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Rhodococcus equi is an important pathogen in foals between one to six 

months of age and is a major cause of death in in these animals. In 

addition, R. equi has recently emerged as a significant opportunistic 

pathogen in immunosuppressed humans, especially those infected with 

HIV. Despite the ability of the organism to survive stressful growth 

conditions, for example, exposure to elevated temperature and oxygen 

radicals, the role of heat shock proteins in the pathogenesis of R. equi 

has not been well documented. In this project we developed and 

optimised methods to purify the heat shock protein DnaK from R. equi, 

using a combination of ion-exchange and affinity chromatography. The 

effectiveness of the purification protocols were assessed using SDS-

PAGE and Western-blotting with anti-DnaK antibodies, and the 

enzymic activity of the purified DnaK was verified with an ATPase 

assay. ATPase assays were also used to investigate the roles of other 

heat shock proteins in enhancing the activity of DnaK.   
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1.1 The Rhodococcus genus 

 

 Rhodococcus species were originally classified as corynebacteria 

(Magnusson, 1923). The genus Rhodococcus has characteristics of being 

aerobic and Gram positive. Rhodococcus grows in soil and grows well in non-

selective media at 30 - 35°C, and is non-motile. Other characteristics of this 

genus are rough, smooth, or mucoid growth in colours ranging from buff, grey, 

cream, yellow, orange to red colonies. R. equi forms large (greater than 1cm) 

mucoid colonies, which are salmon-pink coloured with a distinct earthy smell; 

they are acid-fast as identified with the Ziehl-Neelsen stain (Kedlaya at el, 

1999; 2008). 

  There are more than 20 species of Rhodococcus, the first species of 

Rhodococcus was found in 1891 (Zopf, 1891), in 1896 Rhodococcus 

zentifvagmentus, and Rhodococcus rubrus was found (Kruse 1896; Tsukamura 

et al., 1975), in 1904 a species termed Rhodococcus rubropertinctus 

(Tsukamura, 1974) was isolated. However, the first isolation of Rhodococcus 

equi from humans was in 1923 by Magnusson, in 1928 Rhodococcus 

erythropolis was found (Gray & Thornton, 1928; Goodfellow et al. 1982) and 

has recently been shown to cause infections in humans (Baba et al. 2009), in 

1936 Rhodococcus fascians was found, this was also isolated from a human 

source (Tilford, 1936; Goodfellow, 1984). In 1971 two species of Rhodococcus 

were found, these were Rhodococcus terrae and Rhodococcus bronchialis.  

For further details of the numbers and diverse range of Rhodococci which have 

been isolated and characterised: see Yoon et al. (2000), Takeuchi et al. (2002) 

and Zhang et al. (2002).  
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1.2 Rhodococcus equi 

 
 Rhodococcus equi is a Gram positive bacterium that can be found 

ubiquitously living in the soil. As an equine pathogen it is one of the most 

important causes of pneumonia and occasionally septic arthritis or 

osteomyelitis in domestic animals.  In foals between one and six months of 

age, which are infected through ingestion, inhalation and/or the umbilical cord, 

R. equi is highly virulent. In people, more than 100 cases of R. equi infection 

have been reported (von Bargen and Haas, 2009). 

 

1.2.1 Significance of research into Rhodococcus equi 

1.2.1.1 Introduction 

Rhodococcus equi is an important pulmonary pathogen in foals and 

other animals. This pathogen is also very dangerous for immunocompromised 

humans (Scott et al., 1995), for example those infected with the Human 

Immunodeficiency Virus (HIV) (Table 1). 

R. equi is a robust soil organism, widespread in the environment; it has a 

simple growth requirements and the temperature has a major effect on growth. 

There are 30 recognised species of Rhodococcus, but only Rhodococcus equi 

is found in patients with AIDS (Murray et al., 2002). It is of significance to 

veterinarians as it is responsible for a wide spectrum of diseases, the most 

important of these is pneumonia in foals. All Rhodococcus species are 

abundant in soil and herbivore dung, and the levels present in soil can build up 

to 104 bacteria per gram of soil (Sulaimana & Hughes, 1987). R. equi can be 

inhaled via dust and ingested, in addition to contaminating wounds (von Bargen 

and Haas, 2009).   
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In addition there are other domestic and non-domestic animals that have 

the same danger of infection from this bacterium such as dogs, pigs, cattle, 

goats, donkey, sheep, giraffe, gorilla, cat, tapir, sable and humans (Takai et al., 

2003). 

 

1.2.1.2 The role Heat Shock Proteins (HSPs) in Rhodococcus equi 

HSP synthesis is increased to protect prokaryotic or eukaryotic cells 

from various insults during periods of stress caused by infection, inflammation, 

etc. The heat shock proteins in bacteria play an important role against adverse 

conditions that is crucial for their survival. HSPs play an important role in 

several infectious and autoimmune diseases, although evidence arguing 

against the direct involvement of HSPs in protection or autoaggression has 

been gathered. At present, initiation of protective immunity against infectious 

agents or autoimmune disorders by HSPs alone appears unlikely 

(Vanniasinkam et al. 2004). Rather, it seems more likely that they become 

important antigens during infection and inflammation and in this way influence 

and sustain anti-infectious and autoimmune responses. Thus, HSPs act as 

chaperones, not only during the biogenesis of other proteins but also during the 

immune response to other antigens. Moreover molecular chaperones, including 

HSPs, are a ubiquitous feature of cells in which these proteins cope with 

stress-induced denaturation of other proteins (Kaufmann & Ulrchi, 1999). 

Clinical isolates of Rhodococcus equi from pneumonic foals contain a plasmid 

of 80 to 90kb, whilst isolates from human AIDS patients and those undergoing 

immunosuppressive therapy carry a 30 to 100 kb plasmid (Byrne at el, 2001). 

This plasmid can encode a highly immunogenic virulence-associated protein 
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antigen (VapA) by with a molecular weight of 15-17-kDa, but in some strains 

the plasmid alternatively encodes the homologous protein antigen VapB of 

20kDa (Takai at el, 2003). These two proteins are never expressed by the 

same R. equi isolate, but the plasmid itself is essential for intracellular  

replication within macrophages  and consequently is an important factor for 

development disease in foals and human (Vanniasinkam et el, 2001). In 

addition three additional genes carried on the virulence plasmid have been 

identified: vapC, vapD and vapE, these are tandemly arranged downstream of 

vapA, and these are members of  a family of genes and are approximately 50% 

homologous to vapA and vapB, and to each other. These latter three genes, 

vapC, vapD, and vapE are found only in R. equi strains (Byrne at el, 2001). The 

roles of VapC, VapD and VapE are as secreted proteins that are coordinately 

regulated by temperature with VapA (Byrne et al. 2008).  

 

1.2.1.3 Epidemiological Data 

 Rhodococcus species are widely distributed in soil and have been found 

in bovine, porcine, and equine faecal flora. R. equi can cause pulmonary 

infections in foals and other domestic animals (e.g. cattle, pigs, horses). Human 

infection is believed to primarily occur via a respiratory route as a result of 

contact with infected animals, animal carriers or soil. Acquisition through the 

oral route and by traumatic inoculation or superinfection of wounds has been 

documented. It grows best at temperatures between 18-29ºC, in a dry 

environment. The population at risk includes immunocompromised patients, 

especially those with AIDS, transplant recipients, and patients with lymphoma, 

leukaemia, diabetes mellitus, alcoholism, and chronic renal failure. Rare cases 



6 

 

of R equi infections in immunocompetent hosts have been reported. The 

reported mortality rates from R. equi infection among immunocompetent, non-

HIV immunocompromised and HIV-infected patients were 11%, 20-25% and 

50-55% respectively (Kedlaya at el, 1999; 2008).The significant mortality rate 

among immunocompetent patients may be due to misidentification or 

inappropriate initial antibiotic therapy ( Weinstok & Brown, 2002). 

 

1.2.1.4 Pathogenesis and the Immune Response  

Because R. equi is a rare and recently emergent cause of human 

infection, mechanisms of its pathogenicity are not well defined. However, the 

much-studied infection in foals and an experimental model in mice provide data 

which, together with the available human data, give insight into the workings of 

the pathogen and many studies have reported the presence of virulence 

plasmids in R. equi (Takai et al., 2000; Letek et al., 2008).  

  R. equi, previously known as Corynebacterium equi and Mycobacterium 

rhodochrous, belongs to the supra generic taxon nocardioform actinomycetes, 

members of which primarily cause zoonotic infections, but uncommonly can 

infect humans. The first isolation of R. equi was described by Magnusson in 

1923 from a suppurative lung lesion in foals and was originally classified as 

Corynebacterium equi (Table 1.1). R. equi is one of a select number of 

opportunistic pathogens in humans and animals due to its ability to survive as a 

facultative intracellular pathogen inside macrophages (Rahman et al., 2003) 

causing granulomatous inflammation and leading to macrophage destruction. 

Cell mediated immunity appears to have a primary role in host defence against 

R. equi. CD4 Th1 cells expressing gamma interferon are important in the 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brown%20AE%22%5BAuthor%5D
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clearance of R. equi from the lungs of mice (Kanaly et al. 1996). Furthermore, 

using a murine model, the killing of R equi appears to depend on generation of 

peroxynitrite by gamma-interferon activated macrophages. Humoral immunity 

may also have a role in protection against R. equi, but patients with AIDS, 

challenged in vitro with R. equi, failed to secrete high levels of interferon-

gamma in comparison with cells from healthy donors (Linder, 1997). 

Investigations implicating a specific defect in the Th1 phenotype in the 

pathogenicity of AIDS make these studies especially provocative and suggest a 

role for immunotherapy in R. equi infection (Nordmann et al., 1992). R. equi is 

of interest to consider as the precise nature of the immune deficiency that 

underlies host cell susceptibility to this organism is unclear.  

 

1.2.1.5 Human Infection  

             There are many species of Rhodococcus including R. equi which is 

frequently found in soil and aerosol inoculation through inhalation of dust and 

this is the main route of infection for humans and animals (Mosser & Hondalus, 

1996).  

There is no racial predilection in R equi infections, but there is 

predilection for males, the ratio of male to females infection is 3:1. There is no 

obvious reason for this, but the higher numbers in males may be explained by 

the greater prevalence of HIV infection among males, especially the 34–38 

year age group, though all ages can be infected. As for children, R equi 

infections in children differ from those in adults. Immunocompromising 

conditions, including haematopoietic malignancies, immunosuppression 

associated with chemotherapy, and HIV infection account for only about one 
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third of reported R. equi infections in children. R. equi infections in 

immunocompetent children carry an extremely unfavourable prognosis (Table 

1.1). 

 

1.2.1.6. Clinical Features 

The onset of R. equi infections is generally insidious, and presenting 

symptoms vary according to the infection site. Symptoms in immunocompetent 

patients do not differ from those in immunocompromised patients. In R. equi 

infections secondary to trauma, such as endophthalmitis, septic arthritis, and 

traumatic meningitis, symptoms may present within 24 hours of the trauma. 

Pulmonary R. equi infections include fever and cough (>80% of patients with 

pulmonary R equi infections), malaise, chest pain, dyspnea, haemoptysis, 

weight loss, possible chronic or and possible community-acquired pneumonia 

that fails to respond to empirical treatment (Yamshchikov et al. 2010). 

Other presentations of R. equi infection include lymphadenopathy, eye 

drainage and pain, joint pain, altered level of consciousness, bloody diarrhoea, 

and fever of unknown origin. Anaemia caused by colonic polyps infected with 

R. equi has also been reported. R. equi infections can also be acquired 

nosocomially. Post-sternotomy infection after coronary artery bypass grafting 

has been reported twice, and post neurosurgical brain abscess has been 

reported once (although not officially), R. equi infection after placement of a 

ventriculoperitoneal (VP) shunt has also been reported twice by Kedlaya at el, 

(1999; 2008). The most important and most common organ infected by R. equi 

is the lung, representing perhaps more than ninety percent of cases, and other 

organs are affected in different proportions, for example blood 40%, pleura 

http://emedicine.medscape.com/article/234240-overview
http://emedicine.medscape.com/article/198475-overview
http://emedicine.medscape.com/article/172674-overview
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10%, and CNS, skin and soft tissue 4.5% each, moreover other organs such as 

mediastinum, thyroid, liver and heart have a percentage incident of 

approximately 1.5% (Kedlaya at el, 1999; 2008). 

 

1.2.1.7 Mortality and Morbidity 

Morbidity is related to complications and chronicity of the infection. 

Numerous complications are related to R. equi infections. R. equi pneumonia 

may be complicated by the following: abscess, pleural effusion, haemoptysis, 

direct chest wall involvement and pneumothorax. Pericardial tamponade may 

result from purulent pericarditis. Bacteraemia leading to overwhelming sepsis 

has been reported, more often in immunocompromised patients. In reviews by 

Verville et al. (1994) and Scott et al. (1995) about 47% of patients infected with 

HIV and 17% of patients with non–HIV-associated immunocompromised 

conditions had chronic R. equi infection. Relapses are also common after 

discontinuation of antibiotics. An important site of extrapulmonary relapse is the 

central nervous system. R. equi infections carry an overall mortality rate of 

about 25%. In 2 reports, by Cornish & Washington (1999) and by Harvey & 

Sunstrum (1991), the mortality rate was 50-55% in patients infected with HIV 

and 20-25% in patients with non–HIV-associated immunocompromised 

conditions. In contrast, the mortality rate is only about 11% in 

immunocompetent patients. While the mortality rate is lower in 

immunocompetent patients, it is still significant. Lower mortality rates in this 

subgroup of patients may be due to the fact that localized infections represent 

about 50% of the cases reported. However, these numbers may not hold true in 

the era of highly active antiretroviral therapy. Long-term remissions have been 

http://emedicine.medscape.com/article/234587-overview
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reported in patients infected with HIV. The high mortality rates associated with 

R. equi infections are due to several factors. R. equi may be misidentified as 

diphtheroids, Mycobacterium species or Nocardia species among both 

immunocompetent and immunocompromised populations. Patients with R. equi 

infection may receive inappropriate initial antibiotic therapy because of 

misdiagnosis. R. equi pneumonia does not respond to standard empirical 

treatment with beta-lactams (other than imipenem and meropenem) and 

tetracyclines. On the other hand, some cases of R. equi pneumonia may be 

susceptible to macrolides and the newer quinolones. Simultaneous 

opportunistic infections are common, especially in patients infected with HIV. In 

this subgroup of patients, the mortality rate directly attributed to R equi infection 

alone may be less. Capdevila et al. (1997) reported on a series of patients 

infected with HIV who had R. equi pneumonia; in this group of patients, the 

mortality rate directly attributed to R. equi infection was only 15.4%. In another 

review of R. equi infections in patients infected with HIV, 4 of 12 patients died 

of R. equi infection, while 3 deaths were due to opportunistic infections 

(Kedlaya at el, 1999; 2008). 

 

1.2.1.8. World Wide Cases 

R. equi infections have been reported on 5 continents. Thus far, a few 

hundred cases of R. equi infections in immunocompromised persons have 

been reported in the literature. At least 19 cases of R. equi infection have been 

described in immunocompetent patients (Kedlaya at el, 1999; 2008). 
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Table1.1: Rhodococcus equi case reports in humans 1967-1996 (Linder, 

1997). 

 

Years 

 

Cases 
Predisposing condition 

(number) 

Primary site of infection 

(number) 

 

Total 

of 

Deaths 

1967-76 7 

 

Corticosteroid (1) 
Lung (6) 

0 
Cancer/immunosuppressant 

(3) 

 

Lymphatic (1) 

Renal transplant (2)  

None (1)  

1977-86 15 

 

Corticosteroid (1) 

 

Lung (14) 

8 

Cancer/immunosuppressant 

(4) 

 

Blood (1) 

 

Renal transplant (2)  

HIV (7)  

Alcoholism (1)  

1987-96 93 

Cancer/immunosuppressant 

(8) 
Lung (72) 

34 Renal transplant (3) Lymphatic (2) 

HIV (67) Blood (8) 

Other (8) (1) Wound (6) 
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1.3 The Heat Shock Proteins (HSPs) 

 

1.3.1 Introduction 

All organisms from prokaryotes to eukaryotes respond to high 

temperature by inducing or enhancing the expression of heat shock proteins. 

HSPs are proteins that appear to exist in all cellular forms and are induced 

when a cell undergoes environmental stress such as heat stress. In addition, 

synthesis of several HSPs can be induced by other environmental stresses 

such as ethanol and exposure to heavy metals, oxygen deprivation, toxic 

compounds and a range of abnormal conditions. Moreover, HSPs are present 

in the cells under normal conditions as they function as molecular chaperones 

to help ensure that proteins inside the cells are in the right shape and in the 

right place at right time folded correctly (Reyes & Yoshikawa, 2002). 

Ritossa (1962) observed the puffing out of certain regions of the 

polytene chromosome of the fruit fly Drosophila melanogaster salivary gland 

which were clearly visible for few minutes under light microscopy and it 

increased after a long time Heat shock protein expression was also observed 

by Tissiers et al. (1974). They demonstrated that this puffing out was a result of 

high-level gene expression, expressing a unique set of heat shock proteins, 

and that the heat shock protein responds to abnormal environmental condition.  

Stress proteins also play a role in the lysosomal and ubiquitin protein 

degradation pathways, by which damaged proteins are broken down. In 

essence, the cellular stress response entails the orchestrated induction of key 

proteins that form the basis for a cells protein repair and recycling systems 

(Mayer et al , 1992). There are many stresses including heat, oxidizing 
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conditions and exposure to toxic compounds in response to which all cells 

produce a common set of heat shock proteins (HSPs) (Katschinski, 2004). 

Experiments in E. coli, yeast, fruit flies, mice and R. equi have shown that 

increased expression of these proteins can protect the organism against stress-

induced damage (Morimoto, 1994; Welch et al., 1993).  

 

 

1.3.2 The Molecular Chaperones 

Molecular chaperones are a large group of unrelated protein families 

whose roles are to stabilize folded protein and unfold them for translocation 

across membrane or for degradation or to assist in their correct folding and 

assembly, “molecular chaperone is a protein that affects the folding of other 

proteins or the assembly of complex structures” (Guy et al., 1998) Additionally, 

molecular chaperones are a class of unrelated families of proteins that mediate 

in the correct assembly of other polypeptides, but not themselves component of 

final functional structure (Ellis & Hemmingsen 1989). Approximately 25 heat 

shock proteins have been classified as molecular chaperone forming families 

(Henderson et al., 2006) (Table 1.2).  
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Table 1.2 HSPs family classification depending on molecular weight, 

chaperone localization and function. 

Molecular 

Weight 

kDa 

The Family of 

Prokaryotic 

Proteins 

The Family of 

Eukaryotic 

Proteins 

Localization and Function 

10-30 kDa GroES , GrpE 

The Hsp10, HspB 
group of Hsp , 10 
members in 
mammals including 
Hsp27 or Hsp1 

Localization: Endoplasmic  
reticulum, cytoplasm, 
plasma     Function: 
Prevents protein 
aggregation, may have role 
in cell growth and 
differentiation 

40 kDa DnaJ Hsp40 

Localization: Cytoplasm 

Function: Helps protein 
folding as a co-chaperone of 
hsp70 

60 kDa 
GroEL,60kDa 

antigen 

Hsp60 

 

Localization: Cytoplasm and 
mitochondria.  

Function:  Involved in 
protein folding after post–
translational import to the 
mitochondrion/chloroplast 

70 kDa DnaK 

The HspA group of 
Hsp70 family  

including: 

Hsp71,Hsc70, 
Hsp72, Grp78 (Bip), 
Hsx70 found only in 

primates 

 

Localization: Cytoplasm and 
endoplasmic reticulum. 

Function: Protein folding 
and unfolding, provides 
thermo tolerance for the cell 
on exposure to heat stress. 
Also prevents protein folding 
during post-translational 
import into the 
mitochonderia /chloroplast. 

90 kDa HtpG, C62,5 
The HspC group of 

Hsp including 
Hsp90, Grp94 

Localization: Cytoplasm and 
endoplasmic reticulum. 

Function: Maintenance of 
steroid receptors, 
transcription factors 

100 kDa 
CIpB, CIpA, 

CIpx 
Hsp104, Hsp110 

Localization: Cytoplasm. 

Function: Tolerance of 
extreme temperature 
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1.3.3 The roles of molecular chaperones in the cell 

 

All stress induced and constitutively expressed gene products, utilize 

free energy from ATP binding and hydrolysis to selective segments of partly 

unfolded polypeptides. This cycle of polypeptide binding and release, which is 

coupled to conformational changes in the chaperone promotes a variety of 

protein-protein interactions, such as the stabilization of nascent and partially 

unfolded proteins. The translocation of substrate proteins, and the assembly 

and disassembly of protein complexes also occurs and in the last stage of this 

cycle the DnaK chaperone complex facilitates substrate folding to the native 

state (Farr & Witt, 1999). 

The heat shock proteins are family of chaperones inducible by heat and 

other stress condition this means the role of the HSPs in the cell is in a 

response to stressful conditions by the synthesis molecular chaperones, which 

promote proper protein folding, thereby preventing the formation of insoluble 

protein aggregates. The chaperones are important in both prokaryotic and 

eukaryotic cells. In addition, the function is similar in both cell types helping in 

the folding of nascent polypeptide chains, helping refolding of denatured 

proteins and preventing aggregation of surface-exposed hydrophobic parts of 

proteins. Chaperones help the proteins to fold, so they increase the speed of 

folding, by stabilizing unstable intermediates of the appropriate polypeptide 

chain, and decreasing the activation-energy barriers during folding (Barthel and 

Walker, 1999). 
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Moreover, these molecular chaperones play a vital role intracellularly 

under normal conditions to work jointly with the heat shock proteins and that 

help ensure the proteins inside the cells are in the right shape and in the right 

place at the right time.  For example, the Escherichia coli DnaK requires DnaJ 

to function in the initiation of bacteriophage λ DNA replication.  

There are many functions of molecular chaperones in the cell include 

protecting protein structure, transportation of proteins across membrane, 

prevention of protein misfolding, cellular metabolism under all growth 

conditions, facilitating normal cellular processes, prevention of protein 

aggregation and assisting the folding assembly and translocation of cellular 

proteins (Hendrick & Hartl, 1993). 

        The major intracellular chaperone families include HSPs10 (GroES), 

HSPs20 (GrpE), HSPs40 (DnaJ), HSPs60 (GroEL), HSPs70 (DnaK), Hsp90, 

HSPs100, HSPs110. For example, HSP100 which can bind and dis-aggregate 

denatured protein by employing ATP hydrolysis, moreover, it can substantially 

assist in protein folding. The J-domain of HSP40 can stimulate the ATPase 

activity of HSP70 in order to refold non-native polypeptides, and can also bind 

non-native polypeptides directly and deliver them to HSPs70 for folding. In 

most cases HSPs families show broad specificity for binding non-native 

proteins, and the complexes are dissociated by the binding and hydrolysis of 

ATP, for example the DnaK/DnaJ/GrpE system and the GroES/GroEL system; 

HSPs70 (DnaK) binds to short unfolded hydrophobic regions of newly 

synthesized proteins, while the GroES/GroEL system interacts with larger 

proteins (Fink,1999). HSP70 (DnaK) plays a very important role. The HSP70 

chaperone system binds to hydrophobic side chains of non-native peptides in 
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extended conformation and enables them to fold into their native state. It is 

known that for these proteins to function efficiently a number of cohort or helper 

proteins are required: these proteins work together to ensure efficient 

biochemical functioning. The HSPs70 family respond to heat or other stresses 

by a rapid, but transient induction of expression, which has been demonstrated 

when R. equi cells are transferred from 30°C to 50°C and then placed from 

50°C to 42°C for 30min. 

 

1.4.1 The heat shock protein DnaK   

1.4.1.1 The primary structure of DnaK and its ATPase domain. 

The primary structures of DnaK and Hsc70 (HSP70 family) in the N 

(ATPase) and P domains (particularly in the β-sandwich) are very similar, but 

they differ slightly in helices α1, α2, and α3 to α5 of the C domain.  The three-

dimensional structure of DnaK/Hsc70 shows three domains: the N-terminal 

ATPase domain, N (1 to 384), the substrate-binding domain, P (389 to 557), 

which contains the β sandwich (β) and helices α1 and α2 and the C-terminal 

helical domain, C (557 to 607), which is composed of α3, α4, and α5 helices. 

Residues 386 and 557 constitute the junction points for the construction of the 

chimeras (Suppini et al., 2004).  

 

1.4.1.1.2 Localization and Function  

                 HSP70 (DnaK) is a family of molecular chaperones that are involved 

in protein folding and several other cellular functions and that exhibit weak 

ATPase activity. The HSP70 chaperones are composed of two major functional 
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domains prevents the aggregation of unfolded polypeptides, disassembles 

multi-metric protein complexes, is involved in protein trafficking and regulates 

the heat-shock response (Fink, 1999). The DnaK is located in the cytoplasm 

and endoplasmic reticulum. 

 

 

1.4.2 The molecular chaperone protein DnaJ 

 

1.4.2.1 The primary structure of DnaJ 

Structurally, the DnaJ protein consists of an N-terminal conserved 

domain (called the 'J' domain) of about 70 amino acids, a glycine-rich region 

('G' domain') of about 30 residues, a central domain containing four repeats of 

a CXXCXGXG motif ('CRR' domain) and a C-terminal region of 120 to 170 

residues (Bork et al., 1992).  

 

1.4.3.2  Localization and function of DnaJ  

DnaJ is a heat shock induced protein from the bacterium Escherichia 

coli which is under control of the Htpr regulatory protein. DnaJ with the joint 

effort of GrpE stimulates the ATPase activity of DnaK. DnaJ and GrpE are both 

involved in a variety of biological processes including protein folding and 

transport, cell survival at high temperatures, negative autoregulation of the heat 

shock response and replication of bacteriophage and plasmids. 

 

 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Bork%20P%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
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1. 5 The interaction of DnaK, DnaJ and GrpE with ATP 

The major molecular chaperones include the DnaK complex (composed 

of DnaK, DnaJ and GrpE), which act together through cycles of protein binding 

and release, fuelled by the conversion of ATP to ADP. The protein folding 

intermediates and unfolded proteins are first captured by the chaperone DnaJ 

and presented to DnaK-ATP, which is in its low affinity T-state. Upon binding of 

the folding intermediate and interaction with DnaJ, ATP-hydrolysis is stimulated 

and DnaK turns into its high affinity R-state. DnaJ leaves the complex and the 

nucleotide exchange factor GrpE binds. ADP is exchanged for ATP, which 

converts DnaK into its low affinity T-state. This causes the release of the bound 

substrate proteins. Under heat stress conditions, however, GrpE partly unfolds. 

This does not seem to affect the affinity of GrpE to DnaK but appears to affect 

the ADP/ATP exchange activity of GrpE (Jordan & McMacken, 1996). This 

dramatically slows down the R T transition and maintains DnaK in its high 

affinity holding mode for a longer period of time (Kim et al., 2002; Grimshaw et 

al., 2005). 

 

1.6 The significance of heat shock proteins and chaperone systems in 

bacteria 

Bacterial genomes contain some constitutive genes whereby the 

products are required by the cells under normal growth conditions, for example, 

the genes that encode such vital proteins as DNA polymerase or RNA 

polymerase. These types of genes are known as housekeeping genes and the 

genes here must be expressed at some basal level all of the time. Many other 

genes are produced only under specific growth conditions: these include 
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enzymes that synthesis amino acids, breakdown specific sugars or respond to 

specific environmental stimuli such as DNA damage or exposure to toxic 

compounds. In such circumstances genes produced under such specific 

environmental conditions are not needed all the time and are therefore 

expressed at extremely low levels or not expressed at all when they are not 

needed.  

 

1.7  Regulation of the heat shock protein response 

 

1.7.1 Gene regulation 

All cells must be able to regulate the Heat Shock Protein response to 

environment factors by up or down regulation of gene expression because cells 

must be able to control the quantities of the gene product produced. In addition, 

the cells or organisms respond to environmental changes or even in response 

to phage or viral infection by alteration of expression of specific genes or group 

of genes. 

 

 

1.7.2 Heat shock protein regulation in prokaryotes  

 1.7.2.1 Introduction 

All organisms produce heat shock proteins, or HSPs, as an adaptive 

response to stressful conditions, the heat shock response is controlled by heat 

shock transcription factors which bind to the promoter of heat shock operon, a 

good example in E. coli being the heat shock gene transcription factor 32 

which is produced following the expression of rpoH and regulated by DnaK, 
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DnaJ and GrpE proteins. In E. coli the heat shock response is dependent on 

two characteristics: an induction period where the synthesis increases rapidly 

and an adaptation period where the synthesis decreases to reach a new steady 

state levels. For the expression of the heat shock regulon the transcription 

factor 32, which enables core RNA polymerase to specifically transcribe the 

heat shock genes by binding to the specific heat shock operon promoter 

sequence when a rapid increase in temperature transiently increases the level 

of 32, leading to HSP induction. 32 is required for induction of hsp genes by 

both stressed and unstressed cells (Schumann, 1996; Kanemori, et al., 1999).   

 

1.7.2.1.2 Expression of HSPs in specific bacteria 

(i) Bacillus subtilis 

There are three classes of heat shock gene in this species: Class І heat 

shock genes are regulated by  A and the DnaK cohort DnaJ and GrpE and the 

chaperone protein genes groEL and groES, the dnaK operon consisting of four 

genes (Orf 39-grpE-dnaK-dnaJ). Class II heat shock genes are regulated by B 

and Class III heat shock genes which are regulated by an unknown mechanism 

(Schumann, 1996). 

 

(ii) Streptomyces 

These Gram positive, soil dwelling sporulating bacteria have multiple 

RNA polymerases with different specificities and affinities which are regulated 

by different sigma factors. When the organism is shifted to a higher 

temperature there is a marked increase in the production of the heat shock 

proteins. The genes are switched on by other conditions that cause all the 
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changes inside the cell; this heat shock protein response is mediated by sigma 

factor 32. It is noteworthy that when the bacteria are under stationary phase 

the heat shock protein is switched on by different  factors, such as S that is 

encoded by the rpoS gene (Arsène et al., 2000). 

 

 

1.7.3 The regulation of HSPs in E.  coli 

In E coli, there are two regulons which are expressed during the heat 

shock response, one of which encodes products to deal with intercellular 

protein damage and is under the transcriptional control of 32. The second 

regulon encodes the products which respond to protein damage in the 

periplasmic space. This regulon is biosynthetically controlled by the 
E 

transcription factor. The regulation of heat shock-induced transcription in E. coli 

is carried out by RNA polymerase associated with heat shock factor 32, the 

product of the rpoH gene. 
32 confers the specificity of the respective 

holoenzyme to bind to the promoter of the heat shock genes. The DnaK, DnaJ 

and GrpE heat shock proteins play a central part in the response level of 32 or 

other factors at high temperatures (Morita et al., 1999). By mediating refolding 

or degrading of heat denatured polypeptides, heat-shock proteins DnaK, DnaJ 

and GrpE (KJE) from E. coli constitute a three-component chaperone system 

that prevents aggregation of denatured proteins and assists the refolding of 

proteins in an ATP-dependent manner (Diamant & Goloubinoff, 1998). 
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1.8  Aims 

R. equi, a facultative intracellular parasite of macrophages, is an 

important pathogen of foals and humans. Despite surviving stressful 

growth conditions for example, exposure to elevated temperature and 

oxygen radicals; there is little information on its stress proteins. Overall 

we aim to investigate the growth of R. equi in response to heat stress, 

to purify and to characterise R. equi DnaK protein.  
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Chapter 2 

 
 

Materials and Methods 
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2.1 Equipment and Materials 

(1) Autoclaving: All the media were autoclaved at 121ºC at 15 psi for 

15minutes. 

(2) pH measurements: All solutions and buffers were adjusted to their 

appropriate pH with a Jenway™ pH glass electrode pH meter. 

(3) Media:  LB (Luria-Bertani ) with 2:1:2 ratio of Tryptone (Oxoid), Yeast 

Extract (Oxoid), and NaCl (Sigma), (15 g/ l)  of  Bacto-Agar (Oxoid) was added                                               

(4)  Water: All the solutions and buffers were prepared in Elga double distilled. 

(5)  ATPase assay solutions were prepared in deionised water (ELIX) from 

Millipore™ 

(6) Incubation Temperature: LB agar plates were incubate at 30ºC for 48h for 

sub-culturing R. equi:  LB broth conical flask were Incubated at 30ºC overnight  

in an orbital shaker. 

(7) Orbital shaker: The cultures were incubated at 200rpm in a planetary shaker 

(New Brunswick Scientific, New Brunswick). 

(8) Centrifuge: The Eppendorf tube centrifugation was carried out in an MSE 

Micro (Scotlab) centrifuge. 

(9) Chromatography: All Chromatographic separation was carried out in a 

Pharmacia Gradifrac system with LBK control system and pump. An LAB 

optical unit was used for detection.  

(10)  UV spectrophotometery: the absorbance of solutions involved were 

measured with the help of an LKB spectrophotometer and Ultraspec II 

(Biochrom). 

(11)   Antibodies and reference standards: Primary antibodies to DnaK were 

obtained from Dr William Ashraf. Secondary antibody used polyclonal goat anti-
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rabbit was from Sigma. The proteins used in calibration of columns and SDS-

PAGE was from Sigma. The reference proteins for DnaK, DnaJ, GrpE used in 

ATPase assay were E. coli heat shock proteins from Stressgen Inc.  

(12)   Unless stated otherwise all chemicals were purchased form the Sigma 

Chemical Company, Bio-Rad Laboratories, Invitrogen Life Sciences, 

DakoCytomation Chemical Company and Stressgen Inc. 

 

 

2.2 Bacterial strains  

The virulent strain of Rhodococcus equi ATCC 33701 was used in this study. 

The strain carried the virulence plasmid called p103 (Takai et al., 2000). 

 

 

2.3 Culture and growth of R. equi 

           R. equi ATCC 33701 was grown on LB (Luria-Bertani) agar with 2:1:1.5 

ratio of Tryptone (Oxoid), Yeast Extract (Oxoid) and NaCl (Sigma), with the 

addition 1.5g per 100ml of agar (Oxoid) containing 10mg/ml Chloramphenicol, 

Ampicillin and Kanamycin. The plates were incubated overnight at 30ºC to give 

pure colonies of R. equi ATCC33701 for sub-culturing. LB broth was incubated 

at 30ºC overnight at 200rpm in a Planetary shaker (New Brunswick Scientific, 

New Brunswick) and R100 Rotatest shaker (Luckham). All the media was 

autoclaved at 121ºC at 15psi for 15minutes. 
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2.4 Induction of heat shock proteins (Lemos et al., 1998)  

The cells incubated at 30ºC in the orbital shaker were subjected to heat 

shock by increasing the temperature to 50ºC.  After this sub-lethal temperature 

was reached, the temperature was brought down to 42ºC. After allowing an 

optimum time of 30min for stabilisation of the system at 42ºC, the cells were 

processed further for extracting heat shock proteins.  

          A 10ml overnight culture of R. equi ATCC 33701 when incubated at 30°C 

and then inoculated into 1litre culture media and grown with overnight shaking 

at 30°C.  The growth was able to reach its log phase and then the cells were 

heat shocked at 50°C followed by a reduction to 42 °C for 30 min.   

 

 

2.5  Cell Lysates (Gamer et al., 1992) 

  Six x 1 litres of the heat shocked cells were brought to room temperature 

and the cells were harvested by centrifugation at 10,500 rpm for 30min in an 

Avanti j-25 (Beckman) rotor JA 24500 at 4ºC for 30min. Post-centrifugation the 

supernatant containing the culture media was discarded and the cell pellet in 

each tube was washed with 2ml of resuspension buffer (10mM Tris-HCl, 1mM 

EDTA, pH7.5). The resuspended cells were centrifuged for 5min at 3000rpm 

4ºC in an Avanti j-25 (Beckman) rotor JA 24500, the supernatant was 

discarded and the cell pellet was again dissolved in 100ml of lysis buffer 

(50mM Tris-HCl pH8, 100mM KCl, 1mM EDTA, 4mg/ml lysozyme) with stirring  

at a temperature of 4ºC for 30min. One millimolar MgCl2 and 20mM KCI were 

added to the lysis buffer and the solution was incubated at 0°C for 30min. The 

Formatted: French (France)
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mixture was transferred to ice and the cell walls were sheared physically by 

sonication at level 7 for 5x10seconds (130watts). The solution of lysed cells of 

volume 100ml was centrifuged at 25,000rpm for 30min in Avanti j-25 

(Beckman) rotor JA 250 at 4ºC for 30min. The supernatant containing the 

proteins amounted to 92.3ml and weight of cell debris was found to be 5.48g. 

The supernatant was stored at -80 0C until required. 

 

 

2.6 Purification of DnaK  

2.6.1 Preliminary separation on an ion exchange column (Graner et al., 

2000). 

 Preliminary ion exchange chromatography test was carried out with a 

BSA and lysozyme mix as a standard using the same conditions as for DnaK 

purification. The separation of the proteins was carried out in high performance 

Q-Sepharose (Amersham Biosciences) programmed in Grandifrac system 

(Pharmacia). The Pharmacia column was packed with Q-Sepharose and was 

left overnight for the polymer to settle. The packed column had a final volume 

of 62.5ml. First, 20ml of the sample was applied in to the column at the rate of 

0.5ml/min, after 40min the column was washed with 200ml of buffer A (50mM 

Tris HCl, pH 6.8) with a flow  a rate of 0.5ml/min. A salt gradient was generated 

by applying 250ml of buffer B (50mM Tris HCl, 2M NaCl, pH6.8) at a flow rate 

of 0.5ml/min. The eluted protein was collected as 5ml fractions. The whole 

procedure was pre programmed and automated such that gradient of 100% 

was achieved in 125 minutes. The elution of protein was tracked by continuous 
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monitoring of UV absorption at 280nm, and the results were represented 

graphically. 

 

2.6.2 Purification by ATP-agarose affinity column (Hutchison et al., 1994). 

Post-ion exchange column, the fractions 8 to 14 were pooled together 

to give 35ml of partially purified DnaK. The pooled sample were re-circulated 

over a 20ml ATP-agarose column (Sigma) with buffer A (20mM Tris-HCl, 5mM 

MgCl2, 100mM NaCl  pH 6.9) at 4ºC for a total of 3-5 passes at flow rate of 

1ml/min. The column was washed with 50ml of buffer B (20mM Tris-HCl, 5mM 

MgCl2, 2M NaCl, pH 6.9) at 4ºC with flow rate of 1ml/min. The DnaK bound to 

ATP-agarose was eluted with buffer C (20mM Tris-HCl, 5mM MgCl2,100mM 

NaCl, 10% (v/v) Glycerol, 25mM ATP pH 6.9) at 4ºC with flow rate of 

0.5ml/min, the eluted proteins were collected in 30 x 1.5ml fractions. 

  

 

2.6.3 SDS Polyacrylamide Gel Electrophoresis of Proteins (Sambrook et 

al., 1989). 

 The 5ml fractions from the ion–exchange column were resolved by SDS-

PAGE. The proteins were resolved in a 12% polyacrylamide resolving gel 

(3.3ml water, 4ml Acrylamide 40%, 2.5ml Tris-HCI pH 8.8, 100µl 10% 

ammonium persulphate, 4µl TEMED). The glass plates separated by spacers 

were clamped to a stand such that bottom end was sealed airtight. The 12% 

SDS gel was poured between the glass plates and was topped up with water to 

obtain an even meniscus. After the preparation of 3ml stacking gel (2ml water, 

500µl Acrylamide, 380µl Tris-HCl  pH6.8, 30µl SDS, 30µl ammonium 
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persulphate, 3µl TEMED), the water on top of the resolving gel was replaced 

with stacking gel. A 10 well comb was inserted immediately. When the gel was 

set, the comb was removed and the whole glass plate assembly was clamped 

into a tank such that the whole assembly was immersed into the 

electrophoresis buffer (196mM glycine, 0.1% SDS, 50mM Tris-HCl with final pH 

8.3) in the tank. The samples were prepared in microfuge tubes, 15µl of each 

fraction was mixed at 1:2 (v:v) with SDS-PAGE loading buffer (1.25mM Tris-

HCl pH6.8, 10% (v/v) β-mercaptoethanol, 10% (w/v) SDS, 10% (v/v) glycerol, 

0.02% (w/v) bromophenol blue). The microfuge tubes were heated in water 

bath to reach 95ºC. After 10 minutes, the samples were transferred to ice and 

cooled for a further 10 minutes. The tubes were centrifuged at 4ºC at 

13,000rpm for 10minutes (MSE, Microcentaur, Scotlab). Twenty microlitres of 

supernatant from each tube was loaded into each well of the gel. Ten 

microlitres of molecular weight marker (Prestained protein ladder, 

Benchmark™ (Invitrogen Life Sciences) was loaded in the first well to 

determine the relative molecular weight of resolved proteins. The whole setup 

was connected to mini electrophoresis instrument and the gel was run at 120V 

for 160 minutes. After the stipulated time, the gel was transferred to square 

Petri dishes and 30ml of Coomassie stain (0.2% (w/v) Coomassie Brilliant Blue 

in 45:45:10% methanol: water: acetic acid) was added and left overnight on a 

shaker. The gel were destained by washing with destain 1 (50% methanol, 10% 

acetic acid) for one hour, followed by a final wash with destain 2 (7.5% 

methanol, 10% acetic acid) for one hour. The gel was viewed under UV light 

and was documented with a UViTec Gel Documentation System.   
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2.6.4 Western blot (immunoblot) assay (Murphy & Bartos, 1988). 

Following SDS-PAGE the gels were placed on a blotting membrane 

(0.2µm Nitrocellulose, BDH lab supplies) and surrounded on either side with 

two layers of filter paper (3MM, Whatman). The sandwiched gel was immersed 

in 1.5l Blotting buffer (0.025M Tris-HCl, 0.092M glycine, 1% (w/v) SDS, 20% 

(v/v) methanol  pH 8.3) and proteins transferred at 60V overnight. The next 

morning the nitrocellulose membrane was transferred to a square Petri dish 

and 50ml of blocking solution (PBS + 5% (w/v) Marvel non-dry milk) was 

added. The Petridish was shaken on an orbital shaker. After one hour, the 

blocking solution was replaced by 25ml of primary antibody solution (25 ml of 

PBS + 5% Marvel, 500μl primary antibody) and washed for one more hour. The 

primary antibody solution was removed and nitrocellulose membrane was 

washed thrice times with wash buffer (100ml PBS, 5% (w/v) Marvel, 0.1% (w/v) 

Tween 20) for 10 minutes each. The washed membrane was soaked again in 

secondary antibody solution (25ml PBS, 5% Marvel, 12.5μl secondary 

antibody) and shaken in orbital shaker for another hour. Post-secondary 

antibody solution, the nitrocellulose membrane was further washed with wash 

buffer three times for 10minutes each. Finally the membrane was stained with 

25ml DAB solution (25ml PBS, 30% (w/w) hydrogen peroxide, 1 tablet of DAB 

(Sigma, 10mg) for 1 minute.  The reaction was stopped by washing with tap 

water. 
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2.6.5 Protein estimation assay (Lowry et al., 1951). 

The concentration of DnaK in each of the fractions obtained from the 

affinity column and confirmed as present by Western blotting was estimated 

using (BioRad) DC protein estimation assay.  The assay involved two reagent: 

reagent A was prepared by adding 5µl of DC reagent S (BioRad) to each 250µl 

of DC reagent A.  The assay was carried out in a 96 well microtitre plate. A 

standard curve was prepare by using Bovine Serum Albumin (BSA) at 

concentration of 5, 10, 20 and 40µg/ml. Ten microlitres of each concentration of 

BSA and 10µl from each fraction was added to 20µl of cracking buffer (2%SDS, 

20mM Tris-HCl, pH6.8, 10% glycerol) in each well and mixed thoroughly 

without air bubbles. A further 25µl of reagent A was added followed by 250µl 

DC Reagent B (BioRad). The plate was incubated for 15 minutes at 37ºC. After 

sufficient colour development, the wells were measured for their absorbance of 

BSA and DnaK fractions at 750nm in a Revelation 4.02 spectrophotometer 

(Dynex Technologies). The absorbance of BSA and DnaK fractions at 750nm 

were tabulated separately. A calibration curve was drawn from the BSA 

absorbance values. The slope Y=m(X-a) + b was calculated for standard curve. 

 

 

2.6.7 ATPase activity of R. equi DnaK (Lanzetta et al., 1979; Nowatzk & 

Richardson, 1996). 

The main principle involved was colorimetric measurement of inorganic 

phosphate cleaved from ATP by the ATPase activity of DnaK. DnaK, DnaJ and 

GrpE from E. coli were used as positive controls. 0.69µM DnaK, 1.4µM DnaJ or 

0.69µM GrpE were mixed with 100µl of assay solution (40mM Tris-HCl, pH7.7, 
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50mM KCl, 10mM MgCl2 and 10µg/ml Polycytidylic Acid Potassium (Poly (C)) 

in a microfuge tube with a final addition of 1mM ATP, and incubated at 37ºC. 

Twenty five microlitres of the mixture was removed at 0, 5, 10, 20 minutes and 

transferred into cuvettes. The release of Pi from ATP was detected by addition 

of 800µl of a colour mixture of 4.2% ammonium molybdate, 0.045 % malachite 

green at a ratio of 12.5:37.5, which had been premixed and filtered through 

Whatman No.1 paper and the colour developed in each cuvette was quenched 

after 1min by adding 100μl of 34% (v/v) citric acid at room temperature (20ºC) 

for 30min, following which the absorbance at 660nm was measured. Prior to the 

experiment, the linear relationship between concentration of inorganic 

phosphate and its absorbance in the colorimetric assay was verified by drawing 

a calibration graph with 5, 10, 15, 25 and 50µM phosphate samples. The 

second experiment required a few minor adjustments such as usage of 

phosphate free water and preparation of fresh colour solution in each trial. 

When the result consistently quantified the amount of phosphate the experiment 

was extended to ATPase assays with purified R. equi DnaK, E.coli DnaJ and E. 

coli GrpE in the same micromolar concentrations.  
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Chapter 3 
 
 

Results and Discussion 
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The goal of this project was to investigate the growth of R. equi in 

response to heat stress, to purify and characterise R. equi DnaK and finally 

undertake biochemical investigations into the role of HspR in gene regulation 

and HspR-DnaK interactions. 

 

 

3.1 Optimal Growth of R. equi at 30°C  

 

 The strain R. equi ATCC33701 was chosen to be used in this study of 

heat shock proteins as it contains the plasmid p103 responsible for virulence 

(Takai et al., 2000). To demonstrate the growth characteristics a 10ml overnight 

culture of R. equi ATCC 33701 was incubated at 30°C, and then inoculated into 

1 litre culture media at 30°C, the optical density being monitored at 600nm at 1 

hour intervals. Figure 3.1 shows that after 15 hours the culture had reached 

stationary phase.  

This supports previous studies which found the optimal conditions for 

growth in liquid culture is 30°C for 48 hrs (Prepechalova et al., 2001) but it is 

not supported by other studies which found that the optimal temperature for 

plating culture was 37°C for 24 hrs but for subculture 30°C for 24hrs (Byrne et 

al., 2001; Caryl et al., 2000). 

 

 

3.2 Induction of heat shock proteins  

 
10 ml suspension of R. equi ATCC 3370 was inoculated into 1 litre of 

sub culture media and grown at 30°C for 15hrs. At this point the (OD) 600nm 

was 0.608 (Figure 3.2)  As R. equi heat shock protein are induced at 50°C, so 
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the temperature was raised to 50°C over 30min, then reduced to 42°C. Little 

effect on the optical density of the culture was observed over this time. 

Samples were taken for SDS-PAGE analysis every 15min once the 

temperature had reached 42°C (Figure 3.3). 

These results showed that under the conditions used, the heat shock 

protein was induced and could be detected, contrasting with the findings of 

Byrne et al. (2001) who stated that the protein could be detected when R. equi 

was cultured at 38°C but not when cultured at 30°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Growth curve of R. equi at 30°C 

 

Figure 3.1 The graph shows Rhodococcus equi strain number ATCC 33701 

supplemented with10g/ml of kanamycin, the typical growth R. equi at 30°C in 

a shaker flask at 160rpm for 15hrs. Optical density was measured every hour.  
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Figure 3.2. Induction curve of R. equi at 50°C.  

 

Figure 3.2 shows the induction curve of R. equi at 50°C heat shock protein 

expression in R. equi was induced by raising the temperature to 50°C, for 

15min, the temperature was reduced to 42°C, and samples taken at 15min, 

30min, 45min, and 60min. 
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Figure 3.3. Resolution (12% SDS-PAGE) of R. equi suspension under stress 

and R. equi under normal conditions.  

Temperature: 4°C, Time: 160min, Voltage: 120V, Staining: Coomassie stain. 

Lane (1) - 10 μl of the molecular weight marker standard (BenchMark™ 

Prestained protein ladder).  

Lane (2) - 30μl of R. equi suspension under stress without purification 

Lane (3) - 30μl of R. equi suspension under normal condition without 

purification 
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3.3 Protein Purification  

 
3.3.1 Purification of DnaK through Ion-exchange column. 

Preliminary ion exchange chromatography was carried out as a standard 

control using a mixture of lysozyme and BSA (both from Sigma) (Figure 3.4). 

The 23 fractions were resolved by 12% SDS-PAGE to identify the fractions in 

which the Bovine Serum Albumin and lysozyme were found. Lane 1 of Figure 

3.5 shows the molecular weight marker standard (BenchMark™ prestained 

protein ladder), lanes 2 is fraction for BSA, the lane 3 is fraction for lysozyme.   
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Figure 3.4. Chromatograph of the test separation of BSA and lysozyme after 

purification through Ion-Exchange Q-Sepharose. Buffer A: Tris HCl, Buffer B: 

50mM Tris HCl + 2M NaCl.  Flow rate : 0.5ml/min, fraction volume: 5ml.  

1 - Sample application. 2 - Application of buffer B. 3 - Elution of fractions 1-23. 
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Figure 3.5. Resolution (12% SDS-PAGE) of fractions for Lysozyme and BSA 

after purification through an ion exchange column. Temperature: 4°C, Time: 

160min, Voltage: 120V, Staining: Coomassie stain. 

Lane (1) - 10 μl of the molecular weight marker standard (BenchMark™ 

prestained protein ladder).  

Lane (2) -15μl fraction 10   

Lane (3) -15 μl fraction 14  
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3.3.2 Purification of BSA and Lysozyme by Ion-Exchange 

Chromatography 

Ion Exchange Chromatography separates proteins with differences in 

charge. Ion exchange chromatography can be sub-divided into cation 

exchange chromatography, in which positively charged ions bind to a 

negatively charged resin; and anion exchange chromatography, in which the 

binding ions are negative and the immobilized functional group is positive. The 

interactions are between proteins and charges immobilized on the resin of the 

column.  Firstly the column is washed to equilibrate it in starting buffer, which 

should be of low ionic strength, and then the bound molecules are eluted off 

using a gradient of a second buffer which steadily increases the ionic strength 

of the eluent solution. Usually the pH of the eluent buffer can be modified as to 

give the protein or the matrix a charge at which they will not interact and the 

protein molecule of interest elutes from the resin. The elution is done by 

washing with a buffer of increasing salt concentration or changed pH range. 

The ion exchange matrix chosen was Q-Sepharose, with a negative charge 

and fast flow. It was strong anion exchange column with the binding capacity of 

0.18 - 0.25mmole/ml resin. Its structure is 6% cross-linked agarose with a large 

quaternary amine irreversibly bound to the beads through ester bonds, the 

average bead size was 90µm. The starting buffer pH was chosen such that 

protein bound to the ion exchange resin is charged. Since the starting pH 

should be at least 1 pH unit above the isoelectric point for an anion exchanger 

(Righetti and Caravaggio, 1976) pH 6.8 was decided for the starting buffer A 

and elution was performed by an increasing salt gradient  (Buffer B with 20mM 

Tris HCl and 2M NaCl).  The continuous A280nm trace shown in Figure 3.3 had 
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two distinct peaks, the first peak, is a fraction number 10 and the second peak, 

at fraction number 14, these fractions when resolved SDS-PAGE (Figure 3.4) 

showed that they contained two proteins, one of molecular weight of 14.4kDa 

which corresponds to lysozyme, and the second of molecular weight 68kDa 

which corresponds to BSA.  

 

 

3.3.3 Resolution by SDS-PAGE of E. coli DnaK, DnaJ and GrpE Proteins 

The purity and sizes of the E. coli proteins (Stressgene) used as HSP controls 

were demonstrated by SDS-PAGE (Figure 3.6). The three single protein bands 

ran at the size predicted from their molecular weights. 
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     MW (KDa)   1              2                  3                4                          

 
                                                                                                                                          

 

Figure 3.6. Resolution of the „Stressgene‟ E. coli control heat shock proteins 

(DnaK, DnaJ and GrpE) by SDS-PAGE.   

Temperature 4°C,    Time:  160min,    Voltage: 120V,   

Staining:  Coomassie stain. 

Lane 1 - 10μl the molecular weight marker standard (BenchMark™ prestained 

protein ladder)  

Lane 2 - 30μl E. coli DnaJ 

Lane 3 - 30μl  E coli GrpE 

Lane 4 - 30μl E coli DnaK  
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3.3.4  Purification of R. equi DnaK by Ion-Exchange Chromatography 

The purification is based on the reversible interactions between a charged 

protein and charged chromatographic medium. The protein is loaded into 

column and the elution is usually done by washing with buffer of increased salt 

concentration. 

The results in this section show that the protocol for the purification of 

DnaK successfully isolated the protein and the protein appeared to be highly 

purified (Figures 3.7 and 3.8). The output graph shown in Figure 3.7 by 

continuous reading of the absorbance at 280nm had two distinct peaks.  The 

first peak, at fraction number 10, and the second peak at fraction number 14; 

the second of these fractions when analysed by SDS-PAGE had a single band 

of molecular weight 70KDa which correspond to R. equi DnaK (Figure 3.8). A 

protein with a molecular weight of approximately 20kDa eluted before the 

presumed DnaK. Evidence that the protein which was purified was DnaK came 

through using the anti-DnaK antibody in Western blotting that recognised the 

isolated protein (Figure 3.9).  
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Figure 3.7. Chromatograph for R. equi DnaK purification through an Ion-

Exchange Q-Sepharose column. Buffer A: Tris HCl, Buffer B: 50mM Tris HCl + 

2M NaCl.  Flow rate: 0.5 ml/min,  fraction volume: 5ml.  

1 - Sample application   2 - Application buffer B    3 - Elution of fractions 1 - 23  
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Figure 3.8. Resolution by 12% SDS-PAGE of fractions 10-14 from the ion-

exchange column.  

Temperature: 4°C,    Time: 160min, Voltage: 120V,     

Staining: Coomassie stain. 

Lane 1 -10μl of the molecular weight marker standard (BenchMark™ 

prestained protein ladder).       

Lane 2 - 15μl of fraction 10 

Lane 3 - 15μl of fraction 11 

Lane 4 - 15μl of fraction 12  

Lane 5 - 15μl of fraction 13  

Lane 6 - 15μl of fraction 14  
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Figure 3.9. Western blot of 12% SDS-PAGE gel  

Gel conditions: Temperature: 4°C,  Time: 160min,  Voltage: 120V,  

Western blot:  Nitrocellulose membrane Temperature 4°C, Voltage: 80mA, 

Time: 180min, Primary antibody: anti-DnaK rabbit IgG (Dako Cytomation)  

 
Lane 1 - 10μl of the molecular weight marker standard (BenchMark™ 

prestained protein ladder). 

Lane 2 - 10μl of E .coli DnaK standard (StressGen) 

Lane 3 - 15μl fraction 11 of R. equi after purification through Ion-Exchange Q-

Sepharose  

Lane 4 - 15μl fraction 12 of R. equi after purification through Ion-Exchange Q-

Sepharose.  
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3.3.5 Purification of DnaK through an ATP-agarose column 

The fraction numbers 8 to 14 obtained from the ion-exchange column were 

chosen to be further purified by ATP-Agarose column. A pooled sample (35ml) 

from 7 fractions each of 5ml volume was used for purification. The elution of the 

protein was recorded with an LKB spectrophotometer by absorbance at 280nm 

(Figure 3.10), and the fraction numbers 10 to 15 analysed by SDS-PAGE 

(Figure 3.11).  

Affinity chromatography separates proteins on the basis of a reversible 

interaction between a protein and a ligand attached to chromatographic matrix; 

it was decided to use affinity chromatography with ATP for the final purification 

as DnaK has ATPase activity and will bind to an ATP-agarose column. The 

sample was applied under conditions that favour specific binding, the unbound 

material was washed away and the bound target protein was recovered by 

changing the conditions to those favouring the elution of the protein (Figure 

3.10). The ATP-agarose column had ATP attached to agarose through the 

adenine N-6 position. The matrix was stabilised with lactose cross-linked with 

4% beaded agarose with an average particle size was 45-165µm. The column 

had a binding capacity of 1-5 micromoles/ml of resin. The column was set up 

with 5ml ATP-agarose and the buffers were decided based on the previous 

work on ATPase (Hutchison et al., 1994). The column was first equilibrated with 

20ml of starting buffer to stabilise the column. Then sample was adsorbed on to 

the ATP-agarose by recirculating the pooled fractions 8-14 from the ion-

exchange column. This ensured that DnaK was bound to ATP agarose in the 

column. The proteins in the pooled fractions which do not have an ATP binding 

site were washed off with 50ml buffer B. This ensured that all the unbound 
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proteins were removed. The column was equilibrated with the starting buffer 

once again, to generate a uniform binding of protein to ATP. The DnaK bound 

to ATP was column eluted with buffer C in which 25mM ATP which acted as a 

competitive ligand. The buffer also had 10% glycerol so the protein would be 

stabilized in the fractions collected after purification. Since the ATP-binding 

ability of DnaK is dependent on very sensitive factors like temperature and pH, 

care was taken so that there was no fluctuation in temperature or pH. The 

temperature was maintained at 4°C and the pH at 6.9. The output fractions 

from ATP-agarose column (Figure 3.10) show that the elution peak 

encompassed fractions numbers 8 to 15. These fractions were run on SDS-

PAGE (Figure 3.10) showed that these fractions contained DnaK. The  amount 

of DnaK was greatest in fraction number 10, at 1.101 µmole/ml (Figure 3.12), 

then the concentration of DnaK gradually  decreased in subsequent fractions. 
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Figure 3.10. Chromatograph of the purification of DnaK by ATPase-agarose column. 

Buffer A: (20mM Tris-HCl ,5mM MgCl2, 100mM NaCl  pH 6.9), Buffer B: (20mM Tris-

HCl, 5mM MgCl2, 2M NaCl, pH 6.9), with flow rate of 1ml/min, Buffer C: (20mM Tris-

HCl, 5mM MgCl2 ,100mM NaCl, 10% (v/v) Glycerol, 25mM ATP pH 6.9) with flow rate 

of 0.5ml /min, at 4ºC; the fraction volume was 5ml.  

1 - Sample application, 2 - Application of buffer B, 3 - Elution of fraction from 1-20.  
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Figure 3.11. Resolution by 12% SDS-PAGE of fractions 10-15 from the ATP-

agarose column.   

Temperature: 4°C,    Time:  160min,    Voltage: 120V,   Staining: Silver stain. 

Lane 1 -10μl of the molecular weight marker standard (BenchMark™ 

prestained protein ladder).   

Lane 2 - 15μl of R. equi lysate under stress without purification  

Lane 3 - 15μl fraction 10  

Lane 4 - 15μl fraction 11 

Lane 5 - 15μl fraction 12  

Lane 6 - 15μl fraction 13 

Lane 7 - 15μl fraction 14 

Lane 8 - 15μl fraction 15 
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3.3.6.1 Estimation of protein concentration through BioRad DC protein 

assay: 

All the fractions were purified by column chromatography were subjected to 

estimation of protein concentration by the method of Lowry et al. (1951). The 

protein concentration in the fractions 8 to 12 was found to be 0.184, 0.209, 

0.178, 0.158 and 0.146 µg/ml respectively (Figure 3.12). 

 

 

3.3.6.2 Confirmation of DnaK through Western blotting 
 
The protein in the fractions from the ATP-agarose column was confirmed as 

being DnaK by Western blotting using specific anti-DnaK primary antibodies 

(Figure 3.13).  

In order to confirm the identity of the protein eluted from the ATP-

agarose column, the fractions were subjected to Western blotting to show the 

efficiency of purification (Figure 3.10). The results were consistent with our 

expectation. All the lanes reacted with the anti-DnaK antibody. The SDS-PAGE 

gel (Figure 3.11) suggested predicted that the strongest reaction should be 

seen with fraction 10, and this was confirmed by the results of the Western blot.  
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Figure 3.12. Concentration of DnaK in each fraction from the ATP-agarose 

affinity column measured by the BioRad DC protein assay. 
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                     MW (KDa)   1      2        3       4       5        6        7       

 
 

Figure 3.13. Western blotting of DnaK fractions from the ATP-agarose affinity  

Gel conditions Temperature: 4 °C,   Time:  160min,   Voltage: 120V 

 Western blot:  Nitrocellulose membrane Temperature 4°C, Voltage: 80mA, 

Time: 180 min, Staining: DAB (Sigma)  

Lane 1 -10 μl of the molecular weight marker standard (BenchMark™ 

prestained protein ladder). 

Lane 2 - 15μl fraction 10  

Lane 3 - 15μl fraction 11  

Lane 4 - 15μl fraction 12  

Lane 5 - 15μl fraction 13 

Lane 6 - 15μl fraction 14 

Lane 7 - 15μl fraction 15  

79.6→ 

61.3→ 

49.0→ 

36.4→ 

24.7→ 

19.2→ 

13.1→ 

    9.3→ 

         DnaK     
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3. 4. ATPase Activity Assays 

The main principle involved was colorimetric measurement of inorganic 

phosphate cleaved from ATP by the ATPase activity of DnaK. DnaJ and GrpE 

from E. coli were used as positive controls. After verification of the ATPase 

activity of the E. coli DnaK, the experiment was done with purified R. equi 

DnaK, E. coli DnaJ and E. coli GrpE in the same micromolar concentrations. 

The ATPase profiles of E. coli and R. equi DnaK were represented graphically. 

Figures 3.14 and 3.15 show the ATPase activity of R. equi DnaK assayed 

colorimetrically by the method of Lanzetta (1979). Typically the reaction was 

verified by drawing a calibration graph using different concentrations of sodium 

phosphate in the assay solution (0 μM, 2 μM, 4 μM, 6 μM, 10 μM, 20 μM, 30 

μM, 40 μM and 50 μM).  

The experiments were optimized by minor adjustments including the use 

of phosphate free water and preparation of fresh colour solution in each trial, 

until the results consistently quantified the amount of phosphate through 

absorbance measurement.  

Initial experiments using the purified R. equi DnaK and the commercially 

obtained E. coli equivalent confirmed that the ATPase activity reaction is 

approximately linear over the 20 minutes of the experiment, and that there was 

little difference in the rates of reaction of the two enzymes (Figure 3.15).   
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                      [Pi] (M)  
 

Figure 3.14. Calibration curve of absorbance vs sodium phosphate 

concentration for the ATPase assay (0 μM, 2 μM, 4 μM, 6 μM, 10 μM, 20 μM, 

30 μM, 40 μM and 50 μM), at 37 °C for 0 - 20 min.  
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Figure 3.15. Comparison of ATPase activity of E. coli DnaK and R. equi ATCC 

33701 DnaK [Pi ] (µM) with time (0 - 20min) at 37ºC. 
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3.4.1. The effects of other heat shock proteins on the ATPase activity of R. 

equi DnaK 

In cells, DnaK does not act in isolation but as part of the DnaK complex. 

Unfolded and mis-folded proteins are captured by DnaJ, and then presented to 

DnaK in its ATP-bound state. Interaction of the DnaK with the presented protein 

is concurrent with ATP-hydrolysis via the intrinsic ATPase activity of DnaK, to 

leave ADP bound to the DnaK. The removal of this ADP and its replacement 

with ATP is facilitated by the nucleotide exchange factor GrpE. Hence the 

ATPase activity of DnaK is mediated by the other heat shock proteins. The aim 

of this part of the work was to investigate the effects of the presence of DnaJ 

and/or GrpE on the activity of DnaK.  

The effect of the presence of other heat shock proteins on activity of R. 

equi  DnaK was investigated by adding varying amounts of the E. coli DnaJ or 

GrpE proteins to the standardized DnaK ATPase assay.  Initially a fixed amount 

of R. equi DnaK (100g) was used in combination with either or both of the 

other heat shock proteins DnaJ and GrpE, maintaining equal amounts of each 

when present. The results are shown in Figure 3.16, which also incorporates 

data on the effect of using half the amounts of the DnaJ and GrpE. These 

showed that when all three proteins were present, there was a strong 

stimulatory effect on E. coli DnaK ATPase activity, but a smaller effect when R. 

equi DnaK was used. For the E. coli DnaK, the increase in ATPase activity was 

evident with both DnaJ and GrpE individually, but together they appeared to 

have a synergistic effect. The results were consistent with our expectations by 

showing an increase in absorbance through the passage of time. The time 

dependent increase of absorbance was studied as a prelude to further studies 

on the kinetics of the reaction. 
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Figure 3.16.  The effect of E.coli DnaJ and E.coli GrpE on the ATPase activity 

of E. coli DnaK and R. equi ATCC33701 DnaK at 37ºC for 20 minutes. 

1 - 100ng  of E. coli  DnaK (Stressgen) 

2 - 100ng of R. equi ATCC33701 DnaK  

3 - 100ng of E. coli  DnaJ (Stressgen) 

4 - 100ng of E. coli  DnaK and E. coli  DnaJ  

5 - 100ng of R. equi DnaK and 100ng E. coli DnaJ 

6 - 100ng of E. coli GrpE  (Stressgen) 

7 - 100ng of E. coli GrpE and 100ng E. coli DnaK 

8 - 100ng of E. coli  DnaJ, 100ng of E. coli  GrpE and 100ng E. coli DnaK  

9 - 100ng E. coli DnaJ, 100ng E. coli GrpE and 100ng R. equi ATCC33701 

DnaK  

10 - 50ng E. coli DnaJ, 50ng E. coli GrpE and 50ng R. equi ATCC33701 DnaK  
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Figure 3.17 shows the effects on ATPase activity of increasing the 

proportion of DnaJ to DnaK in the reaction mixture but maintaining the total 

amount of protein. Starting with only DnaK in the reaction mixture, the amount 

of DnaJ was increased in 5µg increments until the molar ratio of the two 

proteins was equivalent. The results show that DnaJ had a significant 

enhancement on the ATPase activity, with an approximately linear relationship 

between amount of DnaJ and ATPase activity.  
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Figure 3.17. ATPase activity of DnaK titrated with DnaJ. Reaction mixtures 

(100ul) of DnaK and DnaJ were incubated at 37ºC for 20 minutes. X axis 

represents the DnaK/DnaJ Increasing ratio of DnaJ to DnaK‟ with increasing 

amounts of the latter as shown below:  

1 - 0ng of E.coli DnaJ to 50ng of R.equi DnaK 

2 - 5ng of E.coli DnaJ to 45ng of R.equi DnaK 

3 - 10ng of E.coli DnaJ to 40ng of R.equi DnaK 

4 - 15ng of E.coli DnaJ to 35ng of R.equi DnaK 

5 - 20ng of E.coli DnaJ to 30ng of R.equi DnaK 

6 - 25ng of E.coli DnaJ to 25ng of R.equi DnaK 
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3.5 Conclusion  

In this project methods were developed and optimised to purify the heat 

shock protein DnaK from Rhodococcus equi, using a combination of ATP-

agarose affinity chromatography and ion-exchange chromatography. The 

methods used for the purification of the control proteins BSA and lysozyme 

resulted in single bands of the appropriate molecular weights. The 

effectiveness of the purification protocols were assessed using SDS-PAGE and 

Western blotting with an anti-DnaK antibody, and the enzymic activity of the 

purified DnaK was verified with an ATPase assay. It was demonstrated that 

there was stimulation of R.equi DnaK ATPase activity by both E.coli DnaJ and 

E.coli GrpE: this stimulation was seen when the E. coli proteins were used 

individually with R. equi DnaK and when the experiment was repeated with 

both E.coli DnaJ and GrpE present with R.equi DnaK in equal amounts.  The 

increased ATPase activity induced with all three proteins demonstrates that 

DnaJ and GrpE stimulate the intrinsic ATPase activity of DnaK independently. 

DnaJ is believed to stimulate the rate of ATP hydrolysis, whereas GrpE 

increases the rate of release of ADP bound to DnaK upon hydrolysis. Thus 

these proteins act synergistically to increase the ATPase activity of DnaK, as 

may be predicted by the role of each in the DnaK-ATPase cycle. The effects of 

the presence of DnaJ and/or GrpE on the activity of DnaK in equimolar 

amounts is supported by previous studies which used a similar ratio (1:1:1) of 

DnaK, DnaJ and GrpE and demonstrated that the optimal activation by DnaK is 

achieved when both DnaJ and GrpE are present (Ziemienowicz et al., 1993). 

Other studies have also demonstrated that the ATPase activity of DnaK can be 

greatly stimulated by the presence of DnaJ and GrpE (Liberek et al., 1991; 

http://www.pnas.org/search?author1=K+Liberek&sortspec=date&submit=Submit
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Chang et al. 2011). But previous studies have found that at the high DnaJ 

concentration required for efficient stimulation of ATP hydrolysis in vitro does 

not reflect the cellular situation because in E. coli the DnaJ concentration is an 

order of magnitude lower than the DnaK concentration (Laufen et al., 1999; 

Thomas et al.,1999). Other studies have suggested that DnaJ concentrations in 

vivo are low (1/10 to 1/30) relative to the DnaK concentration (Tomoyasu et al., 

1998) and other study  supporting this also suggest the J-domain has low 

affinity for DnaK (10 to 30 µM) (Wall et al., 1994; Karzai and McMacken 1996; 

Greene et al., 1998; Mayer et al., 2000). It is possible that the results obtained 

here, along with those of other studies may contribute to an understanding of 

the role of heat shock proteins in the pathogenesis of R. equi, which may also 

be a suitable model to study the same aspects in other phylogenetically related 

organisms. For instance, it has been suggested that the DnaK/DnaJ chaperone 

machinery was required by Salmonella for systemic infection (Takaya et al., 

2004), and it may be that the role of the DnaK/DnaJ/GrpE  proteins in R. equi 

pathogenesis is in assisting in intracellular survival through functions such as 

prevention of misfolding of proteins, assist aggregate unfolding,  proper protein 

refolding, and other as yet unknown functions, especially in the presence of 

synergistic chaperones, such as GroELS and ClpB (Veinger et al., 1998; Ben-

Zvi and Goloubinoff, 2001). 

 The overall ATPase activity of all three proteins (DnaK/DnaJ/GrpE) as a 

complex is higher than DnaK alone or in combination with one of the other 

proteins. The presence of DnaJ with DnaK leads to an acceleration in the rate 

of hydrolysis of the DnaK-bound ATP, while the presence of GrpE increases 

the rate of release of bound ATP or ADP without affecting the rate of 
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hydrolysis. This stimulation of the ATPase activity of DnaK may contribute to its 

more efficient recycling (Liberek et al., 1991). But another study suggested that 

only the presence of DnaJ is required during the preincubation reaction. This 

paper additionally suggested that DnaK and DnaJ could stably interact with a 

substrate such as green fluorescent protein (GFP), the increase in GFP 

fluorescence reflecting the ATPase activity. Incubation of aggregated GFP with 

DnaK/DnaJ/GrpE resulted in the rapid initiation of the disaggregation reaction 

(Zietkiewicz et al., 2004). Another study suggested that DnaJ/GrpE 

dependence was found for the DnaK ATPase: DnaJ and GrpE were both 

essential for DnaK function in vivo (Jordan and McMacken, 1995). It is possible 

that the other heat shock proteins have roles in enhancing the activity of DnaK.  

A further study indicated that GroELS and DnaKJ act synergistically to prevent 

aggregate formation in rpoH mutants (Gragerov et al., 1992) and there are 

some studies which found the DnaK/GroELS proteins are involved in active 

ATPase-dependent refolding of denatured polypeptides into native proteins 

(Goloubinoff et al., 1989; Bukau and Horwich, 1998). In addition, the misfolded 

proteins may also passively bind sHSPs, from which they can become actively 

disentangled by the ATPase chaperone, Hsp70(DnaK) (Buchberger et al., 

1996; Veinger et al., 1998). There are some studies which found the misfolded 

substrates may be transferred from holding to folding chaperones, thereby 

allowing efficient cooperation in the recovery of native proteins, as 

demonstrated in the case of various chaperone networks: sHSPs+DnaK, 

DnaK+GroELS, and Hsp90+DnaK (Veinger et al., 1998; Bukau and Horwich, 

1998). Other work suggests that this biologically sound behaviour can now be 

extended to DnaK/DnaJ/GrpE chaperones, which often cooperate with 

http://www.pnas.org/search?author1=K+Liberek&sortspec=date&submit=Submit
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GroEL/GroES in the chaperone network (Diamant and Goloubinoff, 1998). This 

means the other heat shock proteins have an effect on DnaK ATPase activity 

per se, and not only on DnaJ /GrpE and that these proteins play similar roles 

inside the cell.  

Future experiments could investigate the response of R.equi to heavy 

metal ion stress such as iron limitation. Iron is essential for most forms of life, 

due to its involvement in many major biological processes as a biocatalyst and 

electron carrier, and growth in iron limited conditions is much reduced, as well 

as being predicted to induce a stress response. In addition, the heat shock 

proteins are important in relation to stress resistance and adaptation to the 

environment. Understanding the role of Hsps in relation to stress resistance in 

a more applied perspective as a potential indicator of stress is important. Thus 

it would be worthwhile to characterise the R. equi DnaK activity under different 

stress conditions to gain more understanding of the role DnaK system.  

Also In the future, more biochemical investigations could include 

ATPase-mediated protein unfolding and refolding experiments using the 

Promega firefly luciferase assay (Schenborn and Goiffon, 1993; Chang et al., 

2011). In this assay system linear results are seen over at least eight orders of 

magnitude of enzyme concentration, and the patented technology incorporated 

in the formulation has allowed for less than 10–20 moles of luciferase to be 

measured under optimal conditions. The reagent generates light that is nearly 

constant for at least 1 minute and so is possible to do the assay in a single-tube 

luminometer or in a multiwell plate luminometer with an autoinjector 

(Information from Promega.com).   
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In addition future studies could also include isolation and cloning of the 

dnaK and hspR genes, and to refine methods for the large scale purification of 

R. equi DnaK, DnaJ, GrpE and other HSPs. Biochemical investigations into the 

role of HspR in gene regulation and HspR-DnaK interaction could be 

undertaken, and isolating and characterizing HspR null mutants with a view to 

determining the potential roles of HspR in survival of R. equi within 

macrophages. Finally experiments can be designed for the isolation and 

characterisation of dnaK mutants to asses aspects of bacterial physiology and 

pathogenesis in these, as the DnaK-DnaJ-GrpE protein interactions must be 

important to R. equi survival in macrophages or survival under stress 

conditions. 

It is hoped that the results obtained here and in combination with other 

studies may contribute to more understanding of the role of heat shock proteins 

in the pathogenesis of this equine pathogen, which may also be a suitable 

model to study the same aspect in other phylogenetically related organisms.   
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6.1 Media  

LB Medium (Luria Bertani medium) 

Per Litre 

               Bacto-Tryptone :           10g 

               Bacto-Yeast extracts:     5g 

               NaCl:                             10g 

pH 7.0 with NaOH.  Add distilled water to a final volume of 1 litre  

 

6.1.1 LB Agar: 

Add to above media 15g of agar  

 

6.1.2 Antibiotics: 

The media use for antibiotic is LB agar:  

    (2g NaCl + 2g tryptone + 1g yeast extract + 3g agar) + Antibiotic 

 

 

 

 

 

Antibiotic name Concentration Solvent Size 

Ampicillin 50 mg/ml H2O 80l per 200ml LB 

Chloramphenicol 

34 mg /ml 

50 mg/ml 
Ethanol 147l per200ml of LB 

Kanamycin 

10 mg/ml 

50 mg/ml 
H2O 200l per 200ml LB 
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6.2 Solutions and Buffers for Chromatography 

 

6.2.1 Buffers for Ion-Exchange Q-Sepharose: 

A. Wash 1(1M HCl):      82.46 ml of HCl per 1L of H2O (v/v) 

B. Wash 2 (1M NaOH): 40g of NaOH per 1L of H2O (w/v) 

C. Ethanol 20%:     200 ml of ethanol + 800 of H2O (v/v) 

D. Buffer A (50mM Tris-HCl):    0.1g of Tris-HCl  + 1000 ml of H2O 

E. Buffer B (2M NaCl + 50mM Tris-HCl):   76.88g of NaCl + 0.1g of Tris-HCl + 

1000 ml of H2O 

 

 

6.2.2 Buffers for ATP-Agarose Affinity Chromatography 

1. Buffer A (TMgN 100mM, pH6.9):   3.152g of Tris-HCl + 1.017g MgCl2 + 

5.844g NaCl + 1000 ml of H2O     

2. Buffer B (TMgN  2M, pH6.9):    3.152g of Tris-HCl  + 1.017 MgCl2  +  

116.8g of NaCl + 1000 ml of H2O 

3. Buffer C (TMgN, 100mM, pH 6.9):   3.152g of Tris-HCl + 1.017g MgCl2 +  

5.844g of NaCl + 100ml of 10% (v/v) of glycerol + 13.8mg of ADP + 1000 ml of  

H2O 
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6.3 Other Solutions and Buffers 

 

1 - PBS (Phosphate-buffered saline): NaCl (0.8g), KCl (0.2g), Na2HPO4 

(1.44g), KH2PO4 (0.24g), 500ml of distilled water, pH7.4 store at 4ºC 

 

2 -TE Buffer: 10mM Tris-HCl (pH7.5), 1mM EDTA. Store at 4 ºC 

 

3 - Lysis buffer for DnaK Extraction: 50mM Tris-HCl, 100mM KCl, 1mM 

EDTA, 400mg of Lysozyme per 100 ml. Store at 4ºC 

 

4- SDS-PAGE Buffers 

A - Sample buffer) buffer: 62.5mM Tris-HCl (pH6. 8), 10% (v/v) glycerol, 10% 

(w/v) SDS, 2% (v/v) ß-Mercaptoethanol, 0.02% (w/v) Bromophenol blue. Store 

at 4 ºC. 

 B - Loading buffer for Protein assay buffer: 62.5mM Tris-HCl (pH 6.8), 10% 

(v/v) glycerol, 10% (w/v) SDS. Store at 4 ºC 

C - 1.5 M Tris-HCl, pH 8.8 

D -  0.5M Tris-HCl, pH 6.8 

E - Running buffer:    192mM glycine, 25mM Trizma base, 1% (w/v) SDS 

F - Coomassie Gel stain: 0.1% (w/v) Coomassie blue R-250, in 45% (v/v) 

methanol, 10% (v/v) glacial acetic acid, filtered before use 

G - Destaining Solution1: 50% (v/v) methanol, 10% (v/v) glacial acetic acid  

H - Destaining solution 2:  7.5% (v/v) methanol, 10% (v/v) glacial acetic acid 
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J - Separating gel (SP) and stacking gel (SG) consisted of: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.4 - Western Blotting 

A. Transfer buffer:   25mM Tris-HCl, 19mM glycine, 20% (v/v) methanol 20 %  

B.  Block solution:    PBS + 5% (w/v) Marvel milk powder  

C. Primary antibody (anti-rabbit): 25ml PBS + 5% (w/v) Marvel, 500μl primary 

antibody 

D. Secondary antibody: 25ml PBS + 5% (w/v) Marvel, 12.5μl secondary 

antibody 

E. Wash solution:  5% (w/v) Marvel + 0.1% (v/v) Tween 20 in PBS 

F. Fresh stain solution: 1 tablet of DAB (diaminobenzidine) + 40μl of 30% (v/v) 

hydrogen peroxide in 25ml PBS 

G. Stop reaction solution:   0.5% (v/v) Tween 20 in PBS  

Solution Components 12% SP 4% ST 

H2O 3.3ml 6.8ml 

40% Acrylamide mix 4ml 1.7ml 

1.5M Tris-HCl  (pH 8.8 ) 2.5ml ----------- 

0.5M Tris-HCl (pH6.8 ) ---------- 1.25ml 

10% SDS 100μl 100μl 

10% APS 100μl 100μl 

TEMED 4μl 10μl 
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6.5 ATPase Assay 

1 - Assay solution:   40mM Tris-HCl + 50mM KCl + 10mM MgCl2 + 1mM ADP +  

10μg/ml polycytidylic acid potassium (Poly(C)) 

2 - Detection solution: 

a) 4.2g of ammonium molybdate in 100ml of distilled water 

b) 45mg of malachite green in 100ml of distilled water 

Solutions a) and b) mixed at a ratio of 12.5:37.5 and filtered before use 

3 - Colour development solution:   34 g of citric acid in100ml of distilled water. 
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