in the presence of ethanol. This observation
is further supported by the data obtained from promoter variants gener-
ated from truncation studies. To understand the role of BaeR and CpxR
regulators in spy mRNA expression level, we carried out real time PCR
in cpxR and baeR knock out strains in the presence of ethanol. This in-
vivo study also confirms that the BaeR is the key regulator of spy gene
regulation during ethanol stress.

Cumulatively, on the basis of these evidences we propose that BaeR
is the primary regulator of spy gene in the presence of protein unfolding
agent ethanol. Additional evidences comprising knock out mutants of
cpxR and baeR in combination with the truncation study of spy promoter
are in agreement with earlier studies, stating that the expression of spy
gene is regulated by CpxR and BaeR dependent manner in the presence
of Cu and Zn respectively (Bury-Moné et al., 2009; Yamamoto and
Ishihama, 2006; Yamamoto et al., 2008). We also hypothesized that
the Spy like hypothetical proteins that are conserved in other bacterial
genomes might also be playing a key role in protecting the periplasmic
proteins from external stimuli. Identified, yet uncharacterized Spy like
proteins involved in protecting the bacterial cells from environmental
insults can be characterized using the above approach. Conserved
motif LTXXQ has been associated with Spy and CpxP proteins (Danese
and Silhavy, 1998; Thede et al., 2011). Based on the preliminary obser-
vation that these hypothetical proteins show higher degree of conserva-
tion with Spy protein as compared to CpxP repressor, it will be worth
carrying out detailed bioinformatics and functional characterization of
this group of proteins which possess the LTXXQ motif. Further, conser-
vation of CpxR and BaeR DNA binding motifs in promoters of Spy like
hypothetical proteins, indicates that activation of these proteins might
be regulated by BaeR and CpxR stress regulators during various environ-
mental insults (Wang and Fierke, 2013).

In addition to understanding the basic aspects of gene regulation
under stress, the observations of this study can be used in two ways
for biotechnological applications. An appropriately selected module of
promoter variant of spy can be used for development of whole cell bio-
sensor to sense the environmental toxicants including protein unfolding
agents (Melamed et al., 2012). Further, the uniqueness of Spy as an ATP-

BaeR BaeR CpxR
—T 1 gi|486276801: Dickeya zeae
+1
BaeR BaeR CpxR
Qgi|483966959: Pantoea ananatis
+1
BaeR BaeR CpxR
gi|198440741: Pectobacterium carotovorum
+1
BaeR CpxR
L gi|484100868: Serratia marcescens

+1

BaeR CpxR
gi|85057978: Sodalis glossinidius

+1

Fig. 5. Diagram showing the conservation of BaeR and CpxR binding motifs in the upstream sequence of gene encoding Spy like hypothetical protein in enterobacteria gi|486276801
Dickeya zeae, gi|483966959 Pantoea ananatis, gi| 198440741 Pectobacterium carotovorum, gi|484100868 Serratia marcescens, and gi|85057978 Sodalis glossinidius.
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independent chaperon coupled with knowledge about regulation of spy
can also be tested for recombinant protein production in E. coli. Since
Spy expression can reach up to 25% of the total periplasmic content
(Quan et al., 2011), it will be interesting to study the effect of induc-
tion of Spy on refolding of recombinant proteins in cpxR knockout
background.
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