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Heat shock proteins (Hsps) play a key role in the cellular

defense response to diverse environmental stresses. Here,

the role of Hsp genes in the acquisition of thermotolerance

in the cyanobacterium Microcystis aeruginosa NIES-298

was investigated. Twelve Hsp-related genes were examined

to observe their modulated expression patterns at different

temperatures (10, 15, 25, and 35
o

C) over different

exposure periods. HspA and HtpG transcripts showed an

up-regulation of expression at low temperatures (10 and

15
o

C) and high temperature (35
o

C), compared with the

control (25
o

C). To examine their effects upon thermotolerance,

we purified recombinant HspA and HtpG proteins. During

a thermotolerance study at 54
o

C, the HspA-transformed

bacteria showed increased thermotolerance compared

with the control. HtpG also played a role in the defense

response to acute heat stress within 30 min. These findings

provide a better understanding of cellular protection

mechanisms against heat stress in cyanobacteria.

Keywords: Cyanobacteria, Microcystis aeruginosa, heat shock

protein, thermotolerance

Heat shock proteins (Hsps) are highly conserved proteins

synthesized in many organisms in response to various

stimuli and stressors such as heat, hypoxia, magnetic field

exposure, chemical exposure, and infection [8]. Most Hsps

are expressed at a low rate under normal growth conditions,

and play a fundamental role in the physiology of cells. In

prokaryotes such as Escherichia coli, the most abundant

Hsps play a role in either molecular chaperones (e.g.,

DnaK and GroEL proteins) or proteases (e.g., ClpB and

Lon) [30]. Transient induction of Hsps upon elevated

temperatures is observed in both prokaryotes and eukaryotes

[23, 30]. The acquisition of cellular thermotolerance is

associated with the elevated expression of a set of Hsps

[26].

Studies on thermotolerance are particularly relevant to

aquatic cyanobacteria, as their blooming is associated with

elevated temperatures during the summer season [6, 11,

24]. To date, the cyanobacterial heat shock response has

been studied in strains of Synechococcus [3], Anabaena sp.

strain L-31 [1], Plectonema boryanum [2], Anabaena sp.

strain PCC 7120 [22], and Synechocystis [27]. However,

extensive studies on the cloning, expression, and activation

for Hsp genes are still lacking in the Microcystis aeruginosa.

In diverse prokaryotes, several Hsp genes have been

reported, such as groES (≈ 10 kDa), HspA (≈ 15-19 kDa),

GrpE (≈ 20-30 kDa), DnaJ (≈ 40 kDa), GroEL (≈ 60 kDa),

dnaK (≈ 70 kDa), HtpG (≈ 90 kDa), and ClpB (≈ 100 kDa),

as well as hrcA, a negative regulator of Hsp. However, in

the cyanobacterium Microcystis aeruginosa, there is little

information available on the characterization of Hsp genes

except for whole genome information from M. aeruginosa

NIES-843 strain. Generally, water temperature is an important

factor in controlling the initiation of cyanobacterial blooms,

often favoring warm temperatures [11]. Robarts and

Zohary [24] reported that the growth rate of four genera of

bloom-forming cyanobacteria (Anabaena, Aphanizomenon,

Microcystis, and Oscillatoria) was increased in a temperature-

dependent manner from 20oC to 30oC. However, their

growth rates were inhibited at below 15oC. Also, de

Figueiredo et al. [6] showed that the blooming in

cyanobacteria was dramatically increased by elevated

temperature from 10oC to near 30oC in Vela Lake, Portugal.

As a first step to understanding the thermal stress-related
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defense mechanism in M. aeruginosa, we characterized

their molecular responses to elevated temperatures.

In this study, we characterized M. aeruginosa Hsp genes

and analyzed their expression patterns after exposure to

different temperatures. The aims of this study were (i) to

obtain sequences of Hsp genes and determine their basal

expression in M. aeruginosa; (ii) to examine whether acute

heat stress modulates mRNA expression of Hsp; and (iii)

to determine the thermotolerance activity of inducible Hsp

in heterologously transformed E. coli.

MATERIALS AND METHODS

Cyanobacteria and Acute Heat Exposure

The cyanobacterium Microcystis aeruginosa NIES-298 strain was

obtained from the Microbial Culture Collection at the National

Institute for Environmental Studies (Tsukuba, Japan) and maintained

at a temperature of 25 ± 1
o
C with a 16 h light and 8 h dark cycle

with fluorescent light. To determine the optimum temperature, a

preliminary test for growth rate was conducted under a wide range

of temperatures from 5
o
C to 55

o
C for 32 h. Turbidities and absorption

values at 750 nm were measured with a Varioskan Flash (Thermo

Electron Corporation) at every 4 h. To determine whether the Ma-

Hsps would be inducible, a 30 ml sample of M. aeruginosa at the

exponential growth stage was exposed to different temperatures,

acute cold (10 and 15
o
C) and heat shock (35

o
C) stresses, for up to

90 min, and samples were taken at 10, 20, 30, 60, and 90 min for

further analysis. Each experiment was performed in triplicate.

Total RNA Extraction

Total RNAs were isolated in 3 volumes of TRIZOL reagent (Molecular

Research Center, Inc., Cincinnati, OH, USA) according to the

manufacturer’s instructions after agitation with a Mini-Bead beater

(Biospec Products, Bartlesville, OK, USA) for 5 min, and stored at

-80
o
C until use. Total RNAs were quantified by absorption of light at

230, 260, and 280 nm (A230/260, A260/280) using a spectrophotometer

(Ultrospec 2100 pro, Amersham Bioscience). After RNA quality

was determined, single-strand cDNA was synthesized from total

RNA using random hexamer primers (Invitrogen) for reverse

transcription (SuperScript III RT kit; Invitrogen, Carlsbad, CA,

USA). A cDNA library was prepared for GS-20 random sequencing

according to the manufacturer’s instructions (Roche Applied Science,

Genome Sequencer 20 System).

GS-20 Sequencing, Data Processing, and Assembly

Genomic DNA sequence information (approximately 600,000 genomic

clones; average read length 100 bp) of M. aeruginosa was obtained

by 454 pyrosequencing that was carried out using the GS-20

sequencer. To develop the GS-20 shotgun library, we performed blunt

end ligation to adaptors. The adaptors contained the amplification

and sequencing primers necessary for the GS-20 sequencing process.

After adaptor ligation, the fragments were denatured and clonally

amplified via emulsion PCR, thereby generating millions of copies

of template per bead. The DNA beads were then distributed into

picoliter-sized wells on a fiber-optic slide (PicoTiter-Plate), along

with a mixture of smaller beads coated with the enzymes required

for the pyrosequencing reaction, including the enzyme firefly

luciferase. The four DNA nucleotides were then flushed sequentially

over the plate. Light signals released upon base incorporation were

captured by a CCD camera, and the sequence of bases incorporated

per well was stored as a read. Genomic DNA extractions and

normalization were performed at Hanyang University (Seoul, South

Korea), and library generation and sequencing were performed at

Macrogen (Seoul, South Korea). After the signals were captured by

the CCD camera, they underwent image processing, including

normalization of wells, flowgram generation, and sequence base-

calling. Signal processing output included the trimming of low-

quality and primer sequence ends. In addition, a Phred-like quality

score was calculated. The data analysis output resulted in a consensus

sequence of the sample based on the flowgram information from all

wells of the run or a pool of runs, followed by base calling of the

consensus sequence.

For assembly, we used the Arachne assembler, and gene prediction

was carried out using Glimmer 3.02 with an E-value of 0.01, and

blasted to the GenBank nonredundant (nr) database. The blasted

data were arranged with read length, gene annotation, GenBank

number, E-value, and species with its accession number.

Gene Cloning for Heat Shock Proteins in M. aeruginosa

To retrieve every possible Hsp clone in the M. aeruginosa genomic

DNA database, we use a local blast using BioEdit software against

other prokaryotic Hsp counterparts. To overview the Ma-Hsp clones,

the Sequencher 4.7 software (Gene Codes Corp., MI, USA) was

used. The full-length sequences of Hsp genes were determined using

DNA Walking SpeedUp (Seegene, Seoul, South Korea) following

the procedures described by the manufacturer. Annotation and

matched gene information are appended in Table 2. All oligonucleotide

primer syntheses were performed at Bionics Co. (Seoul, South

Korea) and the sequence was analyzed by an ABI PRISM 3700

DNA analyzer.

Quantitative Real-Time RT-PCR (qRT-PCR)

To examine specific expression patterns of M. aeruginosa Hsp

genes, qRT-PCR was performed. Each reaction included 1 µl of

cDNA and 0.2 µM primer, as shown in Table 1. The CFX96 real-

time PCR protocol (Bio-Rad, Hercules, CA, USA) was used, with

the following conditions: 95oC/3 min; 40 cycles of 95oC/30 s, 55oC/

30 s, 72
o
C/30 s. To confirm the amplification of specific products,

cycles were continued to check the melting curve under the following

conditions: 95oC/1 min, 55oC/1 min, and 80 cycles of 55oC/10 s with

0.5
o
C increase per cycle. SYBR Green (Molecular Probes Inc.,

Invitrogen) was used to detect specific amplified products. Amplification

and detection of SYBR® Green-labeled products were performed

using the CFX96 real-time PCR system (Bio-Rad, Hercules, CA,

USA). Data from each experiment were expressed relative to

expression levels of the rpoA gene to normalize the expression

levels between samples. All technical experiments were done in

triplicate. Data were collected as threshold cycle (CT) values, and

used to calculate
 
∆CT values of each sample. The fold change in the

relative gene expression was calculated by the 2
-∆∆Ct 

method [16].

Expression of Recombinant HspA and HtpG Proteins and

Western Blotting

For recombinant protein study, prokaryotic expression constructs

were made according to the manufacturer’s instructions (Invitrogen).

Briefly, the open-reading frame (ORF) regions of HspA and HtpG
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were amplified with the F/R primers shown in Table 1 using an

iCycler (Bio-Rad, USA), inserted into the expression vector, 6×His

tagged pCR T7 NT-TOPO, and transformed into the E. coli strain

BL21(DE3)pLysS. Then, we expressed and purified soluble recombinant

protein using a 6× His-tagged affinity column (10 ml Ni-NTA resin,

Qiagen) in a low-pressure chromatography system and Western

blotting method following the procedure described in a previous

study [23].

Thermotolerance Study

To test whether the transformed E. coli containing recombinant

HspA and HtpG proteins possessed increased thermotolerance, we

transformed E. coli with recombinant HspA and HtpG genes as

previously described [23]. Briefly, E. coli BL21(DE3)pLysS was

transformed with HspA and HtpG in the pCR T7 NT-TOPO vector

or the pCR T7 NT-TOPO vector-self ligation alone and incubated at

30
o
C overnight. Cultures were incubated at 54

o
C in a water bath.

After 0, 10, 20, 30, 40, 50, and 60 min of heat shock, 100 µl

samples were removed, diluted in cold LB broth to stop growth, and

maintained on ice prior to duplicate plating on LB agar plates.

Colony Forming Units (CFU) were counted after 18 h of incubation

at 37
o
C.

Statistical Analysis

Data gathered for mRNA expression were statistically analyzed

using one-way analysis of variance (ANOVA) followed by Tukey’s

test. P < 0.05 was considered significant. Results of exposed groups

were compared with a control group, and P < 0.05 was considered

significant. The SPSS ver. 17.0 (SPSS Inc., Chicago IL, USA)

software package was used for statistical analysis.

RESULTS

Cloning of M. aeruginosa Hsp, and Temperature-

Induced Expression Analysis

To obtain Ma-Hsp, approximately 60 Mb of M. aeruginosa

genomic DNA was randomly sequenced using Gene

Sequencer-20 (GS-20) to cover 12× total genome, representing

Table 1. Primers used in quantitative real-time RT-PCR for quantifying mRNA expression in Microcystis aeruginosa NIES-298.

Gene Oligo Primer Sequence Remark GenBank No.

HspA
ORF-F
ORF-R

5'-ATGGCACTTATACGCTGGGAACCTTTC-3'
5'-TCATTGAGCAATGGCAGGACTGATG-3'

ORF amplification ACB37696

HtpG
ORF-F
ORF-R

5'-ATGACGGTACTCGAAAAAGGTAATATC-3'
5'-TTAAATCTTTTCGGTTAGCTTAGTCAG-3'

ORF amplification ACB37702

groES
RT-F
RT-R

5'-CAAACGCAACGATGACGGTAG-3'
5'-CGCCACCAAGTTTGATATCGG-3'

Real-time PCR amplification ACB37693

HspA
RT-F
RT-R

5'-GAAATGAATCGCTTGTTGGAC-3'
5'-CCGGGTATTTCCAGTTTAAGC-3'

Real-time PCR amplification ACB37695

Hsp20
RT-F
RT-R

5'-GTTTGATTTCACCCCCTTCCG-3'
5'-CGATCCGATATTCATGCTCACCTTC-3'

Real-time PCR amplification ACB37694

GrpE
RT-F
RT-R

5'-TTTCTAGGTGGAATGACTATCG-3'
5'-TTGTCGAACTCGGCTGCTAG-3'

Real-time PCR amplification ACB37696

DnaJ
RT-F
RT-R

5'-ACATCAAACGCGCCTATCG-3'
5'-GATTGCGGGTTTCTGGTTC-3'

Real-time PCR amplification ACB37697

GroEL
RT-F
RT-R

5'-TCGTCAGTCAAATCGCCAAAC-3'
5'-ATGGCCGAGGCGATCATTTG-3'

Real-time PCR amplification ACB37698

DnaK1
RT-F
RT-R

5'-CGATCGTGTTGTTCTCGTTG-3'
5'-ACTCCGGCTTGAATGGCTG-3'

Real-time PCR amplification ACB37699

DnaK3
RT-F
RT-R

5'-GGGACAACTAACTCCGTCGTC-3'
5'-GCCATTTGACCGACCACTAAC-3'

Real-time PCR amplification ACB37700

DnaK-fp
RT-F
RT-R

5'-AGAGGATCGACCCTTTGAAG-3'
5'-ATAATTGGATGCCAAGCGTG-3'

Real-time PCR amplification ACB37701

HtpG
RT-F
RT-R

5'-TTTCTGCGGGAATTGATATC-3'
5'-TCGGTAATTGATAGGGTACG-3'

Real-time PCR amplification ACB37702

ClpB
RT-F
RT-R

5'-GAATCCAGAAGGCAAATACGAAGC-3'
5'-GTCATCTCGTCCAATTACTGGGTC-3'

Real-time PCR amplification ACB37703

hrcA
RT-F
RT-R

5'-CCCTCACTAATACCCTGCGTCATC-3'
5'-TCATAACCGAGCGTGTTTGTAAAC-3'

Real-time PCR amplification ACB37704

rpoA
RT-F
RT-R

5'-TCTTCGACGCTGTAGTTGAC-3'
5'-CAAGCTAGAGATGGAATTTCG-3'

Real-time PCR amplification EU369669
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15,738 contigs (unpublished data). From this dataset,

genomic DNA sequences of 12 Ma-Hsp were retrieved.

Full-length genomic DNA sequences were submitted to

GenBank, and their accession numbers are shown in Table

1. Subsequently, the basal expression level of all the Hsp

was analyzed using the qRT-PCR method at 25oC prior to

measuring differential expression upon acute heat stress.

M. aeruginosa Hsp genes, HspA and HtpG, were highly

expressed compared with other Hsp genes in the normal

culture condition at 25oC (Fig. 1).

Temperature exposures for transcript analysis were

determined based on the preliminary data for growth rates

of M. aeruginosa upon exposure to a wide range of

temperature (Fig. S1). Above 40oC, growth rate was

retarded compared with controls (25oC), and 55°C for 24 h

was lethal. Low temperature (4oC) also inhibited the

growth rate of M. aeruginosa. As seen in Fig. 2, M.

aeruginosa HspA and HtpG genes were constitutively

highly expressed at low temperatures (10 and 15oC)

compared with the control (25oC) over time, while other

Hsp genes were expressed at low levels. At 35oC exposure,

we found a dramatic change in expression of HspA and

HtpG. Notably, the HspA gene showed increased expression

10 min after exposure (Fig. 2) and reached its highest

levels after 60 min. In the case of dnaK1 (≈ 70 kDa), its

mRNA was slightly increased at 15 and 35oC.

Expression, Purification, and Biochemical Characteristics

of Recombinant Ma-HspA and HtpG Proteins

In order to examine whether the M. aeruginosa HspA and

HtpG proteins displayed protein oligomerization in their

native states, we purified both recombinant proteins. The

theoretical pI/Mw (kDa) of each protein was calculated as

5.78/18.135 for HspA and 5.07/78.168 for HtpG protein.

As seen in Fig. 3A, the M. aeruginosa HspA protein was

successfully purified to high homogeneity on the 12%

SDS-PAGE. In the case of M. aeruginosa HtpG protein,

we confirmed its protein size and identity in the 10%

SDS-PAGE (Fig. 3B).

Thermotolerance Effect of Recombinant Ma-HspA and

HtpG Proteins

To determine whether M. aeruginosa HspA and HtpG

recombinant proteins were able to defend against heat

stress in the transformed E. coli, we tested the effect of

Table 2. Similarity comparison of heat shock proteins in different strain of Microcystis aeruginosa.

Gene Matched gene Strain Accession number
Similarity (%)

Identity Positive E-value

groES Co-chaperonin GroES NIES-843 BAG04429 99 100 3e-30

HspA hspA PCC 7806 CAO89407 97 99 4e-63

Hsp20
a

Hsp20 Sphingomonas sp. EGI53601 63 76 7e-47

GrpE GrpE NIES-843 BAG00230 93 95 3e-96

DnaJ DnaJ PCC 7806 CAO90815 98 99 0.0

GroEL Chaperonin GroEL NIES-843 BAG04430 97 98 0.0

DnaK1 DnaK1 PCC 7806 CAO90816 96 97 0.0

DnaK3 DnaK3 PCC 7806 CAO90198 99 99 0.0

DnaK-fp Heat shock protein 70 NIES-843 BAG01499 97 99 0.0

HtpG HtpG PCC 7806 CAO87742 95 96 0.0

ClpB ClpB protein NIES-843 BAG03748 100 100 7e-68

hrcA hrcA PCC 7806 CAO90891 99 99 3e-154

a

This gene was not identified in the genus of Microcystis aeruginosa.

Fig. 1. Basal mRNA expression levels of M. aeruginosa Hsp
genes analyzed using quantitative real-time RT-PCR (qRT-PCR)
at room temperature (25

o

C). 
Hsp mRNA expressions are shown as relative to rpoA mRNA, which was

used as a reference housekeeping gene. Significant difference values are

indicated by different letters on the data bar (P < 0.05) analyzed by

multiple-comparison ANOVA followed by Tukey’s test. Data are

means ± SE of three replicates.
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each protein on thermotolerance after transforming them to

E. coli BL21(DE3)pLyS with an expression vector containing

each HspA and HtpG gene. As a control, untransformed E.

coli cell and a self-ligated pCR/T7 Topo vector lacking the

insert were used. In the case of both control cells, they did

not survive a heat shock of 50 min at 54oC. The transformed

E. coli cells expressing the Ma-HspA proteins showed

significantly more resistance to acute heat shock (54oC)

after 20 min (Fig. 4), and their survival rate was prolonged

up to 60 min. However, Ma-HtpG-transformed E. coli

showed high thermotolerance within 30 min, but they

could not survive to 60 min.

DISCUSSION

Harmful algal blooms are induced by diverse environmental

factors such as temperature, nutrients, pH, nitrogen, and

weather conditions [1, 6, 11, 24]. Temperature change may

prove to be a critical modulator to induce and inhibit

Fig. 2. Expression patterns of M. aeruginosa Hsp genes analyzed
using quantitative real-time RT-PCR (qRT-PCR) at different
temperatures (10oC, A; 15oC, B; 35oC, C) and times (0, 10, 20,
30, 60, 90 min). 
Hsp mRNA expressions are shown as relative to rpoA mRNA, which was

used as a reference housekeeping gene. Data are means ± SE of three

replicates.

Fig. 3. Expression and purification of recombinant M. aeruginosa
Hsp protein. 
A. Left frame: 12% SDS-PAGE photomicrograph of M. aeruginosa HspA

recombinant protein samples. Protein bands were visualized by Coomassie

R-250 blue staining. Lane M: standard size marker; lane 1, pCR-T7TOPO

vector-expressing E. coli induced with 0.5 mM IPTG for 3 h at 37oC; lane

2, whole cell lysate of M. aeruginosa HspA-expressing E. coli induced

with 0.5 mM IPTG for 3 h at 37
o

C; lane 3, soluble fraction; lanes 4,

fraction purified on a His-bind column. Right frame: Western blot analysis

of M. aeruginosa HspA recombinant protein samples. The Western blot

was carried out using anti-His-tag monoclonal antibody (dilution 1:5,000).

All lanes are in the same order as marked on the left frame. A red arrow

indicates M. aeruginosa HspA. B. Left frame: 10% SDS-PAGE

photomicrograph of M. aeruginosa HtpG recombinant protein samples.

Right frame: Western blot analysis of M. aeruginosa HspA recombinant

protein samples. The Western blot was carried out using anti-His-tag

monoclonal antibody (dilution 1:5,000). All lanes are in the same order as

marked on the HspA results. A red arrow indicates M. aeruginosa HtpG.
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bloom formation. Cyanobacteria have a defense system,

including heat shock proteins in addition to general

metabolic mechanisms [2, 3, 8], that allows survival under

changing temperature conditions. To date, several studies

have shown the modulation of specific heat shock proteins

upon heat stress in prokaryotes and eukaryotes, and

subsequently some Hsp proteins have been characterized

in in vivo and/or in vitro systems [8, 30]. In addition

to conceptual studies, transcriptional expression pattern

analyses of all heat shock protein families may provide a

better understanding of their defense mechanisms [23]. In

this paper, we identified 12 Hsp genes obtained by the

pyrosequencing method from the genomic DNA of M.

aeruginosa. These clones covered most of the representative

Hsp gene families in the cyanobacterium M. aeruginosa.

Of 12 Hsp genes, interestingly, both the small Hsp (HspA)

and large Hsp (HtpG) were highly expressed in this species

under normal growth conditions at 25oC. By comparison

with mammalian orthologs, these two proteins have a

molecular chaperoning activity [31] and/or housekeeping

function in assisting the correct folding of misfolded

proteins and preventing their aggregation [20, 21]. The

high levels of these two major Hsp transcripts may allow

the cyanobacteria to immediately respond to environmental

stresses that would cause cellular damage. To examine the

hypothetical roles of the two Hsp transcripts, we analyzed

mRNA expression profiles of all the Hsp genes after

exposure to acute heat stress. At low temperature exposure

(10 and 15oC) compared with control (25oC), M. aeruginosa

HspA and HtpG transcripts were overexpressed up to

90 min. In addition, they showed a significant induction

with high temperature exposure (35oC). However, DnaK

(≈ 70 kDa) was induced only slightly at both heat exposure

conditions. This indicated that M. aeruginosa HspA and

HtpG genes respond with greater sensitivity than DnaK

after acute heat stress in this species.

Regarding their functions as potential modulators of

heat shock response, M. aeruginosa HspA transcript

showed significant induction by high and low temperatures,

suggesting that HspA may have a direct role in response to

temperature changes [31]. A previous study showed that

small heat shock proteins, such as Hsps 14, 15, and 16.6,

responded to elevated temperatures in Synechocystis PCC

6803 and Synechococcus vulcanus [13, 14, 25]. Another

report suggested that constitutive expression of small Hsp

could provide cellular thermotolerance in Synechococcus

sp. PCC 7942 [18], indicating that small Hsps have an

important role in cell growth at high temperature and

response to thermal stress in cyanobacteria.

In the case of large Hsp genes, we found that M.

aeruginosa HtpG (≈ 90 kDa) mRNA was highly induced

at both heat exposure conditions, even though DnaK

(≈ 70 kDa) showed slight induction, suggesting that the

specific expression of M. aeruginosa HtpG could be

associated with environmental temperature adaptation. A

mutation of HtpG in Synechococcus sp. PCC 7942 led to a

low growth rate and loss of thermotolerance under heat

stress [28], and there was a contributive role of HtpG in

cold acclimation [10]. The Synechocystis HtpG gene was

also strongly induced, with a temperature shift from 34oC

to 44oC within 20 min [27]. Additionally, DnaK contributes

to temperature change responses as a molecular chaperone

in Synechocystis species. Two chaperone proteins (cpn60

and DnaK) were induced in the cyanobacterium Synechocystis

sp. PCC 6803 by environmental stresses, including heat

shock [4]. Nimura et al. [19] demonstrated that two Hsps,

Hsp70 (DnaK2) and Hsp64 (GroEL), are important modulators

of the response to heat shock in the cyanobacterium

Synechococcus sp. strain PCC7942. Based on the studies

of several functions of Synechococcus Hsp70, they

concluded that different types of Synechococcus Hsp70

located in the same compartment would possess specific

different functions in a cell. Taken together, our data

showed that Hsp-related genes may have similar and/or

different roles in response to heat stress, suggesting that

diverse Hsp isotypes in different species may have

different roles and modes of action. In addition, most Hsp

genes showed a marginal mRNA expression pattern at

10oC, suggesting that acute low temperature may reduce

the overall function of Hsp. Therefore, extended exposure

time scales and other genes (e.g., cold shock inducible

gene) should be analyzed to understand the effects of low

temperature stress to cyanobacteria.

Fig. 4. Thermotolerance of transformed M. aeruginosa HspA
and HtpG. 
Transformed E. coli BL21(DE3) pLyS cells, grown as described in

Materials and Methods, were incubated at 54
o

C for the times indicated,

plated on LB plates, and incubated at 37
o

C for 18 h. Colonies were counted

and the log10 values of Colony-Forming Units (CFU) per milliliter were

plotted against the length of heat shock in minutes. These experiments

were performed in triplicate (means ± SE). Untransformed BL21 cell and

vector-only-transformed cell were used as controls.
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Based on the expression patterns in the basal transcriptional

profile and the temperature-induced mRNA patterns, we

characterized two major Hsp proteins, HspA (≈ 15-

19 kDa) and HtpG (≈ 90 kDa). After successful expression

and purification of these proteins, we found that they have

an ability to confer thermotolerance in E. coli. To date,

some mechanisms of Hsp chaperone activity have been

well-characterized, with strong evidence for conferral of

thermotolerance by Hsps as demonstrated in diverse

organisms. In particular, HspA from Synechococcus vulcanus

[12], Hsp16-2 from C. elegans [15], Hsp20 and 70 from

the intertidal copepod T. japonicus [23, 26], Hsp26 from

the brine shrimp Artemia [5], and even the human α-β

crystallin [17] enhanced the heat resistance of E. coli.

Therefore, Hsps protect a cell during environmental stress

with the prevention of irreversible aggregations of denaturing

proteins [9, 29]. However, in the case of M. aeruginosa

HtpG-transformed cells, they showed high thermotolerance

up to 30 min exposure, but most cells did not survive after

30 min. This result reflects limited thermotolerance, but it

shows the acute effect of the M. aeruginosa HtpG protein

in the prokaryotic expression system upon heat stress. The

induced M. aeruginosa HtpG protein may lose its protective

function after prolonged heat shock owing to recombinant

protein aggregation, particularly as this is a high molecular

weight protein, resulting in increased cytotoxicity to E.

coli by inclusion body formation [32]. Fang and Barnum

[7] also supported our finding, as they demonstrated that

the mutant ∆hsp16.6 was more sensitive to heat shock than

∆htpG in the cyanobacterium Synechocystis sp. PCC 6803,

suggesting the importance of small Hsps, like Hsp16.6.

Taken together, in this paper, we provide a better

understanding of the role of Hsps in response to heat stress

in the cyanobacterium M. aeruginosa.
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