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Summary 
 
tRNAs are encoded by the most highly expressed genes of any organism. Previous studies 
have shown that virulence genes together with pathogenicity islands can be associated with 
tRNA genes. The expression of tRNAs of nonpathogenic Streptomyces coelicolor M145 and 
pathogenic Mycobacterium marinum were compared using northern blot hybridization to see 
the pattern of tRNA expression in the exponential growth phase and stationary growth phase. 
Some genes that were expressed together with tRNA were identified. In S. coelicolor 
expression of most of the tRNAs started just after spore germination. The highest expression 
of all tRNAs was observed at ~ 40 h. After 40 h all tRNA expression decreased. In M. 
marinum it was found that tRNA-Val3, tRNA-Cys, tRNA-Gly2; tRNA-Phe, tRNA-Asp, 
tRNA-Glu2 and tRNA-Arg4, tRNA-Ser3 were from three separate operons. Two putative 
overlapping down stream genes named MM5190 and MM5191 (http://www.sanger.ac.uk/cgi-
bin/blast/submitblast/m_marinum) were expressed  together with the selenocystine tRNA-
SeCp gene. Putative gene MM3304 is present upstream and MM3303 present downstream to 
RNase P RNA gene. MM3303 gene product is very similar to PE-PGRS (polymorphic GC 
repetitive sequence) glycine-rich family protein that binds to fibronectin. Since PAIs are often 
found adjacent to tRNA genes, the location of these putative genes, as well as the 
bioinformatic information suggests that they may be part of a pathogenicity island and 
therefore have a role in pathogenesis.  
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INTRODUCTION 
 
tRNA 
Transfer RNAs (tRNAs) are small molecules that play a central role in translation. They are 
the adaptor molecules whose existence was predicted by Francis Crick in 1956 (Crick, 1990) 
that form the link between the mRNA and the polypeptide that is being synthesized. This is 
both a physical link, tRNAs binding to both the mRNA and the growing polypeptide, and an 
informational link, tRNAs ensuring that the polypeptide being synthesized has the amino acid 
sequence that is denoted, via the genetic code, by the sequence of nucleotides in the mRNA 
(Brown, 2002). There are more than 20 different tRNA molecules for 20 different amino acids. 
A typical bacterium contains 0.05 0.10 picogram (pg) of RNA, making up about 6% of its 
total weight. A mammalian cell, being much larger, contains more RNA, 20 30 pg in all, but 
this represents only 1% of the mass of the cell as a whole (Alberts, 1994).  
 

       
 
Figure 1. tRNA. A, Cloverleaf structure of tRNA; B, Processing of precursor tRNA to mature form in E.coli. 
Adapted from http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=genomes.figgrp.7380 
 
All tRNAs have between 75 and 95 nt. All tRNAs from all organisms have a similar 
cloverleaf structure (Figure 1A), indeed a human tRNA can function in yeast cells. In this 
cloverleaf structure there are four arms and three loops. The four arms of tRNA are the 
acceptor arm, the D arm, the T pseudouridine C (TψC  arm and the anticodon arm, and the 
three loops are the D loop, the (TψC loop and the anticodon loop. Sometimes tRNA 
molecules have an extra or variable loop (Brown, 2002).  
 
tRNA processing 
The tRNA genes are transcribed as precursor tRNAs in all organisms studied to date. These 
precursors have to be processed by various enzymes to generate functional tRNAs. RNase P 
(Ribonuclease P) is responsible for the maturation of the 5'-termini of all known tRNAs in 
prokaryotes and in eukaryotes (Frank, 1989). Bacterial RNase P consists of two subunits, a 
basic protein and a catalytic RNA subunit. Under appropriate in vitro conditions, the RNA 
subunit cleaves tRNA precursors at the expected position in the absence of the protein subunit. 
Thus, RNase P RNA belongs to a class of biocatalysts known as ribozymes (Guerrier-Takada, 
1983). 
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tRNA processing begins with the cut by ribonuclease E or F forming a new 3  end just 
upstream of one of the hairpins (Figure 1B) (Ow and Kushner, 2002). Ribonuclease D, which 
is an exonuclease, trims seven nucleotides from this new 3  end and then pauses while 
ribonuclease P makes a cut at the start of the cloverleaf, forming the 5  end of the mature 
mRNA (Figure 1B). Ribonuclease D then removes two more nucleotides, creating the 3  end 
of the mature molecule. In the tRNA shown in Figure 1B the 3 -terminal CCA sequence is 
present in the RNA and is not removed by ribonuclease D. In some other tRNAs this 
sequence has to be added completely or partly by tRNA nucleotidyltransferase (Lundberg and  
Altman, 1995; Turner, 1997). 
 
In most if not all species of bacteria an interesting RNA, called transfer-messenger RNA 
(tmRNA) or 10Sa RNA is present. Bacterial tmRNA has a tRNA-like structure in its 5'- and 
3'-ends and an internal reading frame encoding a 'tag' peptide. The dual function of this 
molecule as both a tRNA and an mRNA facilitates a trans-translation reaction in which a 
ribosome can switch between translation of a truncated mRNA and the tmRNA's tag sequence. 
The result is a chimeric protein with the tag peptide attached to the C-terminus of the 
truncated peptide targeting it for immediate degradation (Muto, 1998). Although RNase P 
RNA and tmRNA are not tRNAs they play important roles with respect to tRNA. RNase P 
helps in the tRNA maturation process and tmRNA acts both as tRNA and mRNA.  
 
Pathogenicity island (PAI) 
Pathogenic bacteria have genes that encode virulence factors. These factors contribute to the 
virulence of the microorganisms and to their survival in the hostile environment within the 
body of their host. The virulence factors of bacteria are typically proteins or other molecules 
that are synthesized by protein enzymes. Virulence factors of pathogenic bacteria may be 
encoded by particular regions of the prokaryotic genome termed pathogenicity islands (PAI). 
PAIs comprise large genomic regions [10–200 kilobases (kb) in size] (Figure 2). They were 
first described in pathogenic E. coli and found to be present in the genomes of pathogenic 
strains but absent from the genomes of nonpathogenic members of the same or related species 
(Hacker and Kaper, 2000). Soon PAI was also observed in other species of bacteria as well. 
PAIs of both gram positive and gram negative pathogenic bacteria contain DNA segments 
that encode proteins, such as adhesins, toxins, invasins, protein secretion systems and iron 
uptake systems (Hacker and Kaper, 2000). 
 

 
Figure 2. A simple model of a bacterial pathogenicity island. The thin bold line represents the core genome; 
pathogenicity island-specific sequences are indicated. The box represent genes. virA and virB are virulence 
genes. The arrows indicate the presence of direct repeats at the ends of the pathogenicity island.  
 
In pathogenic bacteria virulence factors contribute to pathogenic potential, whereas in 
nonpathogenic bacteria the same factors may be important for survival and replication in 
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particular ecological niches, where they do not create any pathogenic potential (e.g. the iron 
uptake system in Yersinia and E. coli). Outside multicellular hosts these DNA segments may 
act as fitness islands or ecological islands rather than as PAIs. (Hacker and Kaper, 2000). 
 
It has been known for many years that tRNA genes may act as landmarks for the integration 
of foreign DNA, either of plasmids and phages or, in the case of eukaryotes, of retroviruses 
(Hacker and Kaper, 2000). The association of PAIs and tRNA loci therefore may reflect the 
acquisition of PAIs by horizontal gene transfer. About 75% of the PAIs identified so far are 
associated with tRNA loci (Hacker and Kaper, 2000). It seems that the 3’ ends of the tRNA 
genes may preferentially act as targets for integration. DNA sequence data for many PAIs and 
their associated tRNA genes show that overlaps of 15–25 nucleotides exist between the 3’ 
ends of the tRNA loci and PAI-specific sequences (Hacker and Kaper, 2000). 
 
In principle many tRNA genes can be used as integration sites for PAIs and other 
extrachromosomal elements. The tRNA genes frequently associated with PAIs quite often 
also harbor attachment sites for bacteriophages, indicative of possible development of PAIs 
from former bacteriophage genomes. One of the tRNA loci most frequently associated with 
PAIs is the selC gene, encoding the selenocysteine-specific tRNA-Sec. Selenocysteine (Sec) 
is a rare amino acid, that was discovered as the 21st amino acid (Böck, 1991) about a decade 
ago. Proteins containing selenocysteine are consequently called selenoproteins. 
Selenocysteine is encoded by the UGA-codon, which is usually a STOP-codon encoding the 
end of translation by the ribosome. It has been shown (Böck, 1991) that in the case of 
selenocysteine, termination of translation is inhibited in the presence of a specific mRNA 
sequence in the 3'-region after the UGA-codon that forms a hairpin like structure called Sec 
insertion sequence the (SECIS). Selenoproteins occur in all domains of life. Selenium is very 
important for human health. The more than 30 known human selenoproteins are essential 
components of several major metabolic pathways, including antioxidant defense systems and 
immune function (Brown, 2001). In bacteria SECIS-element is located immediately 
downstream the UGA codon (Zinoni, 1990). A displacement of the SECIS-element by more 
than one codon, or a displacement not preserving the reading-frame, results in a drastic 
reduction of selenocysteine insertion efficiency (Heider, 1992). For E.coli, the mechanism of 
selenocysteine insertion is well understood, and all corresponding factors are identified 
(Sawers, 1991). In enterobacteria the prophage ΦR73 and severeal PAI elements can be found 
next to selC (Hacker, 1999). Three different E. coli-specific PAIs, leading to different E. coli 
pathotypes, as well as PAIs of S. enterica and S. flexneri are associated with the selC locus. In 
addition, the two identical phenylalanine-specific tRNA genes pheV and pheU (also termed 
pheR) often act as targets for PAI formation. tRNA-associated PAIs can be deleted from the 
genomes of their respective pathogens. In the case of uropathogenic E. coli (UPEC) strain 
536, the tRNA genes leuX and selC, located next to PAI I and PAI II, became truncated at 
their 3’ ends after deletion of the two PAIs (Hacker and Kaper, 2000). 
 
Many authors have suggested that the presence of particular tRNAs that are used less 
frequently than others (so-called minor tRNAs) may have a modulating  effect on the 
translational efficiency of particular target genes (the minor codon hypothesis). The 
evolutionary advantage of extrachromosomal genetic elements carrying additional tRNA 
genes may be a more effective expression of genes with a larger amount of the corresponding 
codon located on the respective element. (Hacker and Kaper, 2000) 
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Figure 3. Different stages of S. coelicolor life cycle. Adapted from: 
http://biology.kenyon.edu/Microbial_Biorealm/bacteria/gram-positive/streptomyces/streptomyces.html 
 
Streptomyces coelicolor 
The genome sequence consists of 8,667,507 bp with a G+C content of 72.1% and is predicted 
to contain 7825 protein encoding genes and 65 tRNA genes with two tRNA pseudogenes. Its 
accession number is NC_003888. Its DNA is linear. S. coelicolor is the model representative 
of a group of soil-dwelling organism with a complex life cycle involving mycelial growth and 
spore formation (Figure 3). These Gram-positive Actinobacteria are notable for their 
production of pharmaceutically useful compounds including over two-thirds of all natural 
antibiotics, currently available anti-tumour agents, and immunosuppressants. Most 
Streptomycetes spp. produce spores. 
 
Mycobacterium marinum  
This bacteria is one of the closest relatives of the M. tuberculosis-complex organisms, is 
emerging as a model for M. tuberculosis pathogenesis (Tonjum, 1998, Dionne, 2003, Talaat, 
1998). M. marinum grows optimally at 33 °C and causes superficial lesions in humans called 
fish tank, or swimmer's granulomas, which are pathologically indistinguishable from dermal 
M. tuberculosis lesions (Travis, 1985). Consistent with its lower optimal growth temperature, 
M. marinum causes a tuberculosis-like granulomatous infection and disease in fish and frogs, 
natural hosts that are readily studied in the laboratory. M. marinum is a gram positive 
Actinobacterium. The genome is 6,636,827 bp in length is circular with an average G+C 
content of 65.73 %. It has 46 tRNAs. The generation time of the bacterium is 4-6 h and the 
genome sequence is finished but not yet fully annotated. 
(http://www.sanger.ac.uk/Projects/M_marinum/) 
 
 
 
 
 
 



tRNA isotypes 
 
There are more than one tRNA for a single amino acid.  The tRNAs that accept the same 
amino acid are called isotypes. All isotypes of a tRNA are not expressed at the same time 
and in the same way. Under different conditions the expression of different tRNA 
isotypes can be different. A certain tRNA isotype may be expressed at a higher level 
when an organism causes a disease. If some gene is found co-expressed together with that 
tRNA, one may suspect that gene  has some function related to the apperance of the 
disease and such gene can be part of a PAI. In non-pathogenic organisms such as S. 
coelicolor genes in genomic islands may help the bacterium to adapt to different 
conditions.  
 
AIMS   
 
The aims of this study were to analyze different tRNA expression in exponential phase 
and stationary growth phase in aerobic condition, and to find genes expressed together 
with tRNA and analyze their possible role in pathogenesis. In my experiment two 
different gram-positive bacteria were used as model systems: Streptomyces coelicolor 
and Mycobacterium marinum.  
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RESULTS 
 
External morphology of S. coelicolor 
S. coelicolor does not have true exponential and stationary growth phase. They differentiate to 
different form during their life cycle. Bacterial cells were collected at different time points 
(16h, 20h, 24h, 28h, 36h, 42h, 48h and 64h) of incubation under aerobic condition. Both their 
external morphology and different tRNA expression were studied at different time of growth. 
After 36 h of incubation aerial hyphae was seen on the SFM plate. After 42h a lot of aerial 
hyphae with spore chains were found under the microscope. After 64h the plate was full 
curled and straight spore chains; also some separate spores were found. Reddish brown 
pigmentation was seen after 48h of incubation and after 64h the whole plate was reddish 
brown. After one week of incubation the whole plate became dark blue pigmented, but no 
sample was collected at that time point.  
 
tRNA expression in S. coelicolor 
Total RNA was extracted from the samples and hybridized with specific tRNA probes to see 
expression of different tRNA in S. coelicolor. Sixteen (14 tRNA, RNase P RNA and 5S rRNA) 
RNA species were selected on the basis of presence or absence of CCA tail (Table 1) in the 
genome sequence. The result are shown in the figure 4. Expression of all tRNAs started after 
germination of the spores and increased gradually up to ~ 42h. The highest expression was 
seen at ~ 42h. Then suddenly all the tRNA expression went down except RNase P RNA. 
RNase P increased slowly after spore germination until 48h, but after that it the increase was 
faster. Among the 14 tRNAs tRNA-LeuTTA (bldA) that showed the highest expression at ~ 
40h. tRNA-TrpCCA was the second most highly expressed.  
 

 
Figure 4. tRNA expression of S. coelicolor at different times. Northern hybridization values were quantified and 
values from each time point were normalized to expression at 16h. blue line denotes the duration of aerial 
hyphae growth (Vegetative growth) and brown line denotes the duration of spore growth. 
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Table 1. Some tRNAs of S. coelicolor with or without CCA tail. 
 

RNA CCA tail 

HisGTG 
SerTGA 
GlyCCC 
LeuGAG 
ProCGG 
LeuCAA 
LeuTTA(bldA) 
TrpCCA 
ValGAC 
CysT 
MetCAT 
IleGAT 
TyrGTA 
GluCTC 

- 
- 
+ 
- 
- 
- 
+ 
- 
- 
+ 
- 
+ 
- 
- 

 
tRNA expression in M. marinum  
M. marinum cells were grown and exponential phase cells were harvested after 24h and 
stationary phase cell were collected after 7d of incubation under aerobic condition. Total 
RNA was collected and hybridized with tRNA specific probes to see the expression of 
different tRNA in M. marinum in exponential and stationary phase.  
 
Northern blot analysis: All 46 tRNAs, RNase P RNA, tmRNA and 5SrRNA were probed 
Representative results are shown in Figure 5 and all results are shown in Appendix 1. All 
tRNAs were hybridized at 42 ºC with freshly labeled probes and all of them were exposed for 
~ 17h. For some tRNAs, such as tRNA-Glu2 (TTC), tRNA-Leu1 (TAA) more than one band 
hybridized the probe (Figure 5B). This could reflect different post transcriptional processing 
stages before formation of the mature tRNA, or unspecific hybridization. The risk for getting 
unspecific hybridization  is higher at 42 ºC. For tRNA, such as tRNA-Glu2, tRNA-Arg2, 
tRNA-Thr2 an extra band just beneath and very close to the mature tRNA (Figure 5B, 
Appendix 1) was observed. This was due to the 3’CCA addition. 
 
The single isoacceptor tRNA genes such as tRNA-Ile, tRNA-Phe, tRNA-Asp etc. were highly 
expressed in the exponential growth phase (Figure 6). tRNA-Ile was the most highly 
expressed tRNA found in M. marinum in this study. Some single isoacceptor tRNA gene such 
as tRNA-His, tRNA-Cys, tRNA-SeCp and tRNA-Tyr were highly expressed in the stationary 
phase. Most of the tRNAs having medium and low expression levels showed higher 
expression in stationary phase (Figure 6). tRNA-Pro3 and tRNA-Met1 were expressed at a 
very low level in the exponential phase and in the stationary phase respectively. In stationary 
phase tRNA-Thr2 showed the highest expression. 
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Figure 5. Northern blot hybridization of tRNA in M. marinum. A – portion of pUC19 Msp1 marker. B - 
Northern blot hybridization of some tRNA-Val, tRNA-Cys, tRNA-Arg, tRNA-Ser, tRNA-Glu, tRNA-SeCp, 
RNase P RNA and tmRNA of M. marinum. M- marker, E- Exponential growth phase sample, S- Stationary 
growth phase sample. Arrow indicates the mature tRNA band where more than one band was present. Arrows 
for Arg (ACG) and Ser (GCT) indicate precursor tRNA bands. 
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Figure 6. tRNA expression pattern of M. marinum in the exponential and stationary growth phase. Northern 
hybridization values were obtained after 5SrRNA normalization. Blue bar denotes exponential growth phase and 
red bar denotes stationary growth phase. 
 
 
Isoacceptor analysis: Separate plots were made for each tRNA with its different isoacceptors 
to compare the expression between exponential and stationary growth phase. Different tRNA 
isoacceptors and their expression pattern are shown in figure 7. Both isoacceptors of tRNA-
Gln1 and tRNA-Gln2 show high expression at stationary phase (Figure 7A). Similar results 
were also found for Val, Arg, Lys, Gly, Ser and Pro tRNA isoacceptors (appendix 2).  
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Figure 7. tRNA expression among different isoacceptors in M. marinum. tRNA hybridization values were 
obtained after 5SrRNA normalization. Ex - Exponential growth phase sample hybridization and St- Stationary 
growth phase sample hybridization. 
 
For isoacceptors of tRNA-Glu opposite results was seen, with expression of both isoacceptors 
in the exponential phase (Figure 7B). Isoacceptors of tRNA-Leu show differential expression 
among them. tRNA-Leu2, tRNA-Leu3 and tRNA-Leu5 were more expressed in stationary 
phase, while tRNA-Leu1 and tRNA-Leu4 were more expressed in the exponential phase 
(Figure 7C). Among those tRNA that have no isoacceptors, tRNA-Ile, tRNA-Trp, tRNA-Asp, 
tRNA-Asn, tRNA-Cys and tRNA-Phe showed higher expression in the exponential phase and 
tRNA-His, tRNA-Tyr and tRNA-SeCp showed opposite result (Figure 7D). Thus all the 
isoacceptors of a tRNA were not equally expressed in M. marinum. Some tRNA isoacceptors 
were expressed more frequently than others in the exponential and some in stationary phase.  
 
tRNA operon prediction: In M. marinum genes encoding tRNA-Val3(GAC), tRNA-Cys and 
tRNA-Gly2(GCC) are adjacent possibly forming an operon (Figure 8). Their expression was 
similar; higher in stationary than exponential phase (Figure 6). So, the genes may be 
transcribed together into a large precursor RNA that is later processed by RNase P RNA. 
Similar positioning is also found among tRNA-Phe, tRNA-Asp and tRNA-Glu2 (TTC) genes 
(Figure 8). Among these three tRNAs, tRNA-Asp and tRNA-Phe were highly expressed 
compared to tRNA-Glu2. All of these three were expressed more in exponential growth phase 
than in stationary phase. This may be due to differential post-transcriptional tRNA processing. 
Also tRNA-Arg4 (ACG) and tRNA-Ser3(GCT) genes are adjacent (Figure 8) and likely 
cotranscribed into precursor of ~ 242 bp as seen in figure 5B.  
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Figure 8. Position of tRNA in M. marinum genome (http://www.sanger.ac.uk/Projects/M_marinum/). The grey 
lines denote the two DNA strands of double stranded DNA. The Boxes indicates tRNA gene on DNA. Numbers 
1-10 indicate positions of 10 different tRNAs (tRNA-Val3, tRNA-Cys; tRNA-Gly2, tRNA-Val2, tRNA-Phe, 
tRNA-Asp, tRNA-Glu2, tRNA-Lys2, tRNA-Arg4 and tRNA-Ser3 respectively) in the M. marinum genome.       
 

 
 
Figure 9. Position of selenocystine tRNA (SeCp) gene in the M. marinum genome. The black line denotes a 
DNA strand, the green box denotes tRNA-SeCp, the light blue box denotes putative genes,  the black box denote 
overlap between predicted genes MM5190 and MM5191. 
 
RNase P RNA and tmRNA expression: tmRNA expression was higher in stationary phase 
and lower in exponential phase but RNase P RNA expression was higher in exponential phase 
and lower in stationary phase (Figure 5B). Maybe more RNase P RNA is needed in the 
exponential phase for RNA processing and more tmRNA is needed to degrade immature 
incomplete polypeptide in the stationary phase. 
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DISCUSSION 
 
tRNA expression in S. coelicolor 
S. coelicolor is a spore forming bacterium. A spore is a type of dormant cell. Soon after 
germination expression of all the tRNAs together with other RNA started. At this time the 
bacteria needs more different types of protein such as DivIVA protein (Flardh, 2003). At 
around 40h tRNA-LeuTTA (bldA) (named because the colonies lack aerial growth and thus 
are ‘bald’) was expressed at the highest level. At this time point the organism starts to 
differentiate into spore. bldA tRNA is directly related to aerial hyphae and spore formation. 
Deletion of the bldA gene of S. coelicolor A3(2), had no obvious effects on primary growth 
but interfered with aerial mycelium formation and antibiotic production (Leskiw, 1993). bldA 
specifies the only tRNA capable of translating efficiently the leucine codon UUA. 
Streptomyces DNA typically contains more than 70 mol% G+C, making TTA codons in the 
genome quite rare. The S. coelicolor genome annotation predicts that only 145 genes contain 
TTA codons and are therefore likely to be directly affected by bldA mutations. This number 
includes 16 encoding proteins likely to be associated with the membrane. The presence of 
TTA codons in 14 likely regulatory genes further increases the potential for bldA mutations to 
alter the range of proteins in this location (Dae-Wi Kim, 2005). After 64 h almost all the aerial 
hypha form spores, which means they again enter the dormant stage. This coincided with 
reduced tRNA expression. RNase P RNA expression was still high at 64h. It would be 
interesting to see how the RNase P RNA was expressed after 64h. 
 
tRNA expression in M. marinum 
A large precursor band was also found in the RNase P RNA hybridization. The putative 
MM3303 gene is downstream and MM3304 is upstream of the RNase P RNA gene. In M. 
marinum RNase P RNA expression was higher in exponential phase, maybe because it is 
necessary to process more precursor tRNA in this phase as compared to stationary phase. 
Sequence homology for putative genes (MM3303 and MM3304, http://www.sanger.ac.uk/cgi-
bin/blast/submitblast/m_marinum) were searched on the web. For MM3304 80% similarity 
was found with M. tuberculosis phosphoglycerate mutase family protein and for MM3303, 
84% similarity was found with M. tuberculosis PE_PGRS (polymorphic GC repetitive 
sequence) glycine-rich family protein. Phosphoglycerate mutase ( EC:5.4.2.1 ) is an enzyme 
that catalyse reactions involving the transfer of phospho groups between the three carbon 
atoms of phosphoglycerate [ 1 , 2 , 3 ]. This enzyme can catalyse three different reactions with 
different specificities, the isomerization of 2-phosphoglycerate (2-PGA) to 3-
phosphoglycerate (3-PGA) with 2,3-diphosphoglycerate (2,3-DPG) as the primer of the 
reaction, the synthesis of 2,3-DPG from 1,3-DPG with 3-PGA as a primer and the degradation 
of 2,3-DPG to 3-PGA. In M. bovis and M. tuberculosis glycine-rich PE_PGRS  proteins are 
found at the surface of the cells and influence both cell surface interactions among 
mycobacteria and the interactions of mycobacteria with macrophages (Brennan, 2001). These 
are mags (macrophage-activated genes) and the proteins are called MAG 24 (Ramakrishnan, 
2000). It has recently been shown that certain members of the PE_PGRS family are expressed 
within host tissues and macrophages infected with M. marinum. PE_PGRS proteins may also 
be expressed by mycobacteria living outside the host cell and may be located at the cell 
surface where they can influence the interactions of mycobacteria with other mycobacteria 
and with the macrophage target cell of the host. Mutation of PE-PGRS genes produced M. 
marinum strains incapable of replication in macrophages and with decreased persistence in 
granulomas. Thus, the mycobacterial PE_PGRS proteins may have multiple roles in the 
infectious process and pathogenicity which culminates in tuberculosis (Ramakrishnan, 2000). 
In the Horizontal Gene Transfer database  (HGT-DB) (http://www.tinet.org/~debb/HGT/) it 
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was shown that PE_PGRS gene was acquired in M. tuberoculosis by horizontal gene transfer 
mechanism. It seems that PE_PGRS gene has some role in causing disease and this gene can 
be part of a PAI as it does not contain separate promoter to activate itself. 
 
The selenocystine tRNA-SeCp(TCA) probe hybridized to a large band of (~1-2kb) (Figure 
5b). Maybe this tRNA is also expressed together with another putative genes such as 
MM5190 and MM5191 that are located immediately downstream of it (Figure 9). The distance 
between the tRNA-SeCp gene and MM5190 is 18 bp and MM5190 and MM5191 genes 
overlap by 13 bp. MM5190 shows 81% similarity with L-seryl-tRNA(Sec) selenium 
transferase (EC 2.9.1.1) and MM5191 shows 84% similarity with a selenocysteine-specific 
translation elongation factor (SelB) of M. tuberculosis. In prokaryotes, the incorporation of 
selenocysteine as the 21st amino acid, encoded by TGA, requires several elements: SelC is the 
tRNA itself, SelD acts as a donor of reduced selenium, SelA modifies a serine residue on SelC 
into selenocysteine, and SelB is a selenocysteine-specific translation elongation factor. Since 
selenocysteine tRNA-SeC loci are most frequently associated with PAIs (Hacker and Kaper, 
2000), it will be interesting to study the function of MM5190 and MM5191 that seem 
expressed together with tRNA-SeCp. Maybe they have some role in pathogenicity.  
 
Both S. coelicolor and M. marinum are grampositive actinobacteria but their life cycles are 
different. Their tRNA expression profiles were also found to be different in this study (Figure 
4 and Figure 6). There is no specific stationary phase of S. coelicolor. In M. marinum tRNA-
Ile and tRNA-Thr2 showed highest expression in exponential phase and stationary phase 
respectively (Figure 7) and in S. coelicolor LeuTTA showed highest expression at ~ 42h. In M. 
marinum RNase P RNA expression was higher in exponential phase but in S. coelicolor 
RNase P RNA expression remain high after 64h (Figure 4 and figure 6). 
 
tRNAs are highly expressed genes in an organisms and directly related to protein synthesis. A 
study of tRNA can give an idea of how an organism is using different amino acids in proteins 
under different condition such as exponential and stationary phase. What type of protein is 
necessary for a particular condition can be understand if tRNA expression is studied at 
different conditions. Further studies can be done such as cloning of some important M. 
marinum tRNA into E. coli and comparing their expression both in E. coli and M. marinum in 
different conditions. One can also study different tRNA expression in different conditions 
such as in anaerobic stress, pH stress, oxygen stress, nitrogen stress, etc because M. marinum 
face these types of stress inside host. Then it will be interesting to see the different tRNA 
expression patterns under those different conditions and how the organism survives there. 
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MATERIALS AND METHODS 
 
Bacterial strains: 
Two gram positive actinobacteria were used in this experiment, S. coelicolor M145 and M. 
marinum. Spores of  S. coelicolor M145 strain were collected from the laboratory of Dr. Nora 
Ausmees and M. marinum strains were collected from the laboratory of Prof. Leif Kirsebom. 
 
Bacterial culture media: 
S. coelicolor was grown in SFM medium [20 g mannitol (Merck), 20 g soy flour (Regular 
from any shop), 15 g bacterial agar (Oxoid bacterial Agar No.1) per 1000 ml of H2O] plate 
and M. marinum was grown in 7H10 medium plate. 7H10 media was prepared using 9.5 g  
7H10 agar powder(Difco, Middlebrook),  5.75 ml glycerol (86%) per 440 ml of H2O. The 
solution was mixed, autoclaved and cooled to 55 ºC. 50 ml OADC (BBL Middlebrook) 
enrichment medium and 5 ml 1% cyclohexamide was added before casting the plates.  
 
Culture conditions: 
All the cells were grown under aerobic conditions. S. coelicolor M145 spores were plated on 
SFM plates and incubated at 30ºC incubator. Cells were harvested after 16h, 20h, 24h, 28h, 
36h, 42h, 48h, and 64h to get the different stages of life cycle (Figure 3). For M. marinum old 
cultures were plated and incubated at 30 ºC. Exponential growth phase cells were harvested 
after 24 h and stationary phase cells were harvested after 7 d of incubation. 
 
Sample collection: 
S. coelicolor cells were harvested by scraping from the surface of the plate into eppendorf 
tubes and immediately transferring the tube into liquid nitrogen. M. marinum cells were 
harvested into 2 ml 0.9% NaCl and centrifuged (Sorvall, RC-3B Refrigerated) at ~ 2054 ×g 
for 30 min. The supernatants were discarded and the pellets were put immediately into liquid 
nitrogen for 10 min and then stored at -20ºC. 
 
RNA preparation: 
RNA was prepared using a TRIzol kit (Invitrogen) for M. marinum and a FastRNA kit Blue 
(Q.Biogene, Bio101 system) for S. coelicolor following the protocol suggested by the 
manufacturer. Optical density of the DNA and RNA were measured using ND-1000 
Spectrophotometer (NanoDrop) at A260 and quality was checked comparing absorbance at 
different wave lengths (A260/A280 and A260/A230) and using provided software. Quality of 
the RNA was further checked by run 10 µg of RNA using TE buffer on a 1.2% agarose gel 
prepared in TE buffer with Ethidium Bromide at 100 V for 1/2 hour. Finally the RNA 
samples were stored at -20 ºC. 
 
Polyacralamide gel electrophoresis and Northern blotting: 
RNA samples were run in polyacrylamide gels using a Bio-Rad northern blot apparatus. 
Acrylamide mix for running polyacrylamide gel electrophoresis (PAGE) can be purchased in 
the form of 40% (w/v) stock solution of acrylamide (194.8 g) and N,N’- methylene-bis-
acrylamide (5.2 g), for a total monomer to cross-linker ratio of 37.5:1. From the 40% stock 
solution a second stock of 25% acrylamide was made using 7M urea containing 1 x TBE (Tris 
Borate EDTA) buffer. An 8% polyacralamide gel was prepared using 17 ml of 25% 
acrylamide, 500 µl of 10% ammonium persulphate (APS), 50µl tetraethyl methyl ethyl 
diamine (TEMED)(Amersham Biosciences). The volume was adjusted to 50 ml with 7 M 
urea containing (TBE) buffer [For 10 x TEB buffer: 46,5grams of EDTA, disodium salt 
(Tritiplex) (0,012M), 275 grams Boric acid (0,445M), 540 grams of  Tris, buffer grade (99%) 
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(0,446M), Dissolve in 5 liters of water. pH of stock is 8,3]. To run the gel TBE buffer pH 8.3 
was used. Approximately 10 µg of RNA was loaded into each well of the gel. RNA loading 
buffer (95% [v/v] formamide, 0.025% [w/v] bromophenol blue, 0.025% [w/v] xylene cyanol, 
5 mM EDTA at pH 8.0, 0.025% [w/v] SDS) was added at a 1:1 ratio to each sample and 
boiled for five minutes before loading. RNA samples were run at 25 W for one and half hour. 
The RNA was then transferred to nitrocellulose membrane (Hybond-N+, Amersham 
Biosciences) overnight using TBE buffer at 15 V and 200 mA. Transferred RNA was then 
crosslinked to the membrane by exposing under 150 mJoules of UV in a UV crosslinker (Bio-
Rad, GS Gene Linker, UV chamber). 
 
Probe labeling: 
2 µl (20 pmol) oligonucleotide (table 2 and table 3) (Sigma Genesys), 6 µl γATP (32P) 
(Amersham Bioscience), 1 µl T4 Polynucleotide Kinase (PNK) (Fermentas) and 3 µl 10x 
buffer (Amersham Bioscience),  were used to label the oligonucleotide probe radioactively. 
The volume was adjusted to 30 µl with H2O. This mixture was incubated for 1h at 37 ºC. The 
labeled oligonucleotides were then purified using QIAquick Removal kit (Qiagen). Finally 50 
µl labeled oligonucleotide was eluted. 
 
Table 2. Oligonucleotide probes for S. coelicolor. 
 

RNA Northern oligonucleotide (5’-3’) probe 

HisGTG 
SerTGA 
GlyCCC 
LeuGAG 
ProCGG 
LeuCAA 
LeuTTA(bldA) 
TrpCCA 
ValGAC 
CysT 
MetCAT 
IleGAT 
TyrGTA 
GluCTC 
RNaseP 
5SrRNA 

AACCAGGTGCTCTACCAGCTGAG 
TTTTCAAGACCGTTCCCTTAGGC 
GCTTGGGAAGCTGATGTTCT 
CTCAAGCTAGCGCGTCTG 
CCACGACCTCTTCGTCCCGAACG 
CACGCTGTCGGTGGTTTGAG 
TTAAGCTCGCCGTGTCT 
CCCCAACCGCTGGTTTTGGAG 
ACCTCTTCCGTGTCAGGGAAGC 
ACCCGTGTAGACGGCTTTGCAG 
CCGGTGACACAGCGATTATG 
TTATCAGGGATGCGCTCTAAC 
TACAGTCTGCTCCCTTTGGCCG 
CGTGCTAGGCCGCTACACAACGGG 
GAGCCCGGACGTTCCTCG 
CCCTGCAGTACCATCGGCGCT 

 
Hybridization: 
All hybridizations were done in glass hybridization tube (Amersham Bioscience) at 42 ºC 
using Church hybridization buffer. Church buffer contained 5g bovine serum albumin (BSA), 
1 ml EDTA 0.5 M (1 mM final), 250 ml 1 M NaH2PO4 (0.5 M final),  20% SDS (Sodium 
dodecyl sulfate) 175 ml (7% final) per 500 ml. For preparation of 1L NaH2PO4, 134 g 
Na2HPO4 (7H2O), or 179 g Na2HPO4 (12 H2O), and 4 ml of 85% H3PO4 were used, pH was 
adjusted to 7.2. UV crosslinked membrane was put in a hybridization tube RNA side up. 10 to 
15 ml of Church buffer was added and the sample incubated for 30 min at 42 ºC in 
hybridization oven (HYBAID, Shake & Stack). Then 25 µl (10 pmol) of labeled 
oligonucleotide probe was added for hybridization. Hybridization was carried out overnight.   
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Table 3. Oligonucleotide probes for M. marinum. 
 

RNA Northern oligonucleotide (5’-3’) probe RNA Northern oligonucleotide (5’-3’) probe 

Ile 
Tyr 
Trp 
Cys 
Asn 
His 
Asp 
Phe 
SeCp 
Leu1 
Leu2 
Leu3 
Leu4 
Leu5 
Ala1 
Ala2 
Ala3 
Gly1 
Gly2 
Gly3 
Thr1 
Thr2 
Thr3 
Met1 
Met2 

CGAACCTCCGACCTCTTC 
CAGGATTCGAACCTGTGTAG 
GGACTTGAACCTGCAACCTG 
GGAATCGAACCCGTGTG 
GAGGACTCGAACCTCCAAC 
GACCCCCAGGATCACAACCT 
GACTCGAACCCGCGACCT 
GATCGAACCGCCGACCTTC 
CCAACGGCAGCAGCTGTC 
GACACTGTGCGGATTTTAAGT 
CATGTTTGCCAATTTCATC 
GTTTTGAATCCGTTTCC 
CCCATTAGTAGGGCACTAG 
GTCCCGAAGGACACTGGCACCTG 
CACCCGCCTTGCAAAGGC 
CTACTCGATGCGAACGAGTC 
CACACTGCCAGTGTGGTGC 
GCTAGTTTGGAAGACTAGG 
CCCTCACCTTGGCAAGG 
GTATTCAGCTTGGGAAGC 
GCCTAGGAGAATCGAACTCC 
CGTTGACCTTTTCCTTACCATG 
GCTCGCTTACAAGGCGAG 
CGGATTATGAGTCCGCG 
GAGCTACCGAGCTGCTCC 

Met3 
Gln1 
Gln2 
Glu1 
Glu2 
Val1 
Val2 
Val3 
Pro1 
Pro2 
Pro3 
Arg1 
Arg2 
Arg3 
Arg4 
Lys1 
Lys2 
Ser1 
Ser2 
Ser3 
Ser4 
RNaseP 
tm 
5SrRNA 

CGTTCGCTCTAACCG 
GATTACACCACGACGG 
GCTGGGGTACCAGG 
GATGGGATTCGAACCCAC 
CGGGATTCGAACCCGTG 
GCTGGTGTGTAAAACC 
CCGCGTGTGAAGCGGAC 
CTCTTCCGTGTCAGGGA 
CACTTGACCCCCAGTC 
CCGCTCCCAAAGCGGA 
CGTCCCGAACGAAGCG 
CCGGCTTTAGGAGAGCCG 
CTGCTCCGGAGGCAGAC 
GGGATTAGAAGGCCCT 
CCTAACCTTCTGATCCGT 
CGCCGTCAGGGTTTC 
CCCCCACTAGGACTC 
GAGGGCTATTAACCCAACC 
GCCGTCACACGCTTTCG 
GGGGGACAACTCATTAGCA 
GCCGTCTCTCGCTTTCA 
AAGTCCGGACTTTCCTCG 
GCATCGACGCTTACGGTGGTC 
GGAATGGGACCGGGCGTTTCC 

 
Washing: 
After hybridization, membranes were washed using four different washing solutions(2 x SSC 
(20 x SSC: 3M NaCl 0.3M Na-citrate); pH 7.0+ 0.1% SDS, 1 x SSC + 0.1% SDS, 0.5 x SSC 
+ 0.1% SDS and 0.1 x SSC + 0.1% SDS) gradually from higher SSC conc. to lower SSC conc. 
in the hybridization tube for 10 min using 50 ml wash solution  each time. Both hybridization 
and washing were done at the same temperature. After washing, the membranes were soaked 
into 2 x SSC, wrapped in plastic warp and exposed to cassette for 17 h and finally imaged in 
the PhosphorImager (Molecular Dynamics).All the membranes were hybridized with  an 
oligonucleotide  probe for 5S rRNA to normalize the result. The radioactivity was quantified 
by using ImageQuant software.  
 
Artemis (www.sanger.ac.uk) and Bioedit software were used for genomic analysis. tRNAs 
were analyzed by tRNAScan-se in M. marinum using Artemis software.  
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Appendix 1 
 
Northern blot hybridization of 46 tRNAs, RNase P RNA and tmRNA of M. marinum. M- 
marker, E- Exponential growth phase sample, S- Stationary growth phase sample. 5SrRNA 
hybridized band is shown under each tRNA lane. Arrow indicates the mature tRNA band 
where more than one bands are present. 
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Appendix 2 
 
tRNA expression among different isoacceptors in M. marinum. tRNA values were obtained 
after 5SrRNA normalization. Ex - Exponential growth phase sample hybridization and St- 
Stationary growth phase sample hybridization. 
 

                       
 


