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Abstract 

Protein folding in vivo, often requires a set of proteins called chaperones. Chaperones assist the folding 

of newly synthesized proteins, to obtain their active tri-dimensional structures. They may also provide 

adaptive response against adverse conditions such as heat shock and stress. Chaperonins 10 and 60 

(HsplO and Hsp60) are present in the mitochondria of all cells. The HsplO/60 machinery occurs as a 

complex with a 2:1 stoichiometry of HsplO to Hsp60. hsplO/60 genes are linked in a head-to-head 

manner with a short intergenic region. To investigate the bidirectionality of the hsplO/60 promoter 

region, we made a number of reporter constructs and tested them by microinjection into fertilized 

zebrafish eggs and by transfection of mammalian 293 and zebrafish ZF-4 cells. Our results showed that 

the promoter region is comprised of a ~l-kb fragment that encompasses the hsplO transcription start 

site, the intergenic region, and the transcription start site of hsp60. A larger fragment of about 4 kb, 

covering the start codon of both genes, which includes the first exon of hsplO, the first intron of hsp60, 

and the first two exons of hsp60, directs twice as much expression of reporter genes in the hsp60 

direction as compared to the hsplO direction. This fragment also causes strong expression in the yolk 

syncytial layer, particularly during the gastrula stage. Deletion of the first intron of hsp60 results in the 

loss of the 2:1 ratio in expression and the loss of expression in the yolk, suggesting the existence of a 

c/s-acting element within the intronic region. This element may be responsible for maintaining protein 

concentrations suitable for maintaining normal stoichiometry. A 86-bp region within the first intron of 

hsp60 seems to include a site that is linked to the expression in the yolk. However, the region 

responsible for the stronger expression in the hsp60 direction could not be more precisely localized. 

The hsplO/60 genes show a detectable expression under normal conditions and are inducible by at least 

two-fold under heat shock conditions. The hsplO/60 promoter could be used as an inducible promoter 

in transgenic studies especially for simultaneous co-expressions. 
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Resume 

Le repliement des proteines in vivo requiert souvent une categorie de proteines appelees les 

chaperons. Le role des proteines chaperon est d'assister le repliement des proteines nouvellement 

synthetisees afin d'obtenir leurs structures actives tridimensionnelles. Elles pourraient aussi donner 

des reponses adaptatives contre des conditions defavorables, notamment le stress et le choc 

thermique. Les chaperons 10 et 60 (HsplO et Hsp60) sont presents dans les mitochondries de toutes 

les cellules. La machinerie Hsp 10/60 forme un complexe de stoechiometrie 2 :1 de HsplO et Hsp60. 

Les genes hsplO/60 sont relies tete-a-tete par une courte region intergenique. Afin de comprendre la 

bidirectionalite de la region promotrice de hsplO/60, plusieurs constructions rapporteurs ont ete 

generees et testees par microinjection dans des embryons de poissons zebres et par transfection de 

cellules ZF-4 et de cellules mammiferes 293. Ceci a demontre que la region promotrice contient un 

fragment d'environ 1-kp comprenant le site d'initiation de la transcription de hsplO, la region 

intergenique, et le site d'initiation de la transcription de hsp60. Un fragment plus grand d'environ 

4kpb incluant le premier exon de hsplO, le premier intron de hsp60, et les deux premiers exons de 

hsp60, dirige une expression deux fois plus elevee des genes rapporteurs dans la direction hsp60 

comparativement a la direction hsplO. Ce fragment cause une forte expression dans la couche 

syncytiale du vitellus, tout particulierement au stade de la gastrula. La deletion du premier intron de 

hsp60 provoque une perte du rapport 2:1 et de l'expression du vitellus, suggerant la presence d'un 

element qui agit en cis a l'interieur de l'intron. Cet element pourrait etre responsable du maintien des 

concentrations proteiques appropriees pour une conservation d'une stoechiometrie normale. Une 

region de 86-pb dans le premier intron de hsp60 semble inclure un site lie a l'expression dans le 

vitellus. Cependant, la region responsable pour la forte expression dans la direction de hsp60 n'a pas 

pu etre precisement localisee. Les genes hsplO/60 montrent une expression facilement decelee sous 
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des conditions normales et sont induits par au moins un facteur deux sous des conditions de choc 

thermique. Le promoteur hsp60 peut done etre utilise comme promoteur inductible dans des etudes 

transgeniques surtout pour les experiences de co-expression simultanee. 
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Introduction 

1.1 Protein folding 

"The native conformation [of a protein] is determined by the totality of interatomic interactions and 

hence by the amino acid sequence, in a given environment." The preceding is the statement presented 

by Anfinsen in early 70s. It earned him the chemistry Nobel Prize in 1972 for showing that proteins 

fold autonomously without requiring any additional factors or energy input (Anfinsen, 1973). Protein 

folding is a process in which linear amino-acid sequences gain their unique, well-defined, 

tridimensional conformation to form a functional protein (Hartl, 1996). While Anfinsen had shown 

the spontaneous formation of native proteins is determined by global free energy minimum, the 

question is then why do cells require chaperones? In fact, the thermodynamics rule works for small 

single-domained globular proteins, only in low concentrations (Fink, 1999, Hartl and Hayer-Hartl, 

2002). Such small proteins bury their hydrophobic residues within milliseconds of folding initiation 

(Dobson and Karplus, 1999). Longer exposure of hydrophobic residues, which are natively buried 

inside the core, makes the protein prone to interacting with other similar proteins or cellular 

macromolecules resulting in aggregation (Agashe and Hartl, 2000). For large proteins with multiple 

domains, successful folding is only possible at very low protein concentration with long incubation 

time at lower temperatures. Both in cells and test tube there is always competition between folding 

and aggregation and the latter is more amenable in vivo. At physiological conditions, requiring higher 

temperature the hydrophobic effect is stronger compared to in vitro. Moreover, protein folding inside 

the cells happens in a crowded (Fulton, 1982, Goodsell, 1991) viscous (Rlowitz et al„ 1999) 

environment with low or no free water (Fink, 1999). The "crowd effect" resulting from the high 

density of proteins, nucleic acids and other macromolecules (Young et al., 2004) makes them even 
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more hydrophobic (Fink, 1999). Since protein concentration and temperature are not controllable in 

vivo, aggregation would be unavoidable in cells (Gragerov et al., 1992). Assuming the presence of 

exact same conditions in both states, in vitro deals with fully synthesized chain as opposed to in vivo. 

Protein synthesis is an obligatory vectorial process (N-terminal to C-terminal). As a result, protein 

folding and biosynthesis are coupled. Therefore, the whole peptide chain does not exist at once and it 

becomes available sequentially. In the absence of chaperones, folding will happen simultaneous to 

biosynthesis resulting in misfolded and/or intermediate imperfect structures. This type of folding will 

expose the hydrophobic residues and cause aggregation (Agashe and Haiti, 2000). 

Considering the amount of energy a cell has invested just for protein biosynthesis, cells have 

developed the chaperone machinery to fold a protein properly into a functional form (Walter and 

Buchner, 2002). 

1.2 Chaperone machinery 

For a nascent polypeptide chain, the first contact with the cellular environment is very critical. If it 

were not protected at this stage, the whole outcome would be altered (Feldman and Frydman, 2000). 

As a consequence, cells have developed a specific protein folding machinery (Ellis, 1987; Rothman, 

1989; Gething and Sambrook, 1992; Hendrick and Hartl, 1993). This essential machinery is present 

in all cells and organisms. Molecular chaperones (heat shock proteins) are important elements in this 

machinery. Chaperones are specialized proteins that assist the folding of the newly synthesized and 

denatured proteins (Bukau and Horwich, 1998) by minimizing incorrect interactions between 

molecules (Agashe and Hartl, 2000). In most cases, this procedure takes place in an energy/ATP 

dependent manner (Bukau and Horwich, 1998). Laskey et al., (1978) originally used the term 

molecular chaperone to describe the function of nucleoplasmin. Nucleoplasmin is an acidic nuclear 
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protein that assists chromatin assembly by inhibiting improper interactions between DNA and 

histones. Ellis (1987) generalized this term to diverse proteins with the role to facilitate the folding of 

other proteins. Later, Hendrick and Hartl (1993) further developed this concept. 

A newly synthesized protein chain needs to be protected against interactions at least at four stages 

(Houry, 2001) 

1) as a nascent chain still attached to the ribosome 

2) at the extension level while it is released from ribosome 

3) as a folding intermediate with developed secondary structure 

4) as a misfolded protein following stress 

Chaperones prevent the formation of nonnative conformations due to irreversible aggregation. They 

also facilitate the folding and assembly (Hartl, 1996, Fink, 1999) of newly synthesized proteins. In 

addition, they allow misfolded structures to unfold and refold. Newly synthesized proteins also need 

to be conserved in unfolded conformation to facilitate their translocation across membrane into the 

organelles. Chaperones also have roles in controlling the folding of bio-regulatory proteins, 

disassembling multimeric protein structures, and proteolytic degradation or disposal of misfolded 

proteins (Hendrick and Hartl, 1993). This mechanism was initially discovered observing the sudden 

increase in chaperones following heat shock. However, it is not only related to elevated temperature 

and occurs in various stressful conditions. Exposure of hydrophobic surfaces as a result of 

denaturation makes the protein available to heat shock proteins. Noncovalent interactions between the 

hydrophobic domains and chaperones prevent multimeric aggregation between proteins. This allows 

the next healing steps to follow (Bukau and Horwich, 1998). 
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1.3 Hsp10 and Hsp60 proteins 

Chaperones are found in all kingdoms of life. There are at least 5 main families and more than 20 

different subfamilies of evolutionary conserved chaperones known to date (Agashe and Haiti, 2000). 

They are classified according to their molecular weights (Borges and Ramos, 2005). Table 1-1 

summarizes the members of heat shock protein family (Kiang, 2004). 

60-kDa chaperonin, Hsp60 (MW=57kDa) and 10-kDa co-chaperonin (MW=10 kDa), HsplO are 

present ubiquitously in generally the mitochondria and chloroplasts of all eukaryotic cells. They 

assist the proper folding of newly synthesized and newly translocated proteins in mitochondria and 

chloroplast (Bukau and Horwich, 1998). Chaperonins are also capable of partially unfolding proteins 

trapped in misfolded structures to help them refold into their innate conformation (Walter and 

Buchner, 2002). Besides the general presence of HsplO and Hsp60 proteins in organelles with 

endosymbiotic origin, HsplO is found in the serum of pregnant mammals as "early pregnancy factor" 

(Morton, 1998). It is also overexpressed during carcinogenesis of large bowel and uterine exocervix 

(Cappello et al., 2003). Hsp60 is also present at discrete extramitochondrial sites, including foci on 

ER, on the cell surface, and in unidentified vesicles, cytoplasmic granules in pituitary growth 

hormone secretory, and granules and pancreatic zymogen granules. These extramitochondrial 

localizations are responsible for Hsp60 immunoreactivity (Cechetto et al., 2000) 

Chaperonins were originally discovered in eubacteria as GroEL and GroES (Chen et al., 1994; 

Roseman et at, 1996) which are analogs of Hsp60 and HsplO, respectively. They are also known as 

Cpn60 and CpnlO (Rothman, 1989). Bacterial chaperonin GroEL and its co-chaperonin GroES are 

the best known among those of all different species. For a comprehensive review on GroEL please 

see (Fenton and Horwich, 1997). 
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Table 1-1. HSPs: locations and function 

HSP 

HSP110 

HSP90 

HSP70 

HSP60 

HSP40 

HSP20 

HSP 10 

Members 

HSP110/104 

GRP94 

HSP90ct 

HSP90P 

GRP78 (Bip) 

HSP75(GRP75) 

HSP73 

HSP72 

HSP60 

HSP56 

HSP47 

HSP27 

HSP24 

HSP20 

HSPB8 

HSPB2 

HSPB3 

aB-crysatlline 

HSP 10 

Locations 

Cytosol/nucleus 

Endoplastic reticulum ', 

Cytosol/nucleus 

Cytosol/nucleus 

Endoplastic reticulum 

Mitochondria 

Cytosol/nucleus 

Cytosol/nucleus 

Mitochondria 

Cytosol 

Endoplastic reticulum 

Cytosol/nucleus 

Cytosol/nucleus 

Cytosol/nucleus 

Cytosol 

Cytosol 

Cytosol 

Cytosol 

Mitochondria 

Functions 

Cytoprotection 

Chaperone 

Endogenous steroid receptor 

antagonist 

Cytoprotection 

Chaperone 

Chaperone 

Chaperone 

Cytoprotection 

Cohort to HSP-75 

Binds to steroid receptors and 

FK506 

Collagen chaperone 

Chaperone; cytoprotection; 

Lysine- and glutamine-donor 

Chaperone 

Chaperone; Lysine- and 

glutamine-donor 

Lysine- and glutamine-donor 

Glutamine-donor 

— 

Lysine-donor 

Cohort to HSP-60 



Some members of the eukaryotic Hsp family are only induced by stressful conditions although some 

others are synthesized constitutively at a basic level (Gragerov et al., 1992). In heat shock conditions 

when proteins denature, the constitutively produced proteins are not sufficient and an excess of these 

proteins are required (Pelham, 1986). HsplO and Hsp60 are both constitutive and stress induced heat-

shock chaperones. 

Chaperones adopt various shapes and stoichiometries. Some such as Hsp70 are present as single 

monomers for each substrate molecule. This ratio is 14 to 1 and 7 to 1 for Hsp60 and HsplO, 

correspondingly. Chaperonin (Hsp60) and co-chaperonin (HsplO) are present in a collective 

multimeric ring forming a functional chaperone. Hsp60 forms a double heptameric back-to-back ring 

(Hendrix, 1979) and HsplO is attached to it as a single heptameric ring (Chandrasekhar et al., 1986). 

The functional part of a chaperonin is its central cavity formed by the rings (Ellis, 1996; Fenton and 

Horwich, 1997) where they facilitate protein folding away from the cytoplasmic hydrophilic 

environment (Braig et al., 1993). Nonetheless, chaperonin is much more than a passive box and is 

actively involved in facilitating protein folding (Horwich et al., 2007) 

Interactions between chaperonin, co-chaperonin and ATP not only cause global change of the shape 

but also modify the character of the central cavity (from a hydrophilic environment to a hydrophobic 

one). Binding of ATP to the chaperonin ring causes rapid, forced unfolding of the substrate protein 

(Lin et al., 2008). This enlarges the central cavity by two-fold and closes the open side by a dome-

shaped co-chaperonin. Therefore, the nonnative protein will be encapsulated inside the closed cavity 

(Bukau and Horwich, 1998). Folding will happen in the isolated environment of the central cavity 

known as "Anfinsin cage" as this process is comparable to the folding of a single protein in a test 

tube (Ellis, 1994a and b; Ellis, 1996; Walter and Buchner 2002) (Figure 1) 
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Figure 1-1. GroEL/ GroES chaperonin comples: a) cis-ring proximal to GroES, trans-ring 

Distal from GroES. b) From top showing central cavity (Walter and Buchner, 2002) 
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The mechanism of chaperonin activity is as follows: (figure 2) (Mayhew et al., 1996, Weissman et 

al., 1996, Bukau and Horwich, 1998, Hartl and Hayer-Hartl, 2002) 

1) Exposed hydrophobic residues of the nonnative substrate interact with multiple subunits of the 

hydrophobic cavity of GroEL. This is how it discriminates between the substrate and native 

protein (Hunt et al., 1996). 

2) A GroES heptameric ring binds to the GroEL cis-ring following 7ATP molecules 

3) The size of the cavity doubles and the hydrophobic residues of GroEL subunits hide, making 

the cavity hydrophilic (change in shape and nature) 

4) Consequently, the substrate displaces into the central cavity 

5) ATP hydrolysis and folding takes place (within 10-15 msec) 

6) 7ATP molecules bind to the trans-ring of GroEL 

7) An allosteric signal is sent to the cis-ring 

8) GroES is released 

9) The opening is unblocked and the folded or partially-folded protein leaves the compartment 

10) Multiple cycles might be needed to complete this process as the protein reaches its final 

unique three-dimensional structure. 
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Figure 1-2. Mechanism of protein folding in GroEL: For description, please see the text. 
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Each subunit of Hsp60 contains three domains: 1, an equatorial domain, which is an ATP binding 

domain, located in the junction point of the two rings, 2, an intermediate domain that transfers the 

signals (Ellis 2001; Richardson et al., 1998; Roseman et al., 1996), and 3, an apical domain with 

hydrophobic amino acid residues where the nonnative proteins bind. The latter could accommodate 

secondary structures like a-helices and fj-hairpins (Chatellier et al., 1999; Chen and Sigler, 1999). 

Molecular chaperones induce conformational changes in their target proteins. Some chaperones are 

highly specific with exclusive targets or very limited number of target proteins like PapD, which only 

interacts with procollagen in the ER as substrate (Kuehn et al., 1993) while others are more general, 

folding diverse proteins. HsplO and Hsp60 assist in the folding of a large variety of proteins (Bukau 

and Horwich, 1998, Hartl and Hayer-Hartl, 2002, Ellis and Haiti, 1996). 

The chaperonin family includes two sub-groups: group I are GroE-like proteins present in eubacteria 

and in the organelles with endosymbiotic origin (mitochondria, chloroplast) (Fink, 1999). Group II is 

the TriC (CTT or TCP) family located in the cytosol of eukaryotic cells. It is known as thermosome 

in archaebacteria (Kubota et al., 1994). GroEL type chaperonins need co-chaperonins and are not 

functional individually. Group II chaperonins consist of 8-9 hetero-oligomeric subunits and are co-

chaperone-independent (Kubota et al., 1994), with a built-in lid instead (Klumpp, 1997, Ditzel, 1998, 

Llorca, 1999). 

1.4 Heat Shock Response 

The heat shock response is a conserved reaction of cells and organisms to elevated temperatures and 

other sorts of stress. It was first discovered in 1962 when Ritossa observed the special pattern of the 

puffs in Drosophila salivary gland chromosomes, in response to heat shock. Almost all heat shock 

response inducers share common pathways, triggered by imbalance in protein homeostasis 
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(Morimoto, 1998). Accumulation of the improperly folded proteins causes the molecular responses 

and dramatic changes in gene expression in order to activate the expression of heat-shock genes, 

while suppressing the transcription and translation of most of the other genes. This prevents the 

introduction of new nascent proteins into the system misfolding in the suboptimal conditions. 

Therefore, the accumulation of nonnative proteins is prevented (Morimoto 1998, Wu, 1995). As a 

result, cells and organisms will be protected from severe damage and it allows maintenance of normal 

cellular and physiological activities, which leads to a higher level of thermotolerance. 

1.5 Regulation of heat shock response 

Heat shock proteins are a highly regulated family of proteins (Satyal et al., 1998). The response to 

stress is mediated by heat shock factor (HSF). HSF is a transcriptional activator ubiquitously 

expressed in all organisms (Lis and Wu, 1993; Morimoto, 1993; Morimoto et al., 1994; Wu et al., 

1994; Wu, 1995). It works as a trans-acting factor binding to heat shock element (HSE) which is a 

highly conserved c«-acting element(s) located within the upstream promoter region of hsp genes 

(Pelham, 1982, Amin, 1988, Wu, 1990). 

The regulation of heat-shock genes happens at the transcriptional level when heat-shock factors 

(HSF) activate the transcription of hsp genes by binding to its heat shock element (HSE). In normal 

conditions, HSF is in its inert monomeric state, which is the result of a limitation in forming active 

homotrimers due to intra-molecular interactions between two different domains of the protein. 

Accumulation of denatured proteins causes conformational changes in HSF and releases the 

interactions between different domains of each HSF protein. Consequently, the domain responsible 

for trimerization is free to interact with two other HSFs and form the homotrimer with DNA-binding 

activity (Lis and Wu, 1993; Morimoto, 1993). Subsequently, the trimerized HSF, which now can act 
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as a transcriptional factor, binds to HSE located within the heat-shock promoter and activates their 

transcription, resulting in the heat shock response. The process is shown in Figure 1-3 (Morimoto, 

1998). 

1.5.1 Heat Shock Element 

HSE is the stress responsive element within the promoter, which is essential for heat shock 

inducibility. HSE is composed of adjacent tandem arrays (Amin et al., 1988; Fernandes et al., 1994). 

Each array contains three repeats of the 5'-nGAAn-3' motif. All hsp gene promoters contain at least 

one array of heat shock element (reviewed by Wu, 1995). HSE forms an inverted highly conserved 

palindromic motif present within the promoter region of all of the hsp genes. Arrays of HSE provide 

binding sites for HSF trimers (Wu, 1995). 
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Figure 1-3. Regulation of hsp genes at the transcriptional level leading to adaptive 

response; Following heat shock, inactive heat shock factors (HSF) trimerize to form active 

transcription factors that could bind on heat shock element (HSE) within the promoter of hsp 

genes. 
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1.5.2 Regulation of Heat Shock factor 1 

Since the heat shock response is a rapid, inducible response, it requires immediate upregulation of the 

hsp gene. In order to accommodate this need, HSF is constitutively expressed in the cells and is 

present in the inert form ready to be activated upon stress. Damaged, denatured, aggregated, or 

misfolded proteins are the inducers of HSF1 activity (Kampinga et al., 1995, Kampinga, 1995, 

Ananthan et al., 1986). 

Inactivation of HSF is also necessary when it is no longer required (Tonkiss and Calderwood, 2005). 

HSF includes both transactivating and negative regulatory domains. These domains also have roles in 

repressing HSF itself (Shi et al., 1995), in an unclear manner (Larson et al., 1988; Rabindran et al., 

1991; Sarge et al., 1991, 93; Baler et al., 1993; Westwood and Wu, 1993, Zuo et al., 1944). 

Chaperons such as Hsp70, Hdj-1/Hsp40, and Hsp90 have been shown to have a role in maintaining 

HSF in its inert state to repress it in normal conditions through an unknown mechanism (Mosser et 

al., 1993, Rabindran et al., 1994, Shi et al., 1998, Ali et al., 1998, Zuo et al., 1998). Sequestration of 

Hsp90 in response to heat shock, trimerizes and activates the HSFs, leading to heat shock response 

(Zuo et al., 1998). Hsp90 molecules sequester inactive HSF monomers. As a result, activation of HSF 

is prevented under normal conditions. This would be consistent with the hypothesis that HSP90 may 

actually be a "molecular buffer" that maintains the general balance and fidelity of cellular signaling 

networks (Shamovsky and Nudler, 2008). On the contrary, however, it appears that some HSF 

molecules exist in a complex with HSP70/HSP40. Such complexes may only act as intermediates 

during the formation of HSP90-HSF monomer complex or during trimerization following heat shock. 

The interaction of HSF with HSP70/HSP40 per se is unlikely to be the major regulatory mechanism 

(Shamovsky and Nudler, 2008). Furthermore, HSF is subjected to regulation by phosphorylation 

(Brunetetal., 2002). 
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Various numbers of heat shock factors have been found in different organisms (Sorger and Pelham, 

1988; Wiederrecht et al., 1988; Clos et al., 1990; Rabindran et al., 1991; Schuetz et al., 1991; Nakai 

et al., 1997; Nakai and Morimoto, 1993; Scharf et al., 1990; Sarge et al., 1991). The stress response 

has been extensively studied in mammals, especially in human cell lines. Human has a few different 

HSFs including HSF1, HSF2, and HSF3. HSF1 is the best known and appears to play the key 

role. HSF1 is mainly regulated at the post transcriptional level through oligomerization, nuclear 

translocation and hyperphosphorylation play regulatory roles as well (Baler et al., 1993; Cotto et al., 

1996). 

There are some studies investigating heat shock proteins in fish (reviewed by Iwama et al., 1998). 

HSF1 has three different isoforms in zebrafish, zHSFla, zHSFlb, and zHSFlc (Rabergh et al., 2000). 

Their role is not clearly understood. The zHSFl isoform ratio markedly changes in response to heat 

shock (Airaksinen et al., 2003). 

HSF1 is one of the best characterized factors stimulating transcription initiation, but the process by 

which it acts is more complex and might require the assembly of many different factors at the 

promoter (Trinklein et al., 2004). While, the activation of HSF is necessary for the heat shock 

response (Morimoto, 1998), it seems that more factors are required (Shamovsky and Gershon 2004). 

Only after binding of HSF1 to HSE, downstream regulatory factors are recruited. Secondary factors 

bind to regions of the hsp promoter that are located downstream of the HSE and result in higher 

mRNA transcription (Boellmann et al., 2004; Ni et al., 2004). The activation of RNA polymerase 

also requires a complex elongation factor that binds to it (Hahn, 2004). It has been observed that HSF 

also binds to the promoter of genes that are not induced by stress. HSF might have a repressing role 

for at least some of these genes (Trienkein et al., 2004). 
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1.6 Genomic structure of hspWand hsp60 genes 

Most studies on chaperonins have been performed at the protein level. Relatively little is known 

about the genomic structure and organization of the genes coding for HsplO and Hsp60 proteins. 

HsplO and Hsp60 are encoded by nuclear DNA (in zebrafish they are located on chromosome 9). 

They are synthesized as larger precursor forms containing an N-terminal targeting sequence which is 

cleaved during maturation to the mature form in the mitochondrial matrix. One of the initial 

functional studies of human hsp60 gene regulation and expression as well as its molecular structure 

was carried out in 1996 by Pochon and Mach. Their research led to the first successful cloning of the 

human hsp60 gene. They reported the extensive genomic complexity of hsp60 gene including 

multiple introns and exons, even though the gene was thought to be intronless (Venner et al., 1990) 

until then. This is probably one of the reasons causing failures in the earlier attempt to identify the 

hsp60 gene. Another source of difficulty was the presence of hsp60 pseudogenes in the genome of 

different organisms. The existence of multiple pseudogenes has been reported for several other hsp 

genes as well (Hickey et al., 1986 a and b, Walter et al., 1989, Sorger and Pelham, 1987). 

The genomic organization of hsp 10 and hsp60 has been studied in few organisms including 

prokaryotes, flies, human, rat, flounder, zebrafish, and yeasts. The most remarkable feature of the 

hsplO and hsp60 genes is that they contain a bidirectional promoter. There are many examples of 

bidirectional structures in different animals, which will be discussed later. In such a genomic 

organization, genes are located on opposite strands and coding regions are transcribed in reverse 

directions; also, the two genes share identical cw-acting elements. The promoter of hsplO/60 genes 

contains one array of heat shock element while other promoters of heat shock proteins have multiple 

heat shock elements. One 3-tandem HSE with almost perfect match is enough for heat shock 

inducibility (Fiszer-Kierzkowska et al., 2003). Human and rat have a 4-tandem (5'-nTTCngGAAn 
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gTTCtnGAAn-3') HSE, whereas it is a 3-tandem (5'-nGAAanTTCtcGAAn-3') array in flounder and 

zebrafish. In different organisms, all of the studied bidirectional hsplO/60 promoters are TATA-less, 

contrasting with other hsp promoters (Bienz and Pelham, 1986). The absence of a TATA box has 

been shown to facilitate bidirectional transcription (Grichnik et al., 1998). TATA-less promoters are 

also often found in house-keeping genes (Liao et al., 1994). Additional putative c/s-acting factors 

found in different bidirectional hsplO/60 promoters include CCAAT box and GC box located 

downstream of the HSE (Hansen et al., 2003, Ryan et al., 1997, Nam et al., 2006). The GC box is the 

core recognition site for transcription factor SP1, which has been shown to play a role in activating 

TATA-less promoters (Pugh and Tjian 1990). Putative SP1 sites have been found in the human, rat, 

and flounder hsplO/60 promoters (two, three, and one copy respectively) and a putative CCAAT box 

has been found in the flounder and rat promoters (Hansen et al., 2003, Ryan et al., 1997, Nam et al., 

2006). Mutations in the putative SP1 site of flounder had no significant effect on the function of the 

promoter. 

Studies performed with a fragment of the rat hsplO/60 genes, containing the intergenic region 

covering the 5'UTRs of hsplO and hsp60 genes, showed that transcription on the hsp60 orientation is 

slightly higher than on the hsplO orientation. However, the hsplO orientation was more inducible. 

Heat shock for 2 hours at 43°C resulted in 5.2 and 3.4 fold induction in hsplO and hsp60 

transcription, respectively (Ryan et al., 1997). The intergenic region and UTRs in human cover a 656-

bp GC-rich sequence. Expression in the hsp60 direction is twice as much as in the hsplO direction 

under normal conditions. Under heat shock, in human a 12-fold increase was observed with 2-fold 

difference preserved (Hansen et al., 2003). The potential promoter region of flounder hsplO/60 is 

544-bp long and the same levels of expression have been measured for both orientations (Nam et al., 

2006). 
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In the human hsp60 gene, three different alternative forms have been detected in the splicing of exon-

1 to exon-2. About 98% of splicing shows the same pattern, and the other two represent only 2-3% of 

cases (Hansen et al., 2003). Human hsplO (HspDl) and hsp60 (HspEl) cDNA exon-intron 

configurations are the same as zebrafish. Mouse hsp60 shows different spliced transcripts. 

Drosophila has a non-coding first exon (Perezgasga et al , 1999) and spliced products show two 

forms of exon-1 (Hansen et al., 2003). 

1.7 The hsp10/60 promoter in zebrafish 

Bioinformatics analyses have shown (Martin et al., 2002) that the zebrafish hsplO and hsp60 genes 

are arranged in a head-to-head manner. The proteins coded in zebrafish are highly similar to those of 

mouse, rat, human, and other eukaryotes. According to sequencing results performed by Martin et al., 

the two genes are 860-bp apart and are transcribed on opposite strands in two divergent orientations. 

A single 3-tandem HSE is located within this region. The first exon of hsplO contains a 44-bp 5'UTR. 

Translation does not start in hsp60 until the beginning of the second exon and the whole 63-bp first 

exon forms the 5'UTR, which is separated from the second exon by a 2818-bp intron (figure 1-4). 

Analysis of hsplO cDNA clones suggested the existence of only one transcriptional start site for 

hsplO (Martin et al., 2002). Similar to results reported in rat (Ryan et al., 1995), evidence obtained 

through northern blot analysis suggested the existence of alternative transcriptional start sites in 

hsplO that result in the two different hsplO transcripts (Martin et al , 2001). Presence of two different 

hsplO transcripts could also be due to alternative splicing. 
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Figure 1-4. Schematic maps of a region of the hsplO/60 locus in zebrafish: The maps 

contain a DNA segment that illustrates the intergenic region (IGR), the first exon (the open 

boxes) of hsplO and the first and second exons of hsp60 (filled boxes) in zebrafish. The thick 

line represents introns and intergenic region. The intergenic region (IGR) is located between 

the first exon of hsplO and the first exon of hsp60. The position of the heat shock element 

(dashed vertical line) and the relative orientation and position of the ATG start codons for both 

transcripts (on the opposite strands) are shown. For simplicity, the two strands of DNA are 

shown as one line. The scale is shown at the top. 
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1.8 Coordinated regulation 

HsplO and Hsp60 are essential proteins in different organisms; in addition, they play roles during 

development. Presence of hsplO and hsp60 mRNA in the embryos prior to mid-blastula transition 

stage when gene expression initiates, confirms their importance for zebrafish embryos (Martin et al., 

2002). It has also been reported that the complete absence of GroEL and GroES is lethal in E. coli 

(Fayet et al., 1989). The presence of highly conserved homologues of GroEL/ES in the mitochondria 

of eukaryotic cells suggests the same degree of importance of HsplO and Hsp60 proteins in these 

endosymbiotic essential organelles. Not only the existence of these proteins but also their cooperation 

is vital for the cells. The protein level shows the same pattern in different organisms which is 2 

molecules of Hsp60 per each molecule of HsplO. According to western blot data (Martin et al., 2002) 

the zebrafish HsplO and Hsp60 monomers are available within the cells in a 2:1 ratio. This 

stoichiometric ratio is necessary for cooperation of chaperonin machinery, as the functional barrel 

shaped compartment is composed of 14 subunits of Hsp60 and 7 subunits of HsplO. The precise 

stoichiometry of this arrangement suggests that their synthesis is regulated by the cell. In E. coli, the 

molar equivalents of GroEL and GroES are maintained through a polycistronic operon under the 

control of a common promoter (Tilly et al., 1981). Bacterial operons often consist of genes that are 

functionally related, for instance being part of the same metabolic pathway. However some 

polycistronic transcripts are reported in some eukaryotes (Agabian 1990; Nanbru et al., 2002; 

Blumenthal, 2004), operons are mainly found in prokaryotes. A more abundant similar concept in 

eukaryotes is bidirectional promoters. Therefore, co-expression of adjacent genes with closely linked 

loci can be attributed to a bidirectional promoter that exists between the two genes. 

Organization of genes in head-to-head configuration, sharing the same regulatory elements 

constitutes an efficient mechanism for coordinated regulation. As a substitute to the genomic 
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organization found in E.coli, bidirectional promoters have been described for the hsplO and hsp60 

genes in rat (Ryan et al., 1997) human (Hansen et al., 2003), and flounder (Nam et al., 2006). This 

organization has been found in all investigated vertebrates (Martin et al., 2002). However, this is not 

a requirement, as yeast and Drosophila hsplO and hsp60 genes are not organized in a head-to-head 

manner (Perezgasga et al., 1999; Garrels, 1995). These separate genes still maintain a degree of 

coordinate regulation by containing same c/s-acting elements in their separate promoters upon which 

only identical transcription factors can bind and activate transcription. Therefore, stochiometric ratios 

can be supported (Britten and Davidson, 1969). The latter is not exclusive to hsplO and hsp60 genes, 

it has been seen in many physically unlinked eukaryotic genes that require coordinate regulation 

(Ryan et al., 1997). 

1.9 Bidirectional promoters 

It seems that bidirectional promoters in eukaryotes take place in bacterial operons to assure effective 

gene co-regulation. In prokaryotes, operons also help to minimize the length of the genes. It helps 

them to cope with their small dimensions and the limited size of their genome (Adachi and Lieber, 

2002) which does not seem to be necessary in vertebrates. There are two possible explanations for the 

presence of bidirectional transcription. 1) It is an ancestral characteristic that survived evolution, 2) it 

occurs in genes that are functionally related (Zhang et al., 2003). Functional relationships include: 

maintaining stoichiometric ratios such as histone genes (Ahn and Gruen, 1999), co-regulating genes 

that participate in the same biological pathways (Momota et al., 1998), controlling genes required at 

specific time points such as genes involved in the cell cycle (Guarguaglini et al., 1997), or genes with 

coordinated response to inducing signals such as heat (Ryan et al., 1997). In fact, the bidirectional 

hsplO/60 promoter provides both maintenance of stoichiometric ratio and coordinated response 

(Hansen et al., 2003). Not all of the genes in close head-to-head arrangements have a known 
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functional relationship but in at least some cases, their expressions are co-regulated (Platzer et al., 

1997;ShimadaetaL, 1989). 

Although vertebrate genes are more dispersed within their genome compared to those of lower 

organisms, genes are sometimes arranged into clusters (Lander et al., 2001). In 2002, Adachi and 

Lieber identified a major class of gene pairs arranged in a head-to-head manner located on opposite 

strands in which a sequence less than 1000 base pairs separates their transcription start sites. This 

arrangement of gene pairs was previously named "bidirectional". However, such extremely close loci 

were assumed exceptions; recent studies revealed that bidirectional promoters are not rare. A number 

of closely linked loci, which are arranged in a bidirectionally divergent fashion, have been reported 

within the human genome (Adachi and Lieber, 2002). A genome wide analysis has shown that this 

arrangement would represent around 10% of the human genome (Trinklein et al., 2004). Bidirectional 

promoters in vertebrates are part of a growing list and some of those reported in human and other 

animals are as follows: TLX1/HOX11, SIRT3/PSMD13 BAL1/BBAP, ACACAITADA2L, 

FENl/CllorflO, BRCA1/NBR2, DNA-PKcs/MCM4, ATM/NPAT, DHFR/MSH3, G6PD/NEMO, and 

Ku86(KARP-l)/TERP, (Greene et al., 2007, Bellizzi et al., 2007, Juszczynski et al., 2006, Travers et 

al., 2004, Adachi and Lieber, 2002; Braastad et al., 2002; Connelly et al.,1998, Galgoczy et al., 2001; 

Platzer et al., 1997; Shimada et al., 1989, Xu et al., 1997). 

Bidirectional promoters have variable properties. Nonetheless, the flanking genes are located on 

opposite strands and are all less than 1-kb apart. In human 77 percent of bidirectional promoters, are 

located within a CpG island; this number is only 38 percent for unidirectional promoters. CpG islands 

are often found in housekeeping genes (Gardiner-Garden and Frommer, 1987). Sine CpG islands 

consist of cytosine and guanine arrays they could act in a bidirectional manner. Sharing same CpG 

islands in both promoter orientations could assist coordinated expression. Bidirectional promoters are 
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often GC rich as the median GC content of human bidirectional promoters is 66 percent versus 53 

percent in unidirectional promoters. Another prevalent feature in bidirectional promoter is that many 

of them seem to lack TATA boxes in both orientations. This might facilitate bidirectionality, since 

there are no elements to specify a unique transcriptional orientation (Burbelo et al., 1988). However, 

in some cases, both directions of the promoter include TATA boxes (Hentschel and Birnstiel, 1981). 

Some studies have described the presence of an enhancer within the noncoding first intron of one of 

the two genes flanking a bidirectional promoter (Killen et al., 1988; Oshima et al., 1990). These 

promoters require the enhancer elements located within the first intron for the optimal activity of one 

of the two genes. For instance, bidirectional transcription of human collagen gene requires sequences 

present in the first intron (Pollner et al., 1990). 

Although 90 percent of bidirectional promoters show activity in both directions at all times, 10 

percent of them are active in just one direction under some circumstances. Trinklein et al., (2003) 

reported that a bidirectional promoter could show unidirectional activity in the forward direction in 

one cell line, and unidirectional activity in the opposite direction in a different cell line. Most 

bidirectional promoters share at least some regulatory elements but in a competitive manner. Deleting 

some promoter sequences, especially from the centre of the promoter, truncates transcriptional 

activity in both directions indicating the importance of these elements in the transcriptional activity of 

both directions since both flanking genes use them in common (Trinklein et al., 2004). 

1.10 Zebrafish as a model organism 

Zebrafish (Danio rerio) is a small, freshwater, tropical fish native to India and Southeast Asia (Eisen, 

1996). It represents teleosts or the class of bony fish. Teleosts form half of the existing vertebrates. 

This makes zebrafish a good model to represent vertebrates. The advances obtained in applicable 
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methods in zebrafish biology can help in setting up experimental approaches that could be used in 

other members of the large fish species. In recent years, zebrafish became a popular model system 

not only for development and genetics studies (Driever et al., 1994) but also for a number of other 

areas such as toxicological studies and biotechnology research beside its classical usage as model 

system in fisheries (Lele et al., 1996). 

Embryos and larvae of zebrafish offer a number of distinctive characteristics that make them well 

suited for biological studies. They are small and easy to grow. Their assets include simple husbandry 

requirements, large number of spawned eggs, which are available daily in all seasons, complete 

external fertilization and development, and short generation time (comparable to mouse). Zebrafish is 

reproductive within three months of fertilization. The body axis patterning and segmentation of the 

embryos complete in the first day of development and primary organogenesis happens in the second 

day. The entire gastrulation stage completes ten hours after fertilization and the heart is functional in 

the first day. Organogenesis is complete within the first five days of their life and most of the organs 

become functional within this period. 

Zebrafish live 50% longer than commonly used mouse strains (Gerhard and Cheng, 2002). They have 

the majority of organs that are found in mammals. The only exceptions are a four-chambered heart, 

lungs, prostate, and mammary glands (Rubinstein, 2003). The small size and external development of 

embryos and fry (1-5 mm) makes assays in 96-well plates possible (Goldsmith, 2004). Adequate 

chromosomal integration frequency for transgenic production and good germ line transmission make 

zebrafish an ideal model organism especially for producing transgenic animals and even gives them 

some advantages over more established models such as mouse. Transparent eggs make 

microinjection by hand-held glass needles possible. Furthermore, optically clear embryos in 

combination with the use of fluorescent reporter transgenes can be used to study living tissues, 
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visualizing changes in the gene expression and developmental events, as well as detailed 

morphological movement studies (Udvadia and Linney, 2003). This allows monitoring the expression 

of reporter genes in whole mount preparations and in vivo. It also enables non-invasive experimental 

manipulations combined with live imaging. Studies such as transient expression and misexpression of 

genes are also possible in zebrafish (Udvadia and Linney, 2003). 

Available molecular tools and databases permit detailed molecular studies on zebrafish (Westerfield, 

1995; Driever et al., 1994). The gene complexity in zebrafish is comparable to that of vertebrate 

genes in general. As a result, it is used to establish basic development process in vertebrates (Teh et 

al., 2005). Large-scale genetic screening has been performed in zebrafish and thousands of mutations 

have been generated (Rasooly et al., 2003.). 

Zebrafish are poikilothermic (ectothermic) organisms and have been used in many heat shock studies; 

their body temperature is the same as that of their surrounding environment. Poikilothermal 

organisms are subjected to daily and seasonal temperature fluctuations. Their metabolic rate is 

closely related to the water temperature, as a result the higher the temperature the greater the 

metabolism rate will be. However, this does not imply that all temperatures are suitable for fish 

normal physiological and developmental needs (Schirone and Gross, 1968). Nonetheless, they can 

grow in a wide range of temperatures, from 27°C to 34°C (Engeszer et al, 2007). One of the key 

factors that influence animal behavior, physiology, population size, and geographic range is 

temperature (Brett, 1971). Acclimation temperature has a positive correlation with the temperature in 

which molecular chaperones become activated (Dietz and Somero, 1992; Buckley and Hofmann, 

2002). Usually young fish are more sensitive to temperature than adults are. Nevertheless, in tropical 

fish like zebrafish the larvae and juveniles are as tolerant to temperature as adults (Rombough, 1997). 

The latter also makes zebrafish more desirable in heat shock studies. 
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1.11 hspW/60 promoter and transgenic technology 

Transgenic animal technology and the ability to introduce functional genes into animals is a 

powerful, dynamic tool for analyzing complex biological processes. A better understanding of the 

events involved in the development of a unicellular zygote into a complex organism can be achieved 

using transgenic animals (Teh et al., 2005). The questions to be addressed by this technique span a 

wide spectrum from biomedical and biological applications to agricultural utilizations. Transgenic 

organisms are recognized as good tools in understanding gene expression, regulation, and function. 

Understanding the developmental and tissue-specific regulation of gene expression can ultimately 

only be achieved through in vivo whole-animal studies and zebrafish have been widely used for this 

purpose. The first stable line of transgenic zebrafish was generated about two decades ago (Stuart et 

al., 1988; 1990). It was only recently that this technology was extended to developmental stage- and 

tissue-specific gene regulation research, as well as studies in cell migration and targeted 

misexpression (Udvadia and Linney, 2003). This includes transgenic lines with permanent 

homogenous gene expression and primary fish with transient, mosaic expression of the transgene. 

When misexpression of a gene has an impact on the vitality or productivity of the fish, producing a 

stable line is impossible and transient misexpression is a good alternative. Since only a limited 

number of cells express the transgene, the endogenous genes still function normally in the non-

transgenic-type cells. The effect of the gene of interest can then be studied in the transgenic cells. 

In order to produce a transgenic fish, the construct should be introduced into the fish zygote. 

Constructing the transgenic cassette and inserting it into the cells and genome of young embryos are 

fundamental procedures in producing transgenic lines as well as transient transgenic mosaics. 
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1. Transgenic cassette: The most important building blocks of a reporter transgene cassette are a set 

of regulatory elements and a reporter gene. Expression of the reporter gene should be easily detected, 

demonstrating the activity of the regulatory element(s). Reporter genes are genes with readily 

measurable or visible phenotype that can be easily distinguished from the background or endogenous 

proteins. The most commonly used reporter genes are: bacterial sequences such as chloramphenicol 

acetyltransferase (CAT), fj-galactosidase (LacZ), neomycin-resistance (NEO) genes, as well as 

animal sequences like green fluorescent proteins (GFP), mouse tyrosine, and chum salmon melanin 

concentrating hormone (Inoue et al., 1992; Maclean, 1998). Each of these reporters has its own 

advantages. For instance, fluorescent proteins (FP) especially green fluorescent proteins (GFP) are 

widely used reporter genes. GFP was isolated from jellyfish, Aequorea victoria, and it is visualized 

under specific wavelengths (excitation= 480/40, emission= 535/50) of light. The most important 

feature of this reporter gene is the opportunity to visualize the reporter in the live animal without 

harming it (Maclean, 1998). 

Regulatory elements, which are employed to drive the transgenic constructs, might be either from the 

same species or from a different origin. Regulatory regions of non-teleost species such as the CMV 

promoter (Maclean, et al., 1996), the SV40 early promoter (Houdebine and Chourrout, 1991), and the 

human hsp70 promoter (Seok et al., 2006) have been successfully used and are effective. However, it 

might be preferable to use sequences with fish origin due to their higher compatibility with the fish 

transcription machinery (Volckaert et al., 1991). The following, fish-derived, regulatory elements 

have been used successfully: P-actin (Liu et al., 1990), H3 histone promoter (Hanley et al., 1998), 

metallothionein upstream regulatory region (Zafarullah et al., 1989), and heat-inducible heat shock 

protein 70 (Adam et al., 2000). 
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The unidirectional promoter of the zebrafish hsplQ gene has been widely used in producing 

transgenic zebrafish with good results (Halloran et al., 2000; Adam et al., 2000). Using this inducible 

promoter, misexpression in the fish can be kept under control. Inducibility is a desirable feature in 

transgenic systems to control the production of the transgene product during the experiments (Teh et 

al., 2005). The presence of an HSE within the hsp70 promoter makes it an excellent promoter for 

zebrafish transgenesis. The hsp70 promoters from human, mouse, Xenopus, tilapia, and zebrafish 

have been cloned and shown to work efficiently in zebrafish embryos (Adam et al., 2000; Molina et 

al., 2000; Halloran et al., 2000; Teh et al., 2005). 

The hsplO/60 promoter, whose characterization is the object of this thesis, is predicted to have the 

same properties. Moreover, it has another valuable potential of being used to express two different 

transgenes simultaneously due to its bidirectional property. Therefore, the hsplO/60 promoter might 

be a good candidate to be utilized in making transgenic fish expressing two independent genes under 

the control of identical promoter and regulatory elements. 

Methods have been previously described that make simultaneous misexpression possible. These 

methods however useful have some downsides. Here are a few examples: 

Using two different cassettes on separate vectors: the expression of the reporter gene might not be a 

very accurate representative of the gene of interest since the diffusion pattern of the two independent 

constructs might not be completely the same. A more accurate way is using a single vector that 

includes both cassettes. 

Tagging the gene of interest with the desired reporter: This method allows for the simultaneous 

expression of the gene of interest and of the reporter. Nevertheless, attaching one protein or 
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polypeptide to another one might interfere with their folding and their proper tridimensional 

functional structure, making them non-functional. 

Using "internal ribosomal entry site" (IRES): IRES drives translation-initiation of bicistronic mRNA. 

Coordinate expression of two different genes could be achieved resulting in two separate proteins. 

However, such artificial eukaryotic operons may exceed the cloning capacity of the vector and bring 

up problems for the downstream molecular procedures. Furthermore, it has been shown that the 

function of IRES sequence in fish is too weak to be used reliably (Bai et al, 2007). 

2. Introducing DNA: This is the second fundamental step in producing transgenic animals. 

Conventionally, transgenic lines are often produced by direct transgenesis in which DNA is 

microinjected into the cells of 1-4 cell-stage embryos. There are also reports of successful trials with 

electroporation, liposome, and sperm-mediated gene transfer (Inoue et al., 1990; Szelei et al., 1994; 

Muller et al., 1992). Direct transgenesis depends on the random genomic integration of the transgene 

for producing lines. It is simple, but results in low frequency of germline transmission. Besides, 

insertion of concatemers of the transgene into the genome happens commonly. This may cause 

intrachromosomal recombination that could alter the gene expression profile (Udvadia and Linney. 

2003). 

The use of transposons (Kawakami et al., 2000; Davidson et al., 2003) and bacteriophage 

recombination (Branda and Dymecki, 2004) systems are alternative methods that were shown to yield 

better results in term of germline transmission. Such methods can overcome the problem of position 

and transgenic copy number (Izsvak and Ivies, 2004; Branda and Dymecki, 2004). One of the 

approaches that have been used in zebrafish transgenesis is the use of transposable elements. 

Transposons are repetitive elements capable of moving around to different positions within the 

genome. They can cause heritable changes in the genome. High transgenesis efficiency could be 
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achieved by using transposons as vectors. Tol2 (Kawakami et al., 2000 and 2004; Parinov et al 2004) 

and sleeping beauty (SB) (Davidson et al., 2003; Balciunas et al., 2004) are transposable elements 

that have been successfully used in generating stable transgenic zebrafish lines. Moreover, they 

provide reliable transgene expression and reduce concatamerization. Transposons enable precise 

transposition by assisting the cut of the desired sequence and re-entering it into a new location. These 

elements could be used as generalized DNA vectors due to the extremely broad range of organisms 

they could be used in. Moreover, this technique is simple and could be used for large transgenic 

constructs. 

Contrary to the majority of transposon systems that cannot act in a site-specific manner, Cre-lox P 

system can mediate site-specific recombination. It is usually utilized for producing conditional 

knockouts or stage- tissue-specific gene targeting to delete, insert, or invert a gene in a particular 

order. This method requires two different transgenic lines. One line includes the desired promoter 

controlling the cre gene, which encodes Cre recombinase, a 38-KDa protein, isolated from 

bacteriophage PI. The second transgenic line contains the gene of interest flanked by two Lox P 

sequences. Lox P is the specific recognition site for the recombinase (Abremski et al., 1983, 1984). 

The two Lox P sites might be in the same direction or in opposite orientation, leading to deletion or 

addition of a flanked gene, respectively. When the aim is conditional deletion, the gene should be 

placed between the two Lox P sites in the same orientation. After crossing with a Cre-expressing 

animal, the gene will be selectively eliminated wherever the promoter driving the Cre is active. When 

the aim is the conditional addition of a gene, a stop gene (i.e. a coding sequence containing a stop 

codon) is flanked by the Lox P sites and the gene of interest is located after the second Lox P site. 

Conditional presence of Cre results in the deletion of the stop gene and activation of the gene of 

interest. This scheme has successfully been used in double reporter systems. In such systems, two 

reporter genes are utilized. One is flanked by the two Lox P sites and the second one is located after 
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the second site. Expression of the first reporter gene will be detected until the Cre recombinase is 

expressed under the control of a specific promoter. Recombinase expression will result in the deletion 

of the first reporter and the second reporter will become detectable in those tissues or cells where Cre 

is expressed. 

The use of activator/effector systems in combination with tissue- or stage- specific promoters 

constitutes another approach for the production of transgenic zebrafish. It helps decreasing mosaicism 

and improves the transgenic expression in zebrafish. Gal4-VP16 is one of such systems, which has 

improved transgenic expression in zebrafish embryos by decreasing mosaicism in comparison to 

promoter-driven misexpression in conventional expression vectors (Koster et al., 2001). The Gal4-

VP16 system is a chimeric transcriptional activator composed of the Gal4-DNA binding domain of 

yeast and the VP16 transcriptional activation domain of herpes simplex virus (Sadowski et al., 1988). 

The activator, Gal4-VP16, acts as a trans-acting element binding to a promoter that includes an 

upstream activating sequence (UAS) (Koster et al., 2001). In this system, two cassettes are involved, 

one cassette includes the promoter of interest (for example a tissue-specific one) regulating gal4-vpl6 

gene. The second cassette includes a UAS-including promoter which drives the reporter or structural 

gene of interest. It would be more efficient if both cassettes were located within the same construct 

(Teh et al., 2005). Using two effectors makes it possible to conduct simultaneous coexpression. For 

this purpose, the two genes that need to be coexpressed are cloned downstream of two identical UAS-

including promoters. When a single gal4/vpl6 activator is expressed, the produced transcriptional 

activators turn on both UAS-driven genes simultaneously, resulting in their coexpression. Therefore, 

Gal4-VP16 efficiently drives the expression of two effector cassettes from the same construct (Koster 

et al., 2001). This system requires empirical optimization of the concentration of Gal4-VP16 activator 

constructs adding some complexities. 
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Another approach that improves the rate of germline transmission is I-Scel meganuclease-mediated 

transgenesis. I-Scel is a homing endonuclease with an 18-bp recognition site which is expected to be 

found only once in 7 x 1010 bp of a random DNA sequence. In this approach, the vector should be 

designed in such a way to include two meganuclease recognition sites flanking the transgenic 

sequence that needs to be integrated into the germline. The enzyme digests the injected DNA only at 

the recognition sites and is predicted to cut the fish genome on average once. As a result, co-injection 

of /-Sce/-including plasmids with the meganuclease enzyme facilitates its integration into the genome 

(Thermes et al., 2002). 
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1.12 Project outline and hypotheses 

This study presents the functional analysis of the regulatory region of the zebrafish chaperonin genes. 

It characterizes the transcriptional control region of hspIO and hsp60 genes using sequence analysis, 

reporter assays, and mutagenesis. Reporter genes used in this study include gfp, firefly luciferase, and 

Renilla luciferase (for dual luciferase assay). This study will not only provide a better understanding 

of transcriptional regulation of these genes, but also will add more information to the growing 

database of the identified bidirectional promoters in the vertebrate genomes. Moreover, promoters of 

heat shock proteins are ideal promoters for transgenic studies in which heat shock (elevated 

temperature) or stress causes transcriptional activation of the genes cloned downstream of the 

promoter. This promoter could be particularly useful in simultaneous co-expressions. 

With respect to these aims, the questions to be addressed in this project are as follow: 

• What are the similarities between the hsplO/60 promoter of zebrafish and of some other 

organisms? 

• How does the promoter control downstream genes? 

• Is hsplO/60 promoter bidirectional? 

• Are there any enhancer elements located nearby? 

• What are the differences in the promoter activity in the hspIO orientation compared to the 

hsp60 orientation? 

• How different is the expression profile of the promoter in different cell lines in comparison 

to the whole zebrafish embryos? 

The aims of this project were to: 

- Describe the structure of hsp 10/60 promoter 
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- Characterize the activity and inducibility of the promoter 

In silico analyses were performed on the sequence of the genomic regions surrounding the hsplO and 

hsp60 gene in zebrafish. The transcription start sites of both hsplO and hsp60 had been previously 

determined. Yet, the functionality of this region was not shown experimentally. Former analyses also 

showed that the initiation codons are located far from the transcription start site and the genes include 

relatively large 5'UTRs especially in the case of hsp60. Based on this information, the following were 

hypothesized and predicted: 

1) There are some similarities in the genomic organizations and sequences of the zebrafish and other 

organisms for which the hsplO/60 sequences are known. In addition, it is expected to find some ex­

acting elements in this region. 

2) The short intergenic region between hsplO and hsp60 genes and the fact that the two genes are 

located on opposite strands suggests the presence of a bidirectional promoter between these two 

genes. However, this was not demonstrated experimentally. It was hypothesized that the two genes 

are under the control of common regulatory elements. When tested with a reporter gene such as gfp, 

the hsplO/60 promoter should function in both hsplO and hsp60 orientations. 

3) The hsplO/60 promoter, like any other promoter, is likely to be composed of core sequences, as 

well as interval sequences, which technically do not have a critical major contribution in the promoter 

activity. If the promoter is bidirectional, at least some cw-acting elements should be shared between 

the two orientations. The alternative is that transcription in the hsplO and hsp60 orientations are 

controlled by two different sets of regulatory elements. Therefore, deleting some sequences 

especially from the region located close to the middle of the promoter will inactivate the promoter in 

both directions and subsequently no reporter gene expression will be detected in either orientation. 

1-34 



The 5' untranslated region (5'UTR) should not have a significant role in transcription and gene 

expression unless they include some transcriptional regulatory elements, which are not still core 

promoter elements. Therefore, excluding the UTRs from the sequence should not have profound 

impact on transcriptional activity. 

4) If the 5'UTR contains any enhancer element, however they are not necessary for basic promoter 

activity deleting them may affect the transcription to some extent. In case of removing this element 

from the sequence, different pattern might be detected in the expression of reporter genes in the cells, 

or whole embryos or at least in some parts of embryos. Other possibility was alteration in tissue 

specific expression due to elimination of tissue-specific regulatory elements. 

5) There are reports that some bidirectional promoters do not show the same level of activity in both 

directions under all conditions. Hence, to be able to detect the differences in the level of hsplO/60 

gene expression, quantitative approaches are necessary. If the promoter shows different strengths it 

might be noticeable in the intensity of the GFP expression, however using more accurate techniques 

might be necessary. For example, different promoter activities could be measured qRT-PCR analysis 

of the gfp mRNA or by using luciferase assays. 

6) Since HsplO and Hsp60 are members of heat shock family, their genes should include an inducible 

promoter. Therefore, stressful conditions such as heat shock should result in an increase in their 

transcription 

7) It is anticipated that hsp promoter properties could be observed in both zebrafish embryos in vivo 

and in cultured cells. These include promoter activity, bidirectionality and, inducibility. We do not 

expect to see many differences between an ectothermal zebrafish cell line and a homeothermal 

mammalian cell line. 
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The aim of this study was to have a better understanding of a bidirectional regulatory region in a 

vertebrate organism. A thorough understanding of this promoter makes it possible to use the promoter 

in practical applications. These include: 

As a bidirectional inducible promoter: Inducibility is a great asset in transgenic animals. It makes it 

possible to control the expression of the transgene. It is especially important when the transgene is 

lethal at early stages of life. Moreover, a bidirectional promoter provides more conveniences. It can 

be used to study two different genes simultaneously. Many studies take advantage of reporter genes. 

In such cases, one direction of the promoter could control a gene of interest, while the other direction 

controls expression of the reporter gene. Therefore, a reporter gene could be coexpressed with any 

transgene of interest. Due to simultaneous coexpression, the reporter gene could be an accurate 

representation of transgene-expressing cells. When the reporter gene is a fluorescent protein, this 

allows real-time, in vivo imaging of the behavior of the cells that have received the transgene in 

mosaic organisms. It allows visual genotyping of transgenic fish by fluorescence microscopy. 

Potential biomarker for monitoring environmental pollution: Since heat shock proteins, respond to a 

variety of stressful conditions they may be used in toxicological studies. For instance, overexpression 

of the hsplO/60 genes has been observed in zebrafish exposed to cadmium (Ivanina et al., 2008), high 

concentrations of lead (Kohler et al., 2005), and pesticides like endosulphan (organochlorine) and 

monocrotophos (organophosphate) (Sharma et al 2007). This has also been observed in some 

physiological conditions such as oxidative stress resulting from type two diabetes mellitus (Calabrese 

et al., 2007). The hsplO/60 promoter could be used to monitor the effect of a toxin on a particular 

gene. For this purpose, hsplO/60 can simultaneously co-express the reporter gene along with the gene 

that is suspected to be affected by the toxin. 
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Materials and Methods 

2.1 Zebrafish as an experimental organism 

Adult zebrafish (Danio rerio) were obtained from Mirdo Importations (Montreal, QC). Fish were 

maintained in aquaria at 28°C on a cycle of 14 and 10 hours of light and dark, respectively. Fish 

tanks (Aquatic Habitats) were connected to fish water reservoirs keeping the water temperature at 

28°C. Fish were fed once or twice daily with #1 Crumble (Aquatic Habitats). Embryo-collection 

traps were placed inside each tank of 20-30 fish in the evening and the embryos were collected on the 

next morning. Fish spawn at 9 AM when the lights came on, and embryos were collected from the 

traps shortly thereafter. Embryos were then incubated at 28°C and staged according to hours post 

fertilization (hpf) (Kimmel et al., 1995). General zebrafish care was according to Westerfield (1995). 

2.2 DNA constructs 

Plasmids were extracted either using standard boil prep protocols (Sambrook and Russel, 2001) or 

miniprep kits (Sigma Canada Ltd, Oakville, Ontario) for general use or being introduced to the 

embryos or cells, respectively. 

a) GFP Constructs: For the first cpnlO/60 fragment which is the longest one (fragment A), the 

region of interest was amplified using standard PCR protocols. The designed primers matched the 

regions beyond and in frame with the ATG start codons of hsplO and hsp60. After purification of the 

amplified region, it was cloned into pCRII-TOPO vector of TOPO-TA cloning kit (Invitrogen 

Canada, Burlington, ON). At the next step, this region was excised and inserted into a promoterless 

EGFP-N1 vector, in both orientations, using suitable restriction enzyme sites. The promoter of 

2-1 



EGFP-N1 vector (Clontech, Palo Alto, CA) had been removed in the Dr. Ekker lab previously. 

Construct C was also construct the same way, but different primers were employed (table 2-1). For 

constructs B, D, and E, the construct A was digested with Seel, PstI and Xbal, respectively. These 

enzymes had two or more recognition sites in the suitable locations. The linearized constructs were 

re-ligated to obtain the desired circular plasmids next. 

b) Luciferase Constructs: All of the hsplO/60 fragments were excised from the GFP constructs 

and were inserted into PGL3-basic vector (Promega Canada, Nepean, ON), in both directions, using 

suitable restriction sites. 

c) Internally deleted constructs: For constructing these plasmids, fragment "A" was used as the 

template. The method was adopted from Makarova et al. (2000) with some modifications. A primer 

was designed in a way flanking the sequence that needed to be deleted. Primers were usually around 

50 bases and the designated mutations were located in the center of the primers. Those primers have 

been used in a conventional PCR one at a time where the template was a circular plasmid. Following 

a 30 cycle PCR using PfuUltra Hotstart DNA polymerase (Stratagene, La Jolla, CA), the product was 

digested by Dpnl restriction enzyme to eliminate the template and leave behind the potential mutated 

PCR copies. Dpnl only digests the methylated, nonmutated parental supercoiled dsDNA. The mutant 

plasmid containing nicked circular strands was transformed into DH5 competent cells and grown on a 

selective plate. Most of the resulting bacteria contained the desired mutant plasmids with large 

deletion. 

Table 2-1 includes the primers used for generating the transgenic constructs. All the generated 

plasmids were sequenced to confirm the accuracy of the constructs. 
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Table 2-1. Primers used for generating transgenic constructs. 

Construct 
i .. . 

Frag A 

Frag C 

Dell 

Del IT 

Del TU 

Del IV | 

Primers 

Forward primer 

Reverse primer 

Forward primer 

Reverse primer 

5' AGGATCCCGCGTCTTACCATTTT 3' 

5' GGATCCTGTCTCATGACACTGG 3' 

5' AGGATCCCGCGTCTTACCATTTT 3' 

5' GGATGAGGATAATGCTGAGTG 3' 

5'CTGTGTCGTGACGCGGAGTGATTTT'CGGGGCCACGTCATTGATTAAATCA3' 

5'CTGTGTCGTGACGCGGAGTGATTTTITCCCTTGCTGGTTAGGGATTGTTCA3' 

5TCCCTTGCTGGTTAGGGATTGTTCA'CGGGGCCACGTCATTGATTAAATC3' 

S ' G C C T A A C C G A A C A C C G A A A T T G T ' C G G G G C C A C G T C A T T G A T T A A A T C S ' 
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2.3 Microinjection 

Microinjections were performed on one- or two-cell-stage embryos (0-1.5 hpf) using a Narishige IM-

300 pneumatic microinjector (Narishige, Japan) system connected to nitrogen gas and hand-held 

joystick micromanipulator model MN-151 (Narishige). The procedure was performed under a 

stereomicroscope. The embryos were held in wedged-shaped grooves made with agarose. They were 

injected into the cells usually penetrating through the yolk unless when the side or ventral side of the 

embryos was not readily accessible. In such cases the needle penetrated into the cell from the top. 

Needles were made from glass filaments with an outer diameter of 1.0 mm and an inner diameter of 

0.5 mm. Needles were pulled using a Kopf needle/pipette puller model 730 (David Kopf Instr., 

Tujunga, Calif) and manually beveled using a sharp razor blade. Around 100 pi of plasmids were 

injected at the concentration of 100 ng/[xl in IX injection buffer. The volume of the injected drop was 

about one-third of the size of the cell. Injection solution was dyed with 0.02% (vol/vol) phenol red 

(Sigma Canada Ltd, Oakville, Ontario) to help visualizing the injection volume. 

2.4 Fluorescence microscopy 

Following injecting the newly spawned fish with GFP constructs, they were raised to 24-hpf. The 

chorion of these embryos was removed using sharp forceps (Dumont No. 5). Then they were 

anesthetized using Tricaine solution. The reporter was observed using a Nikon stereomicroscope 

equipped with a fluorescent filter (excitation- 480/40, emission^ 535/50). 
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2.5 Cell culture 

2.5.1 Zebrafish ZF-4 cells 

ZF-4 cells were seeded and split at high confluency. They were grown in a medium containing a 

combination of DMEM/F12, 10% (vol/vol) fetal bovine serum (FBS), and 1% (vol/vol) antibiotic-

antimycotic at 28°C and 5% C02. 

2.5.2 Mammalian 293 cells 

Mammalian 293 cells were cultured in DMEM medium supplemented with 10% (vol/vol) horse 

serum (HS) and 3% (vol/vol) antibiotic-antimycotic at 37°C and 5% C02. All cell culture materials 

well supplied by Gibco (Burlington, ON; through Invitrogen) 

2.6 Transfection 

Liposome based techniques have been used to transfect the cells. All cells received both the 

experimental plasmid including firefly luciferase and Renilla luciferase for normalization in the 

approximate ratio of 3:1. 

2.6.1 Transfecting ZF-4 cells 

Effectene Transfection reagent (Qiagen Canada, Mississauga, ON) was used to transfect zebrafish 

cells. This was a less toxic reagent usually used for cells that are more sensitive. Moreover, this 

reagent requires using less DNA which makes it more cell-friendly. Transfection was carried out 

according to the manufacturers suggested protocol with some modifications to optimize it for these 

cells. Cells were seeded at the concentration of 3X105 per well of a six-well plate 24 hrs prior to 

transfection. The transfection mixture for each well contained 0.8u.g plasmid DNA (0.53p,g 

experimental plasmid and 021\ig Rluc), 6.4ui enhancer (a solution provided in the kit), and 8uJ 
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Effectene in the final volume of 100u,l in the provided buffer (EC). The solution was added to 75% 

confluent cells in 1600 ul of fresh medium. This medium had to be removed in 6 hours and replaced 

by fresh medium. PBS wash was not necessary at this step. 24 hours later cells were heat shocked and 

harvested. 

2.6.2 Transfecting 293 cells 

Lipofectamine 2000 (Invitrogen Canada, Burlington, ON) was used according to the manufacturers 

guidelines for six-well plates. Cells were seeded 24 hrs prior to transfection and kept in Opti-Memll 

Reduced Serum Medium without serum (Invitrogen) during transfection. Twenty-four hours later 

cells were heat shocked and harvested in passive lysis buffer from the luciferase assay kit. 

2.7 Heat shock 

Embryos were heat shocked by being placed in a 37°C incubator for the desired duration. Embryos 

were placed in a six-well plate containing 37°C fish-water. Similar approach was used for the cells. 

The heated medium was added to the cells and they were incubated in an incubator with the desired 

temperature for the chosen duration. This temperature was 37°C for ZF-4 cells and 42°C for 293 cells. 

2.8 Luciferase assay 

2.8.1 Procedure 

Dual-Luciferase Reporter Assay System (Promega, Madison, WI) was used for luciferase assay. The 

procedure was carried out according to the manufacturer's protocol with the exception that 300 JLLI of 

IX passive lysis buffer was dispensed per each 35-mm well or each embryo. Chemiluminescence was 

measured for the cell lysate from each well to quantify luciferase production using an Lmax II384 

luminometer with Softmax Pro software (Molecular Devices, Sunnyvale, Calif). All the wells were 
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cotransfected with a vector containing Renilla luciferase, pRL-TK (Promega Canada, Nepean, Ont), 

simultaneously. IOOJJ.1 of prepared Luciferase Assay Reagentll (LARII) and Stop & Glo reagents 

were used per each 20ul of cell lysate through the P and M injector of the instrument, respectively. 

LARII measured the amount of firefly luminescence while Stop & Glo indicated the activity of 

Renilla. 

2.8.2 Analysis 

Normalization for each sample was carried out by dividing relative luminescence of firefly luciferase 

by the relative luminescence of Renilla luciferase of the same sample. The ratio presented differences 

in promoter activity. The mean and standard deviation from all replicates for each treatment group 

were calculated using Microsoft Excel software (Redmond, WA). 

2.8.3 Statistics 

ANOVA test was performed to determine significant differences in the relative mRNA expression. 

Significance was accepted at P<0.05. 

2.9 RT-PCR 

Two different semiquantitative RT-PCR reactions have been carried out. One has been performed on 

the hsplO and hsp60 mRNA of wild type zebrafish embryos that have been subjected to heat shock. 

The other one was executed on egfp mRNA from the transient transgenic zebrafish embryos. All 

these groups included both normal condition and heat shocked samples no-template and no reverse 

transcriptase controls have been run in parallel. 
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2.9.1 Sample collection and treatment 

For a set of experiments, newly spawned embryos were first microinjected with one of the constructs. 

The injected embryos, wild-type ones, or control samples were grown in normal growth condition in 

a 28°C incubator for 24 hours. Then the experimental group was heat shocked at 37°C for the 

durations of 1, 2 or 4 hours. Heat shocked embryos were immediately ground in TRIzol (Invitrogen 

Canada, Burlington, ON), frozen in liquid nitrogen, and stored at -80°C for future follow up. 

2.9.2 RNA extraction 

RNA was extracted using TRIzol (Invitrogen Canada, Burlington, ON) and chloroform, followed by 

standard isopropanol precipitation protocols. Quantity of extracted mRNA was assessed through UV 

spectrophotometry. 

2.9.3 cDNA synthesis 

The total RNA was used as a template in cDNA synthesis. Approximately 5 |LLg of RNA was mixed 

with 250 ng random primer, 0.5 mM dNTP mix, IX buffer, 10 mM DTT, 40 units RNase inhibitor 

and 200 units M-MLV reverse transcriptase. The reaction was incubated at 37°C for one hour and 

then stopped by heating at 70°C for 15 minutes. The product was treated with DNase and purified 

using DNase-free kit (Ambion, Inc., Austin, TX). The quality of cDNA was assessed by PCR with P-

actin primers, ^-actin primer sequences were as follows: 

Forward primer 5' ACTGGTATTGTGATGGACTCTGGTG 3' (Tm 55.5°C) 

Reverse primer 5' ACGCTCGGTCAGGATCTTCAT 3' (Tm 54.8°C) 

2.9.4 Primers 

RT-PCR was performed on hsplO, hsp60 and tgfp mRNA molecules. Primers were designed to 

amplify a 150-500 bp region of the selected gene, and to have an annealing temperature of 
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approximately 58°C (table 2-1). A sequence from efl-a gene was used as the control. hspW and 

hsp60 primers spanned the intron-exon boundaries. 



Table 2-2. Primers used in RT-PCRs 

Gene 

P-actin 

Efl-a 

HsplO 

Hsp60 

Hsp70 

Primer sequence (F, R) 

5' ACTGGTATTGTGATGGACTCTGGTG 3' 

5' ACGCTCGGTCAGGATCTTCAT 3' 

5' TACGCCTGGGTGTTGGACAAA 3' 

5' TCTTCTTGATGTATCCGCTGA 3' 

5' GCAGCACTTTGGCTTGAGACTT 3' 

5' TGTCGGACGCGGTTTTCTTA 3' 

5' TGATGGTGTCGAAGCCCTCTTT 3' 

5' CTGCTGTTACCCAGTGTCAT 3' 

5' CCAGCCTATTTCAACGACTCCC 3' 

5' TCAGGATGGACACGTCGAAGGT 3' 

Tni 

(°C) 

58 

58 

59 

55.7 

59 

58 

60 

56 

58 

60 

GFP 
5' TGCTGCTGCCCGACAACAC 3' 

5' GTCCATGCCGAGAGTGATCC 3' 

63 

58 



2.9.5 Standard curves 

Standard curves were produced for each primer set to assess the efficiency of the reactions. A pool of 

obtained cDNAs from different embryos was used as a template to generate standard curve. The 

template was serially diluted over eight concentrations ranging from IX to 10"7X. 

2.9.6 Reactions 

RT-PCR reactions of 20 [i\ were set up using a Stratagene Brilliant SYBR Green QPCR Master Mix 

(Stratagene, La Jolla, CA) according to the instruction manual. Master mixture contains DNA 

polymerase, PCR buffer, SYBR Green dye, and MgCl2. Reactions consisted of 12.5 JLA.1 (IX) master 

mix, 55 ng cDNA and 25 (xM of each primer in the total volume of 25. Reactions were run in a 

Stratagene MX3000 machine for 40 cycles with an annealing temperature of 58°C. 

2.9.7 Analysis 

Threshold-crossing cycle numbers (CT values) were analyzed using Microsoft Excel software. 

Values for ACT were calculated as CT (gene)-

CT 

(reference)- AACT values were calculated for each time-

point by comparing the experimental samples to the corresponding control samples. AACT was 

calculated as ACT (treated)-ACT (control)- Efficiencies were calculated by the formula "E=10 " 

where the slope is that of the standard curve (Pfaffl, 2001). The efficiency of each primer set was 

taken into account by applying a mathematical equation suggested by Pfaffl (2001). The mean and 

standard deviation from all replicates for each treatment group were calculated using Excel software 

(Redmond, WA). 
2.9.8 Statistics 

ANOVA test was performed to determine significant differences in the relative mRNA expression. 

Significance was accepted at P<0.05. 
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Results 

3.1 hsp10/60 Sequence Analysis 

Comparisons of the complete hsplO/60 gene sequences from a few different eukaryotic organisms 

available in Genbank (accession numbers: human AJ250915; rat U68562; flounder DQ250132 and 

zebrafish AY 112664) showed that the coding regions of all these genes are highly similar (Martin et 

al., 2002). Less similarity was found in the intergenic regions and the 5'UTRs. However, the 

organization of intergenic region, transcription initiation sites (TIS), untranslated regions (UTR), 

location of the ATG start codons, and intron-exons location and boundaries, at least for the first few 

exons of both genes, are the same, but the length of each of the noncoding regions (figure 3-1) and 

their nucleotide contents are different (figure 3-2). 

The transcription initiation sites (TIS), the first two exons of hsplO, and the first three exons of hsp60 

had been previously identified by Martin et al. in 2002. Partial sequence of the cDNA had been 

determined from mRNA extracted from zebrafish using a reverse transcriptase-PCR approach with 

degenerate primers. The intron-exon boundaries of the first few exons had been found by comparing 

this cDNA sequence with the genomic DNA sequence of hspJO and hsp60 genes obtained from a 

zebrafish genomic library macroarray filter (filter set #706). According to the prediction from 

Ensembl database (www.ensembl.org), the total numbers of the exons in the hsplO and hsp60 genes 

are 4 and 11, respectively. In order to find the transcription start site, the 5' rapid amplification of 

cDNA ends (5'RACE) technique was used (Martin et al., 2002). According to this analysis, the TISs 

of hsplO and hsp60 are 860-bp apart. Comparisons between the sequences of HsplO and Hsp60 

proteins from other organisms and predicted amino acid sequences based on the cDNAs suggested 

that the first ATG codon of hsplO is located at the end of its first exon and the ATG start codon of 
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hsp60 is located at the beginning of its second exon. The same organization has been found in rat, 

human, and flounder except the differences in the sizes of each region. 

The intergenic region of the hsplO/60 genes, which is the region located between the two TISs, was 

analyzed to find cis-acting elements. The intergenic region contains three tandem inverted repeats of 

the nGAAn sequence, forming a single heat shock element (HSE) (nGAAn nCTTn nGAAn) (shown 

as dashed boxes in figures 3-2). The HSE found in flounder also contains three tandems but the 

reported HSE in mammalian species contains four tandems. Comparison of the nucleotide content 

and alignment have been performed using "AliBee-multiple alignment, release 2.0" online tool 

(http://www.genebee.msu.su/services/malign_reduced.html). "Multiple sequence alignment" is the 

arrangement of several DNA sequences with postulated gaps in a way that similar residues are 

juxtaposed. 

We also observed a few short GC-rich sequences present in the hspl0/hsp60 intergenic region of all 

the compared organisms. They are shown as solid boxes in figures 3-2. 

We did not find any Spl binding site, CCAAT boxes, or TATA boxes in the zebrafish hsplO/60 

intergenic region using TFSEARCH online software tool (http://www.cbrc.jp/research/db/ 

TFSEARCH.html). 

3-2 

http://www.genebee.msu.su/services/malign_reduced.html
http://www.cbrc.jp/research/db/


Zebrafish 

Flounder 

Human 

Rat 

Exon 1 (/up 10) Exor\](hsp60) 

H$E 
»#•**###* 

A T G 

JL * * » * » » t - » » » l 

ATG 

«*«»* *»*« 

* * * * * « * t 

1 
ATG 

ATG 

hsplO 

Exon2(hsp60) 
Intron 1(60) 

% . 

ATG 

t • M M M M ^ M K # * # » # # » # * * 

ATG 

i n i i i i i i i i 

ATG 

f-H § 
hsp60 

Figure 3-1. Comparative schematic maps of a part of hsplO/60 genes in different organisms: 

The maps contain a DNA segment that illustrates the intergenic region (IGR), the first exon (the open 

boxes) of hsplO and the first and second exons of hsp60 (filled boxes) in zebrafish, flounder, human, 

and rat (eukaryotic genes available in Genebank). The thick lines represent introns and intergenic 

region. The intergenic region (IGR) is located between the first exon of hsplO and the first exon of 

hsp60. The position of the heat shock element (dashed vertical line) and the relative orientation and 

position of the ATG start codons for both transcripts (on the opposite strands) are shown. For 

simplicity, the two strands of DNA are shown as one line. The scale is shown at the top. 
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Flounder ( l) CATGTTTCTCTGGAC GTGTTCGCGGGCTGAGA--GTCTTCGT 
Human ( 1) CATTACTCCCTCCGC CTCAGACTCGTACTCTGCT—CT-AGT—GTAGCGCC 
Rat ( 1) CATGACTTACGCCGC CGCAGCTCCGGACTCTGCA—CTCGGA---CTCCTGCT 
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zebrafish ( 60) GGA CCACT-TCACTCCTGCGAT CCACGTgaaGAAGAAATGTCTGGAAGGGCAC 
Flounder ( 41) GGA~GCGGCT GCCGGGTT CCGT—GAGGA GCGTGGA-
Human ( 43) GCAAAGAGACTCGCAGTCCGGCCCTGGCGACACGT—GAAAAAATCACCCAGCGCGCA-
Rat C 49) GCAAGGAGACTCCCGTGGGCCGGCTCAGGACACGT— GAAAAGA CAGCGCA-
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zebrafish ( 112) TGCGCATGCGCCACAA-GACAATCCCTA CCGACCCCAGACCTGCAATCTAGAATA 
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Rat C 98) -GCGCGCAGG-CGCACTCA—GCCCCTT AGCGTGAGAGAAGGCGG 

zebrafish ( 166) TTCCTCGATCTCCCAAACCttacataaaGACAtttgactctttttttgttgtTTCGTAAC 
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Flounder ( 191) A AAGCGTGA-AAAACCCTCATTTA AACA--ATTAAATCT 
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zebrafish ( 466) TATAAATACACATATATTGACTTaatatgtagataatctataagaaaaggttataataTT 
Flounder ( 272) T-CCATTTGAGGATTTTTGACTT TT 
Human ( 318) CGCGATTTGAC CCTT 
Rat C 285) CGCCACTTGAC CTT 
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Figure 3-2. Alignment of the intergenic region between hsplO and hsp60 genes in different 

organisms: the IGR is located between the first exon of hsplO and the first exon of hsp60 (as shown 

in fig. 3-1. This region was aligned to the corresponding region in flounder (accession no. 

DQ250132), human (AJ250915), and rat (U68562). Similar regions are shown as boxes including 

HSE (dashed box) and a couple of GC rich sequences (solid boxes). 
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3.2 Bidirectionality of the promoter 

Since the two chaperonins are adjacent genes arranged in a head-to-head manner, it was expected to 

find their promoter in the intergenic region located between these two genes. Lack of a TATA box 

made finding the promoter region difficult. To find the promoter of these two genes, we searched for 

a region capable of activating the expression of downstream genes. Therefore, a fragment spanning 

from the ATG start codon of hsplO to the first ATG codon of hsp60 was chosen (figure 3-3). This 

3.3-kb fragment (fragment A, figure 3-3) included the intergenic region (containing the heat shock 

element), the first exon of hsplO, the first exon plus three nucleotides of the second exon of hsp60, as 

well as the first intron of hsp60. It was also hypothesized that hsplO and hsp60 genes might share a 

common bidirectional promoter due to their head-to-head organization and short intergenic region. 

Based on this and the following reports about bidirectional promoters, it was speculated that 

enhancers might occur in the first intron of hsp60 gene, which is entirely noncoding (forms the 

5'UTR). Some studies have described the presence of an enhancer within the noncoding first intron 

of one of the two genes flanking a bidirectional promoter. Examples include the bidirectional 

promoter of alphal (IV)/alpha2 (IV) collagen genes (Killen et al., 1988) and the bidirectional 

promoter of K18/ thymidine kinase genes (Oshima et al., 1990). These promoters require the 

enhancer elements located within the first intron of one of the two genes for optimal activity (Pollner 

et al., 1990). Such examples encouraged us to use "fragment A" first. Moreover, we preferred to use 

the ATG start codon of hsplO/60 genes instead of the ATG codon of the reporter genes for the first 

attempt. Fragment "A" was designed in a way to include possible cis-acting elements, which might be 

present in the region spanning from the start codon of hsplO to the start codon of hsp60. Moreover, 

the 5'UTRs (i.e. hsplO exon one except the last three nucleotides and the entire first exon of hsp60) 

may contain sequences that regulate translation efficiency or affect mRNA stability. 
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To characterize the promoter activity of fragment "A" experimentally, it was cloned in both 

orientations into a gfp reporter vector as follows. "Fragment A" that included the non-coding intron 

and 5'UTRs was first cloned upstream of a gfp reporter gene in the same orientation as in hsp60 gene: 

"fragment A60". Then the same fragment was cloned in the opposite orientation, to drive GFP in the 

same orientation as in hsplO: "fragment A10". The "A10-GFP" and "A60-GFP" constructs were 

injected into one cell-stage zebrafish embryos and, 24 hours later, the expression was observed for 

both reporter constructs (figure 3-4). 

Embryos injected with both "A10-GFP" and "A60-GFP" showed GFP expression. Therefore, the "A" 

genomic fragment was able to drive expression in both orientations. Embryos showed sporadic 

expression in different tissues covering all major cell types when all observations were combined. 

Combined observations of more than three hundred injected embryos have shown that the "A 

fragments" targets expression in all major cell types and tissues. Transgenic embryos showed the 

typical mosaic expression generally observed in this species (figure 3-4). A larger number of GFP-

expressing cells were observed when the "A60-GFP" fragment was investigated in comparison to 

"A10-GFP". While in the hsplO orientation about 80-90 GFP-expressing cells were detected, this 

number was about 5 times higher with the hsp60 orientation. Thus, the expression of "A60-GFP" was 

seemingly stronger than that of "A10-GFP". 
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Figure 3-3. Schematic map of part of hsplO/60 genes spanning from the ATG start codon of 

hsplO to the ATG codon of hsp60: the top part shows the start codon of each gene as well as 

introns (the thick lines), exons (the boxes), transcription start sites (bent arrows), and intergenic 

region (bidirectional arrow). Grey boxes represent hsplO exons and black boxes represent hsp60 

exons. Reporter constructs are depicted to show the relative orientation of the "A fragment" with 

respect to gfp coding sequences. Throughout the entire results section, hsp60 exons are shown in 

black and hsplO exons in grey. 
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Figure 3-4. 24-hpf zebrafish embryos injected with "A10-GFP" and "A60-GFP" cassettes: 

Lateral views of 24-hpf embryos which were injected with the A60 construct is shown at the top 

and those injected with A10 at the bottom. Fluorescent image at left and bright field at right. 

Reporter expression is detectable in both orientations. The schematic maps of the corresponding 

construct are shown above and below the photographs of transgenic embryos. 

Hsp70-GFP Negative control 

Figure 3-5. Positive and negative controls for promoter activity: Hsp70 is expressed 

ubiquitously in a transient transgenic embryo on the left panel and a promoterless GFP vector, 

shown on the right panel, does not produce detectable expression. Lateral views of 24-hpf embryos 

are shown in the photographs. 
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The positive control for this experiment consisted of an "hsp70-GFP" construct in which the promoter 

region of the hsp70 gene was cloned upstream of the same gfp reporter gene. This construct was 

injected into embryos of the same batch as for the other constructs. The hsp70 gene contains a well-

characterized promoter that is expressed ubiquitously upon heat shock. The "hsp70-GFP" construct 

was introduced into embryos at one cell-stage and the embryos were subjected to a 2-hour heat shock 

24 hours later. A promoter-less GFP vector was used as a negative control. A large number of GFP-

expressing cells including all major cell types was observed in the positive control group as expected. 

The negative control group did not produce any detectable GFP expression except for a few 

occasional cells (1-2 cells in approximately 10% of the embryos) which would be attributable to 

leakiness in the promoter-less construct or possible positional effect following integration of this 

plasmid (figure 3-5). 

Significant amounts of GFP expression were detected in the yolk of almost all the embryos injected 

with the "A60-GFP" construct. Since the strong expression in the yolk was an unexpected 

observation, the next step was determining the origin of the strong GFP expression in the yolk. The 

first visible GFP expression around the yolk started approximately at 5-6 hours post fertilization 

(hpf), that is, at the beginning of gastrula stage. It started from the yolk syncytial layer (YSL), 

increased over time, and was followed by the gradual diffusion of the fluorescence into the yolk 

(figure 3-6) until it became a glowing ball. Yolk expression remained as such afterwards until the end 

of the period during which embryos were examined (15-hpf). The YSL is a layer of cells separating 

the embryo from the yolk. During the initial steps of zebrafish development, the embryo lies against 

the yolk and remains connected to it throughout cleavage. During the mid-blastula period, the 

marginal blastomeres, which are adjacent to the yolk, form a syncytial layer by losing their lower 

borders where they join the yolk cell producing the yolk syncytial layer (YSL), which is the region in 

the yolk where we first observed GFP expression. The marginal area of the YSL is termed external 
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(eYSL) located on the peripheral parts and the central parts internal (iYSL) forming a plate. GFP was 

expressed in eYSL as shown by arrows in figure 3-6. 
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Figure 3-6. Expression in the yolk: Panel 1, lateral representation of the embryos; panel 2, dorsal 

representation (Animal pole); arrows show yolk syncytial layer; panel 3, bright field pictures 

showing the position of the gastrula stage embryos; panel 4, fluorescence microscopy pictures 

showing the dorsal view in A and B and lateral view in C. In 4A, a line of florescence is seen only in 

the external YSL; in 4B, the fluorescence area is wider. Finally, in 4C, it is diffused all over the yolk. 
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3.3 End deletions 

Using "fragment A", the bidirectional functionality of a relatively large fragment of the hsplO/60 

locus was detected. Finding a smaller region that was still functional as a promoter was the next aim. 

To determine a region within the "A fragment" where the core promoter elements of the hsp60 and 

hsplO genes are located (Figure 3-7), a series of deletions were generated starting from the ends of 

this fragment. Most of the end deletions were carried out on the hsp60 side, because this end was 

preceded by the intron, which is eliminated during splicing; while the hsplO end was only 44-bp 

away from the transcription initiation site. First, sequences of different lengths were deleted from the 

3'-end of the fragment on the hsp60 side, step by step, as shown in (figure 3-7 a). The resulting 

sequences were all cloned upstream of the gfp reporter gene in both hsplO and hsp60 orientations*. 

These constructs were introduced into one cell-stage embryos by microinjection and the embryos 

were inspected for GFP-expression 24 hours later, using fluorescence microscopy. For each 

construct, more than three hundred embryos were examined. "Fragment B" whose size is about 1-kb, 

lacked a 2.2-kb region from "fragment A". In "fragment B", most of the hsp60 first intron was 

deleted. It contained the intergenic region, exon one of both genes and a small piece of intron one of 

hsp60 (figure 3-7, B). The next fragments contained no intronic sequence. "Fragment C", included 

only the intergenic region and the 5'UTRs of both genes and was about 100-bp shorter than 

"fragment B". "Fragment D" which was 500- bp shorter than "C" contained only the intergenic 

* Throughout this thesis, we will mention that a given genomic fragment is placed in the hsp60 

orientation when the GFP coding sequence is placed downstream of the desired fragment in the same 

orientation as in hsp60 gene fragment. Similarly, a fragment will be in the hsplO orientation when 

GFP is placed downstream of it relative to hsplO in the same orientation as in hsplO gene. 
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region and the first exon of hsplO. Finally, fragment "E" whose size was 710-bp was 190-bp shorter 

than "fragment D" and covered only a part of the intergenic region, more specifically, from the 

location -108 from hsplO gene to -24 from hsp60. Both transcription start sites (location +ls) were 

missing (figure 3-7). 

When GFP was cloned downstream of "fragment B" in the hsp60 orientation (B60-GFP), it resulted 

in fewer GFP-expressing cells (about 80-90 cells) at 24-hpf, compared to the "A60-GFP" construct. 

Equal numbers of GFP-expressing cells were seen when "B60-GFP" and "B10-GFP" (GFP in the 

hsplO orientation) were examined. In other words, the differential expression of the two orientations 

was lost when "fragment B" (figure 3-7 b) was used; however, the expression pattern and the 

distribution of GFP-expressing cells did not change. When the "C10-GFP" and "C60-GFP" constructs 

(GFP driven by hsplO orientation and hsp60 orientation of "fragment C", respectively) were injected 

into the embryos, similar numbers of GFP-expressing cells were observed in both orientations. 

"Fragment C" seemed to be less active than "fragment B" (figure 3-7 c). "Fragment D" which lacked 

the transcription start site of hsp60 produced no expression when injected into the embryos in the 

form of "D60-GFP". However, GFP-expressing cells were observed following the injection of "D10-

GFP". This showed that the hsplO orientation was still active while the hsp60 orientation was not 

able to act as a promoter anymore (figure 3-7 d). Finally, "fragment E" that lacks both transcription 

start sites, was inactive in both orientations (not shown) 
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Figure 3-7. Schematic map and qualitative analysis of the activity of different promoter-

including fragments; a) comparative schematic map of the deletion fragments; b, c, and d, 

fluorescent microscopy images (lateral views) of 24-hpf embryos injected with the deletion fragments 

(middle panel) along with the bright field images (right panel). The related constructs are shown on 

the left. For legends please refer to figure 3-4 
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3.4 Quantifying promoter activity 

Using GFP reporter and fluorescence microscopy enabled us to estmate the strength of promoter 

activity to some extent. Nevertheless, quantitative measurements of the promoter strength appeared 

necessary to better assess differences between the various genomic fragments. For this purpose, we 

used both quantification of GFP transcripts by RT-PCR and luciferase constructs. 

3.4.1 RT-PCR using GFP specific primers in embryos 

We injected three constructs: "A60-GFP", "C60-GFP", and "C10-GFP" into single-cell stage 

embryos. For each construct, one hundred transient transgenic 24-hpf embryos that showed at least 

one GFP-expressing cell were collected. The one hundred embryos were divided into three groups of 

about equal size. The mRNA from pooled embryos was extracted and was used in RT-PCR reactions 

using PCR primers specific to gfp mRNA. The RT-PCR assay was semi-quantitative. This provided 

information about the levels of transcripts without the interference of factors involved in translation 

of the reporter protein. Among the three different constructs used in this experiment, the "A60-GFP" 

construct displayed the highest level of expression, which was twice as much as the other two 

constructs. The "C60-GFP" and "C10-GFP" constructs showed almost the same level of activity as 

illustrated in figure 3-8. 
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Figure 3-8. Analysis of the promoter activity of different hsplO/60 promoter-including 

fragments in different orientations: showing the amount of GFP expression in 24hr transient 

transgenic zebrafish embryos. Embryos were injected with "A60-GFP", "C60-GFP" and "C10-GFP". 

Constructs corresponding to each sample are shown on the left panel. For all the graph results, error 

bars show standard error on the mean; n=3. 
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3.4.2 Luciferase assay 

We also used luciferase reporter constructs and luciferase assays to quantify gene expression. Using 

luciferase enabled us to measure the light intensity precisely and the short half-life of the protein, 

compared to GFP, allowed us to avoid reporter protein saturation. This ensured a more accurate 

estimate because when the levels of GFP expression exceed a certain threshold, it becomes 

impossible to detect higher expression levels. Thus, all fragments were cloned upstream of a firefly 

luciferase reporter gene (Flue) in the pGL3-basic vector. The constructs were either introduced into 

zebrafish embryos, or transfected into two different types of cells in culture. Subsequently, luciferase 

assays were performed on the lysates obtained from the 24-hpf transient transgenic embryos or on 

cell lysates prepared 24-hour post-transfection. 

3.4.2.1 Activity in zebrafish embryos 

To quantify the promoter activity of "fragment A" in zebrafish embryos, constructs "AlO-Fluc" and 

"A60-Fluc" were injected into zebrafish embryos at the one-cell stage. After 24 hours, embryos were 

homogenized and the luciferase activity was measured in the lysate. For each construct, lysates of 10 

different embryos were prepared, individually. Luciferase catalyzes the oxidation of luciferin and the 

intensity of the light produced by the reaction reflects the strength of the promoter driving the 

production of Flue. The "A60-Fluc" construct resulted in twice as much luciferase expression in 

comparison to "AlO-Fluc". In agreement with the results from GFP in the previous sections, the 

promoter was active in both orientations and the hsp60 orientation was more active than the hsplO 

orientation (figure 3-9). 
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Figure 3-9. Analysis of the activity of fragment A by luciferase reporter assay in 24 hour 

transient transgenic zebrafish embryos: the right panel shows the average of light intensity in light 

units (LU) obtained from luciferase assays performed on 24 hr embryos injected with "A60-Fluc" and 

"AlO-Fluc" plasmids (n=10). Negative control in this case includes luciferase assay performed on 

wild type embryos. The corresponding constructs are shown on the left panel. 
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3.4.2.2 Activity in cultured cells 

Constructs containing firefly luciferase (Flue) driven by the fragments from figure 3-7 were used to 

quantify the transcriptional activity of each fragment. To eliminate the problem of mosaicism, 

encountered in primary transgenic zebrafish embryos, cell lines were used. Cells were co-transfected 

with a construct containing Renilla luciferase (Rluc) driven by the HSV-TK (herpes simplex virus 

thymidine kinase) promoter to normalize for transfection efficiency in the different samples. 

The constructs were tested in two different cell lines: ZF-4 zebrafish embryonic cells, and 293 human 

embryonic kidney cells. ZF-4 is a fibroblast-like cell line, derived from one-day-old zebrafish 

embryos. Driever and Rangini (1993), who developed the ZF-4 cell-line, have confirmed the 

functionality of the HSV-TK promoter in ZF-4 cells. Mammalian 293 cells were used as well to 

compare the bidirectional activity of the promoter in a different cell type, as transcription from 

bidirectional promoters could be cell-specific as mentioned in section 1-9 (Trinklein et al., 2004). 

The results obtained from luciferase reporter assays from ZF-4 (figure 3-10) and 293 (figure 3-11) 

cultured cells were similar to those observed with GFP constructs in zebrafish embryos. "Fragment 

A60" showed twice as much expression as "fragment A10". This suggested that the promoter is more 

active in the hsp60 orientation (similar to the observation from luciferase assay in zebrafish 

embryos). After deleting a significant part of the first intron of hsp60 the 2:1 ratio was missing and 

the expression in both directions was about the same. Fragments "BIO", "B60", "CIO", and "C60" as 

well as "D10" displayed a level of activity which was similar to "AlO-Fluc". The hsp60 orientation of 

"fragment D" (D60), fragment "E10", and fragment "E60" did not produce any detectable expression 

(figure 3-10). The lack of promoter activity in the latter fragments suggested the lack of some 

necessary elements. A construct containing the well-characterized hsp70 promoter was used as a 

positive control. A promoterless vector, which contained Flue, was used as a negative control to 
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reveal a possible residual transcriptional activity originating from plasmid sequences or from 

genomic integration. Results obtained from 293 cells (figure 3-11) were in good agreement with 

those obtained from ZF-4 cells. 
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Figure 3-10. Promoter activity of constructs containing different fragments from the zebrafish 

hsplO/60 locus in ZF-4 cells: on the left, a schematic map of the constructs is displayed; normalized 

luciferase activity, in relative light units (RLU), of the transiently transfected cells is shown on the 

right, (n = 3). A promoter-less vector was used as a negative control. The "*" indicates a significant 

difference compared to the other constructs; (P<0.05). 
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Figure 3-11. Promoter activity of the constructs containing different fragments from the 

zebrafish hsplO/60 locus in 293 cells: on the left, a schematic map of the constructs is displayed; 

average of normalized luciferase activity, in relative light units (RLU), of the transiently transfected 

cells is shown on the right (n = 3). A promoter-less vector was used as a negative control. The "*" 

indicates a significant difference from the other constructs (P<0.05) 
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3.5 Inducibility 

The intergenic region of the hspIO and hsp60 genes in all studied organisms contains a heat shock 

element (HSE) which is responsible for promoter inducibility. Heat shock was applied as the typical 

stress condition used in most of the studies involving characterization of the promoter of a heat shock 

gene. Zebrafish is a tropical fish whose normal thermal condition is slightly higher than that of some 

other teleosts. The normal temperature for the zebrafish is around 28°C. Fish maintained at 

temperatures above 31°C will often develop abnormally and breed poorly. With a normal temperature 

in the wild for this species rarely exceeding 34°C, the standard heat shock condition for zebrafish is 

37°C. This temperature would mimic the condition when the fish are subjected to multiple 

simultaneous stressors in their natural habitat. The durations of heat shock used in published studies 

for different heat shock gene promoters usually vary between 1 to 6 hours. 

3.5.1 Inducibility of the endogenous promoter 

To examine heat shock response in zebrafish embryos, wild type 24-hpf embryos were heat-shocked 

at 37°C for 1, 2, or 4 hours. Three hundred embryos were used for each heat shock treatment. 

Subsequently, mRNA was extracted shortly after heat shock, and RT-PCR was performed on the 

extracted mRNA. PCR primers used in this experiment were hspIO and hsp60 gene-specific primers. 

Following heat shock, higher levels of hspIO and hsp60 mRNA were detected with a maximum 

induction occurring after two hours of heat shock when expression levels almost doubled. A four-

hour induction caused too much stress on the embryos resulting in high mortality (in about 10% of 

embryos while this number was less than two percent at other time points). The results are 

summarized in figure 3-12. A "no heat shock" group (28-hpf embryos) was added as controls and no 
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differences in expression were observed in this group compared to measurement at the onset of heat 

shock (24-hpf) (figure 3-12). 
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Figure 3-12. Inducibility of the endogenous hsplO/60 promoter in 24hpf zebrafish embryos 

subjected to heat shock: Using real-time semi-quantitative PCR, the amount of endogenous hsplO 

and hsp60 mRNA in 24hr wild type zebrafish embryos were measured using hsplO and hsp60 gene-

specific primers. Embryos were heat shocked (HS) for 1, 2 , or 4 hours; 24 hr non-heat shocked 

embryos were used as control (Ohr HS). No heat shock group are wild type 28-hpf embryos kept at 

normal temprature; n = 3. The "*" indicates a significant difference from the Ohr HS group (P<0.05) 
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3.5.2 Promoter inducibility 

To dissect the inducibility of the intergenic region of hsplO/60, we used the same reporter constructs 

as for promoter analysis (sections 3-2 to 3-4). In order to avoid the added complications resulting 

from the mosaicism of primary transgenic embryos, we used cultured ZF-4 or 293 cells for these 

experiments. To characterize promoter inducibility in both directions, the fragments containing the 

shortest active promoter were cloned into a firefly luciferase (Flue) vector. Transfection efficiency 

was normalized by cotransfecting Renilla luciferase (Rluc). 

3.5.2.1 Inducibility in ZF-4 cell line 

Considering possible differences between ectothermal and homeothermal organisms, it was important 

to carry out these experiments in a cell line of zebrafish origin. Constructs were, therefore, 

transfected into ZF-4 cells. Following transfection, cells were maintained at 28°C (same as the 

maintenance temperature for zebrafish) for 24 hours. Subsequently, the transfected cells were heat 

shocked at 37°C for 1, 2, or 4 hours. An hsp70 promoter construct was used as a positive control. 

Induction became detectable following 2 and 4 hours of heat shock. Approximately 2-3 fold 

induction was detected in response to heat shock for both orientations using "D10" and "C60" 

fragments (figure 3-13). 
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Figure 3-13. Analysis of inducibility oihsplO/60 promoter in ZF-4 cells subjected to heat shock: 

Cells were co-transfected with Renilla luciferase (Rluc) and the indicated construct and the cells were 

heat shocked for 1, 2, or 4 hours. Luciferase assay was performed measuring the amount of expressed 

firefly luciferase (Flue) upon heat shock (HS). The values were normalized against Rluc. Hsp70-Fluc 

was used as the positive control. A two-fold higher expression following two hrs of heat shock was 

significant comparing to the non-heat shocked group. The corresponding constructs are shown 

bellow the graph (n = 3). 
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3.5.2.2 Inducibility in mammalian cell line 

We performed a similar inducibility study in mammalian 293 cells except that the cells were 

maintained at 37°C and heat shocked at 42°C. Heat shock response is a well-conserved reaction 

present in all organisms and induction of the hsplO/60 is, therefore, also expected to take place in a 

mammalian cell context. Similar to what was observed in ZF-4 cells, following a one-hour heat 

shock, the expression levels did not change much, and maximum up-regulation happened after two 

hours of heat shock. A 2-fold induction was detected in both orientations in the "D10" and "C60" 

constructs. Expression levels observed after the 4-hour heat shock were low due to a high mortality of 

the cells and harsh experimental condition (figure 3-14). 
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Figure 3-14. Inducibility analysis of hsplO/60 promoter in mammalian 293 cells subjected to 

heat shock: Cells were co-transfected with Renilla luciferase (Rluc) plus the indicated construct and 

the cells were heat shocked for 1, 2, or 4 hours. Luciferase assays were performed measuring the 

amount of expressed firefly luciferase (Flue) upon heat shock (HS). The values were normalized 

against Rluc. Hsp70-Fluc was used as the positive control. The induced expression following two hrs 

of heat shock was significant compared to non-heat shocked group. The corresponding constructs are 

shown below the graph (n = 3). 
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3.6 Internal deletions 

When we compared the activities of the different promoter-containing fragments under basal (non heat-

shock) conditions, only one displayed a significantly different activity. The promoter activity of 

"fragment A60" was twice as much as that of all the other constructs mentioned in section 3-3. Following 

deletion of the major part of the first intron of hsp60 (Figure 3-15a), the promoter activity in the hsp60 

orientation showed a dramatic reduction although the 5'UTRs of both genes were still present in some of 

the constructs. The first exons of hsplO and hsp60 contain the 5'UTRs. The 5'UTR might contain 

sequences that regulate translation efficiency or mRNA stability. Thus, there is probably a region within 

the intron that makes major contribution to transcriptional activity, rather than an mRNA stabilizing 

factor or a translation efficiency regulator within the 5'UTR. Otherwise, the asymmetrical expression 

should have been observed in all the fragments except fragment "D". Furthermore, following the deletion 

of the intron, strong gfp reporter expression is no longer observed in the yolk (compare figures 3-4 with 3-

7b). This suggests the presence of an element within the intron enhancing the promoter activity in the 

hsp60 direction. Deleting the intron might have eliminated the putative element from the construct 

causing the loss of the 2:1 expression ratio between the two orientations. We performed an in silico 

analysis using Q's-element Cluster Finder (Cister) software (http://zlab.bu.edu/~mfrith/cister.shtml) to 

find out if the intron sequence contains regions predicted as ds-acting elements. According to this 

analysis, two regions with high probability of occurrence of cw-acting elements were found (Fig. 3-15b). 

These are indicated as boxes in figure 3-15a. The region with larger coverage and higher probability, 

corresponding to the hatched box (figure 3-15a), was selected for further examination. To observe the 

impact of absence of this particular site, it was internally deleted from the "A60-GFP" construct. We also 

deleted subsets of the hatched region from "A60-GFP" (figure 3-16). All these constructs were injected 

into three hundred one cell-stage embryos and the expression pattern was investigated at 24-hpf. 
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Figure 3-15. Prediction of ci's-acting elements: a, Structure of the bidirectional transcriptional region 

of the zebrafish hsp JO/60 genes and of related fragments. The solid filled boxes show the exons (the 

grey box hsplO exonl and the black ones hsp60 exonl and 2); the hatched and open boxed illustrate 

the cis-acting element prone regions; the hatched box is the dissected region, b, Cister analysis graph 

predicting the putative ds-acting elements within the sequence. Vertical lines within the graph indicate 

the probabilities that regulatory factors bind to the listed c/s-elements at the given positions; the curve 

indicates the overall probability of being within a cluster of ds-elements bound by their factors; lines 

in the upper half of the plot indicate ds-elements on the direct strand, and lines in the lower half refer 

to the complementary strand; "Position in sequence" (the horizontal vector) values shows the 

nucleotide position starting from the end of the first exon of hsplO on the left end to the beginning of 

exon 2 of hsp60 around 3800-bp downstream of the transcriptional start site (Martin et al., 2002) at the 

far right end. 
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3.6.1 Activity of internally deleted constructs in zebrafish embryos 

By deleting the ~600-bp region (shown as a hatched box in figure 3-15) from "A60-GFP", the 

Deletion I construct (Figure 3-16) was produced. This internally deleted construct was introduced 

into one-cell stage zebrafish embryos. Embryos were inspected 24 hours later. The fluorescence 

produced in the embryos that received "Deletion I-GFP" construct was compared to the expression 

observed in embryos injected with the "A60-GFP" and "C60-GFP" (Figure 3-7 c). Deletion I-GFP 

showed expression in about 30-40 cells of 24-hpf primary embryos (Figure 3-17 I), a lower number 

than for "A60-GFP" but comparable to "C60-GFP". 

Next, subsets of the ~600-bp region were deleted from the "A60-GFP" construct (Figure 3-16 

Deletions II, III, and IV). Following injection into zebrafish embryos, "Deletion II-GFP", lacking a 

~300-bp sequence, showed more GFP-expression cells comparing to "Deletion I-GFP", and was 

comparable to that of the full-length fragment (fragment A). Injection of "Deletion ffl-GFP" into 

zebrafish embryos resulted in reporter expression in fewer cells in comparison to the original 

construct (fragment A60) and similar to that of "C60-GFP". The high expression in the yolk was also 

missing (Figure 3-17). Finally, injecting "Deletion IV-GFP" into fish embryos resulted in an 

expression similar to that of "Deletion II-GFP" (figure 3-17), with GFP expression similar to that of 

the full-length construct. The latter was missing a ~200-bp sequence that overlaps with the deleted 

part in "Deletion III". The region missing from "Deletion III" seemed to be responsible for the higher 

expression and the YSL expression while the region missing from "Deletion IV" appeared to 

contribute little to the overall transcription. Therefore, fragment missing in "Deletion III" but present 

in "Deletion IV" contained the enhancer element shown as a bidirectional arrow in figure 3-17 

"Deletion IV". For all of the internally deleted constructs, only the hsp60 orientation was studied. 
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3-16 Internal deletions from the "A60-GFP" construct: Schematic map of the hsplO/60 locus in 

zebrafish. The bidirectional arrow shows the intergenic region; the solid black boxes from left to right 

show exon 1 and exon 2 of hsp60, respectively. The grey box shows the first exon of hsplO. The 

hatched box shows the 600bp cis-acting element-prone region within the first intron of hsp60. "A" 

represents "fragment A". I to IV represent internal deletion of A60-GFP. The gaps are sequences that 

were deleted from fragment A. 
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Figure 3-17. Analysis of A60-GFP deletion construction in primary embryos: Fluorescence 

microscopy images (lateral view) of 24-hpf primary transgenic embryos injected with the constructs 

carrying internal deletion of "A60-GFP". The number of cells expressing the transgene in embryos 

injected with "Deletion I-GFP" is much lower than that obtained with "A60-GFP"; "Deletion II-GFP" 

is expressed with levels comparable to those observed with "A60-GFP"; "Deletion III-GFP" is 

expressed with levels comparable to those observed with "C60-GFP"; "Deletion IV-GFP" is 

expressed with levels comparable to A60-GFP. The region that might include the putative YSL 

element is shown by the bidirectional arrow. 
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3.6.2 Quantitative analysis of transgene expression for the internal deletion 

constructs 

We quantified the expression of deletion constructs in primary embryos using real-time PCR. RT-

PCR was performed on the mRNA extracted from 24-hpf embryos that received different constructs 

containing the hsp 10/60 promoter with internal deletions and gfp as the reporter gene. For each 

construct, one hundred transient transgenic 24-hpf embryos that showed at least one GFP-expressing 

cell were collected. The 100 embryos were divided into three groups of about equal size. The mRNA 

from pooled embryos was extracted and was used in RT-PCR reactions. The comparative levels of 

GFP expression were measured using PCR primers specific to gfp mRNA. The semiquantitative 

results obtained from these embryos roughly matched the fluorescence microscopy observations. 

However, despite what was observed in figure 3-17, differences were observed between the intact 

"A60-GFP" and all the internal deletion constructs. The largest deletion, "Deletion I" showed the 

lowest expression and was used as the reference to generate relative expression ratios. "Deletion III-

GFP" showed an expression comparable to that of "C60-GFP". This result might be due to the 

absence of expression in the YSL. "Deletion II" and "Deletion IV" fragments, expression levels were 

lower than the expression observed with "A60-GFP" but higher than those obtained with "Deletion 

III-GFP". According to these results, deleting subsets of the fragment removed from "Deletion I", led 

to different levels of expression, which are all less than the intact "A60-GFP" as shown in Figure 

3-18. 

We also subjected one hundred embryos to a 2-hour heat shock. The mRNA was extracted 

immediately and reporter gene expression was determined by RT-PCR. The expression levels 

obtained from the heat shock group were compared to the results obtained from embryos that were 

kept under normal condition. All constructs displayed an approximate 2-fold induction, as shown in 

Figure 3-18. 
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Figure 3-18. Semiquantitative activity and inducibility analysis of internal deletion constructs 

in zebrafish embryos: The graph shows the levels of gfp expression under the control of internally 

deleted fragments in 24-hpf embryos subjected to normal or heat shock (HS) conditions. Embryos 

were heat shocked (HS) for two hrs; embryos that received constructs containing "Deletion I" are 

used as reference. For normal conditions, sample size n = 6 and for heat-shocked, samples size n = 3. 

Constructs are schematized on the left. The black solid boxes are exon 1 of hsp60 followed by the 

thick line representing the first intron of hsp60. The grey boxes show the first exon of hsplO. GFP 

coding region is shown as the patterned boxes. The gaps within the intron demonstrates region of 

internal deletions. These results did not show a significant statistical difference but they corollate 

with other observation. 
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Discussion 

Heat shock proteins are required for protein folding and adaptive response against stressful conditions 

in all cells. Their expression is upregulated when cells are exposed to elevated temperatures or other 

sorts of stress. The dramatic upregulation of the heat shock protein genes requires an inducible 

promoter responding efficiently to stressful conditions. The induction of hsplO and hsp60 genes is 

transcriptionally regulated. The bidirectionality of the promoter of the hsplO/60 gene, which enables 

it to control the expression of two different genes simultaneously, makes it particularly interesting. 

Using GFP and luciferase reporter genes, we were able to demonstrate the bidirectionality of the 

promoter of hsplO/60 genes. We were also able to assess the functionality of a promoter-including 

region in the two orientations and, after deleting some sequences, in both normal and heat shock 

conditions. Although, the use of reporter genes is an indirect measurement of the transcriptional 

properties of the test DNA, the reporter gene activity is, generally, proportional to transcriptional 

activity of the studied promoter and associated regulatory elements (Alam and Cook, 1990). 

4.1 The hspl0/60 promoter 

The genomic organization and the predicted amino acid sequences of the hsplO and hsp60 genes in 

zebrafish are similar to those of flounder, rat, and human indicating the importance of these well-

conserved genes. The size of the intergenic region, in other words, the DNA sequence that separates 

the two transcription start sites, is about 860-bp. This is consistent with the size of the intergenic 

region of other bidirectional transcription units, which is generally less than 1 kb. 

HSE is the consensus sequence found in the promoter region of all of the heat shock protein genes. It 

is the element providing inducibility in response to heat shock and other forms of stress. Unlike other 
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hsp promoters, the hsplO/60 genes of many organisms contain only one HSE element. The zebrafish 

hsplO/60 promoter contains a single three-tandem HSE, a situation similar to what has been found in 

other organisms. The sequence of the HSE is "cGAAa tTTCt cGAAc" with a very good match to the 

consensus sequence. The perfect HSE sequence is "aGAAn" or "gGAAn" (Maniak and Nellen, 

1990), but a sequence with an almost perfect match (nGAAn) is capable of responding to heat shock 

(Fiszer-Kierzkowska et al., 2003). HSE sequences in human, rat, and flounder show the perfect match 

for all of the three tandems. Their HSE sequences are: "aGAAa aTTCt gGAAg" in flounder, "gGAAg 

gTTCt aGAAc" in rat, and "gGAAa gTTCt gGAAc" in human. Since HSE is a palindromic 

sequence, it could work on either DNA strand and could act bidirectional ly. 

Bidirectional promoters in mammals are usually TATA-less and GC-rich. No TATA box was found 

in the zebrafish hsplO/60 promoter region. TATA-less promoters usually control housekeeping genes 

(Liao et al., 1994). The TATA box is one of the elements that regulate directionality of transcription. 

However, some TATA-less promoters show strong directionality and some bidirectional promoters 

include a TATA box. 

A couple of well-aligned 10-17 bp GC-rich (70%- 91%) regions were found in all the four hsplO/60 

gene sequences. No GC box (SP1 binding site) was found within the intergenic region of the 

zebrafish hsplO/60 gene. The perfect sequence of a GC box consensus site is "(G/T)GGGCGGGGC" 

however "GGGCGG" works as well. Unlike zebrafish, putative GC box cz'j-acting elements have 

been found in the hsplO/60 promoters of human, rat, and flounder. The GC rich regions found in the 

zebrafish promoter might act as non-perfect GC boxes. Bidirectional promoters usually have a high 

median G+C content. The G+C content of bidirectional promoters in mammalian species is 66%, 

which is 53% for mammalian unidirectional promoters (Trinklein et al., 2004). The G+C content of 

the zebrafish hsplO/60 bidirectional promoter is 41.2%. This value is 47.5% in flounder (Nam et al., 
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2006). Considering the general lower G+C content in lower vertebrates as an evolutionary 

phenomenon, these numbers are quite high for fish species. It is suggested that the higher G+C 

content in higher vertebrates is an adaptation for the homeothermal organisms considering their 

thermal profile. 

No major putative CAAT box was detected in the zebrafish sequence as opposed to the rat and 

flounder orthologs. No CAAT box was found in the human promoter. The CAAT box is a eukaryotic 

cw-acting element whose consensus sequence is "GGNCAATCT". General transcription factors bind 

to this site. CAAT box is required for expression of sufficient amount of the transcription in some 

genes.The position of the CAAT box usually occurs at about 75-80 nucleotides upstream of the 

transcription initiation site (TIS). The putative CAAT box in rat hsplO/60 is located at around -360 

from hsp60 TIS and within the first intron of hsplO. In flounder, it is located at around -340 from 

hsp60 TIS and -200 from the hsplO TIS. Experimental alterations of the CAAT box in flounder 

decreased the expression level of the promoter, especially at the hsp60 orientation, but the promoter 

with degenerated or deleted nucleotides at the CAAT site was still able to drive the bidirectional 

expression of a luciferase reporter gene (Nam et al., 2006). 

Outside the coding region, not much sequence similarities is found between hsplO/60 and 

characterized orthologs. Thus, limited similarity is found in non-coding sequences such as the UTRs 

and intergenic regions. The zebrafish locus has both the largest intergenic region and hsp60 5'UTR 

among these four organisms. It is almost twice as large as those of rat and human. The zebrafish 

intergenic region shows higher similarities to the orthologous region in flounder than to its 

mammalian counterparts. The size of the 5'UTR region in the fish species is larger than the 5'UTR in 

rat and human. Table 4.1 compares the size of these regions in zebrafish, flounder, rat, and human. 
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Table 4-1. Differences in the size of intergenic region, UTR and studied regions in 

different organisms 

Intergenic j Hsp60 1st 
region j intron 

Zebrafish 860bp I 2365 

Flounder 

Human 

Rat 

550 ! 1666 

538 

482 

923 

817 

Size of the 
studied regions 

r 
860-3300bp 

604 bp 

602 bp 

582 bp 
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Figure 4-1. Fragments studied in different organisms: the schematic map is a duplicate of figure 

3-1. The grey arrows indicate the fragment used in studies conducted in different organisms to study 

the hsplO/60 promoter. 

4-5 



4.2 Bidirectional promoter 

Bidirectional promoters are not common; however, they are not very rare. The genome-wide studies 

conducted recently have rejected the idea of complete random genetic order in vertebrates. Instead, 

they have revealed the existence of gene clusters when comparable and/or coordinated expression of 

genes are needed (Trinklein et al., 2004; Li et al., 2006). Transcription of many genes is coupled by 

sharing a bidirectional promoter in an antisense orientation (Bellizzi et al., 2007; Chen et al., 2007). 

Bidirectional promoters have been shown to facilitate the control of functionally linked related genes 

(Gavalas and Zalkin 1995; Segal et al., 2001). 

Almost all of the studies on bidirectional promoters have been conducted on mammalian species. At 

this time, hsplO/60 is the only known bidirectional promoter in zebrafish. The present study has 

showed that the 980-bp intergenic region of these genes is able to act as a promoter regardless of its 

orientation. As a result, cloning any structural gene in either the hsplO or hsp60 orientations is able to 

drive the expression of a downstream gene. Since we have used reporter genes for this study, we were 

able to observe or measure promoter activity with both orientations of the hsplO/60 regulatory region 

in zebrafish embryos, as well as in two different types of cell lines. Moreover, the bidirectional 

expression was assessed at the transcription level using RT-PCR on the gfp mRNA. Trinklein et al. 

(2004) have shown that a bidirectional promoter might not act bidirectionally in all situations and 

only one direction might be active in a cell-specific manner. To address this phenomenon to some 

extent, two different cell lines with various origins have been used in this study. In both mammalian 

293 cells and zebrafish ZF-4 cells, both orientations were active and resulted in expression of 

downstream genes. 
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4.3 Expression profile of the bidirectional promoter 

In bidirectional promoter studies, the expression of the promoter in each direction and comparison of 

the activity on the different directions are commonly investigated. In some cases, the expression of 

both orientations is the same; however, some other promoters reveal a different level of expression in 

each direction. In transient experiments, the hsplO/60 fragment "A" displayed an asymmetric 

bidirectional promoter activity with a high promoter activity for the hsp60 direction. This has been 

confirmed through different experimental approaches. These approaches include direct viewing of 

GFP utilizing fluorescence microscopy, luciferase assays on zebrafish embryos and transfection 

experiments in ZF-4 and 293 cells. RT-PCR was used as a sensitive method to measure mRNA 

levels. Contrarily to reporter gene expression, RT-PCR also provided an estimate of promoter activity 

without the interference of post-translational steps. 

Direct inspection of the GFP expression in embryos provided the advantage of in-situ observation of 

gene expression and a rough estimate of the relative level of expression in different cells and tissues. 

However, the stability of the long-lasting GFP version used in this experiment might have impacted 

the accuracy of quantitative measurements. Luciferase assays, which take advantage of the short 

turnover time of luciferase protein, provided accuracy. 

Luciferase assays carried out on both cultured cells and embryos resulted in a two-fold higher 

expression in the hsp60 direction when compared to the hsplO orientation when fragment "A" was 

used. RT-PCR performed on the gfp mRNA extracted from transient transgenic zebrafish embryos 

led to the same results. In contrast, the expression on the hsp60 orientation in zebrafish embryos 

based on direct fluorescent observation, seemed a lot more intense than for hsplO orientation. In 

addition, a strong GFP fluorescence was present in the yolk region. This experiment utilized a stable 

form of eGFP. This version of GFP allows its accumulation and easy detection in the cells but it may 

4-7 



causes problem in dynamic studies. The combined effect of high promoter activity and low protein 

turnover in the yolk were probably responsible for this observation. This problem could be resolved 

by using the destabilized forms of GFP. 

The hsplO and hsp60 genes show ubiquitous expression in zebrafish embryos. Unlike Hsp70, which 

is expressed in most of the tissues only after heat shock, chaperonins show background expression 

under normal condition. Thus, hsp60 expression was previously observed in the yolk syncytial layer, 

particularly during gastrulation (Thisse et al., 2001). In our transgenic experiments, the GFP 

produced by the YSL reflected endogenous gene expression and diffused into the whole yolk slowly 

until it became totally saturated. 

Despite the absence of hsp70 expression in most cell types and tissues under normal condition, we 

observed some expression of an hsplO promoter construct prior to heat shock. Basal levels of 

expression of hsp70 had been reported in some tissues such as eye lenses. Therefore, its expression in 

some cell types was not completely surprising. 

To find a smaller region of the hsplO/60 locus that could function as an active promoter, deletions 

were performed on the ends of "fragment A". A relatively large intron is located immediately before 

the ATG start codon of hsp60, at the end of "fragment A". This intron contains a number of ATG 

sequences in frame with codons introducing translation stop. Deletion of intron sequences involved in 

splicing might result in an abnormal mature mRNA that contains intronic sequences with the above 

start and stop codons and, therefore, prevent expression of the reporter gene. To avoid the premature 

start and stop of translation, we needed to either include the splicing donor, splicing acceptor, and A-

branch side to enable correct splicing or exclude as many of such ATG sequences from the fragments 

as possible. 
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When the fragment contained only the intergenic region or the intergenic region plus the immediately 

adjacent sequences, equal levels of expression was observed for both orientations. The YSL 

expression was also absent. The difference between "fragment A" and "fragment B" is a major part of 

the first intron of hsp60. Thus, there is probably an element located within the first intron that is 

responsible for the differential expression between the two orientations. This, or another element, 

would also be needed for the YSL expression. Dissecting this region, in silico, revealed two regions 

qualified as cw-acting elements-prone sites. We carried out multiple deletions within one of these two 

regions but could not clearly pinpoint any important cw-regulatory elements. Thus, deletion of a 

600bp sequence, corresponding to one of the predicted cw-acting-prone sites resulted in a reporter 

construct with little transcriptional activity. We then deleted subsets of the 600-bp sequence but such 

deletions did not lead to any major decrease in reporter expression. The largest deletion might have 

hindered downstream steps such as splicing. 

Deletion of a ~300bp intronic region affected the YSL expression, specifically (figure 3-17). When a 

smaller subset of this 300bp region was deleted, the YSL-specific expression was reinstated, 

suggesting the presence of a putative element affecting this tissue-specific expression. Thus, we 

identified an 86-bp region within (sequence is shown in figure 4-2) the first intron of hsp60 that is 

putatively responsible for the YSL expression under normal (non-heat shock) conditions. This region 

is located around 900bp downstream of the hsp60 transcription initiation site. It might include the ex­

acting element that differentiates the expression pattern from the full-length hsp60 fragment from the 

rest of the constructs. The results obtained measuring GFP protein roughly matched the ones from 

measuring gfp mRNA. The fluorescence microscopy observation suggested that the expression levels 

of "Deletion II" and "Deletion IV" are similar to "A60-GFP". Although, the RT-PCR results did not 

show significant statistical differences, they showed the same trend as the mRNA results. The levels 

of mRNA expression obtained with "Deletion II" and "Deletion IV" embryos are lower than the 
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expression obtained with "A60-GFP" construct. The lasting presence of the GFP protein due to its 

stability results in an overestimate of expression. The finding of the region responsible for YSL 

expression can be supplemented with protein/DNA interaction assays such as electrophoretic 

mobility shift assay (EMSA), ribonuclease protection assay, and chromatin immuno precipitation 

(CMP). 
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1 GATATTATCC TTGTTCAGAT ATTTTTTTCT GTGTGTGACT GCCATGCATT 

51 AAATGTACTC TATGCCTAAC CGAACACCGA AATTGT 

Figure 4-2. Sequence of the YSL element in zebrafish. 
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4.4 Bidirectional inducibility of the promoter 

The transcriptional activity of inducible promoters increases in the presence or absence of biotic or 

abiotic factors. Inducers include chemicals such as alcohols, steroids, and oxygen or physical 

conditions such as heat, cold, and light. In many cases, these promoters are also able to operate under 

normal conditions, albeit at lower levels. The typical inducer for the promoters of hsp genes is an 

elevation in temperature. When normal zebrafish embryos were subjected to heat shock (37°C), the 

level of hsplO and hsp60 mRNA molecules increased. Maximum induction was observed following 

two hours of heat shock, while a one-hour heat shock did not show considerable induction, perhaps 

due to the time required to warm up the experimental set up. When heat shock induction was tested in 

transient transgenic zebrafish embryos, an approximately 2- to 3-fold induction was observed 

following two hours of heat shock, when we measured GFP reporter transcript levels by RT-PCR. To 

be able to measure the differences accurately, parallel studies were carried out with luciferase 

reporter constructs in transfected cells in culture. Confirming the previous results, a 2- to 3-fold 

increase in expression was measured in both zebrafish ZF-4 cells and mammalian 293 cells. The fold 

increase was almost the same, regardless of the orientation of the hsplO/60 regulatory fragment. 

Slight differences were detected between the inductions in mammalian cells in comparison to the 

zebrafish cells. The heat shock response is a universal reaction but it might be slightly different in the 

cells with homeothermal origin when compared to cells with ectothermal origin. ZF-4 cells were 

better in handling heat shock condition for extended time and less mortality was observed in this 

group of cells. When the mammalian cells were subjected to long-term heat shock, visible changes in 

the well-being of the cells were detected. This might be due to the differences between the cells or to 

the fact that we had to use different heat shock conditions, as the normal temperature for the growth 

of cells are distinct. Quicker production of metabolites in a relatively small volume could be the 
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reason of high mortality after the 4-hour heat shock. Induction had been observed in the hsplO/60 

promoter of human, rat, and flounder. Studies of the human promoter were conducted using 

luciferase assays in 293 cells, one of the two cells lines used in my studies. Heat shock increased 

luciferase activity by a factor of approximately 12-fold in both directions of the human promoter 

(Hansen et al., 2003). Studies of the rat hsp 10/60 promoter were done in COS cells with luciferase as 

the reporter in the hsplO orientation and chloramphenicol acetyl-transferase (CAT) as a reporter gene 

in the hsp60 orientation. Following heat shock, 5.2-fold induction was reported for the hsplO 

orientation while this amount was 3.4-fold in the hsp60 orientation (Ryan et al., 1997). Finally, the 

flounder hsplO/60 promoter was studied in Epithelioma papulosum cyprinid (EPC) cells, of carp 

origin. Heat shock induction caused around 2-fold induction in both orientations (Nam et al., 2006). 

Overall, the fold-inductions of the hsplO/60 promoter in the three species are comparable to those we 

observed for the zebrafish hsplO/60 promoter with the same order of magnitude. Induction folds were 

slightly lower in the fish species, which might reflect an adaptation to a wider range of temperature 

fluctuations fish encounter being ectothermal organisms. Being ectothermal animals, zebrafish and 

flounder adapt the temperature of their environment. This might also result in higher tolerance 

towards stress and wider fluctuations in the temperature. 

Deleting the internal parts of the intron did not affect the inducibility of the promoter. As long as the 

intergenic region was intact, the construct was inducible as a result of the presence of the HSE in the 

intergenic region. 
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Conclusion 

According to the present study, zebrafish hsplO and hsp60 genes are linked in a head-to-head manner 

sharing a common promoter region. Therefore, the promoter of hsp 10/60 genes is functional in two 

different orientations and simultaneously activates the transcription of the two genes that are located 

on the opposite DNA strands. The promoter contains a single three-tandem heat shock element 

located within the intergenic region between these genes. As a result, the promoter is inducible, 

beside its background activity that could be detected in any condition. Stressful conditions such as 

heat shock, increases the expression of these genes resulting is heat shock response. Following two 

hours of heat shock of wild-type embryos, primary embryos, or transient transgenic cells a two-fold 

induction has been observed in both orientations. When a larger fragment containing the first intron 

of hsp60 has been tested, an asymmetrical expression has been detected in which the activity of 

hsp60 orientation is double the hsp 10 orientation. Moreover, this fragment causes some YSL 

expression seen in the external YSL at gastrula stage. When a major part of this intron was deleted, 

the promoter was still active and inducible, but the asymmetrical activity was turned into equal 

expression in both orientations and the specific expression related to YSL was absent. This 

observation suggests the presence of a cis-acting element within the first intron of hsp60 gene. Some 

manipulation on a region of this intron did not affect the 2:1 expression of the large fragment, 

however; the YSL expression was distracted. A 86-bp region seems to include a site that is linked to 

this tissue-specific activity. 

A region of the promoter that includes the transcription initiation sites, which are 860-bp apart, is 

required for the promoter functionality and inducibility. Inducibility of this promoter and its known 

functionality makes it a good candidate to be used as a controllable bidirectional promoter in 

5-1 



producing transgenic zebrafish. It enables simultaneous study of two different genes or coexpression 

of a reporter gene with an experimental protein to visualize its expression. 
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