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1. Introduction
Hairpin loop structures, formed in mRNAs of E. coli, are believed to be involved with transcription termination [1]-[9]. There are two different mechanisms for transcription termination in E. coli: rho-dependent and rho-independent termination. In rho-independent termination, the elongation process of RNA polymerase is believed to be terminated by a hairpin loop in the tertiary structure of mRNA, while in the rho-factor dependent process transcription is terminated by the interaction of the rho factor protein with RNA polymerase. Many researchers think that this is the general mechanism of procaryotic transcription termination.
In the present study, we systematically computed the free energy values of mRNA tertiary structures around stop codons in order to surmise the hairpin-forming potential for all genes in each of the eleven complete procaryote genomes-- E. coli K-12 [15], H. influenzae Rd [10], B. subtilis [17], Mycoplasma genitalium [11], Mycoplasma pneumoniae [12], Synechocystis PCC6803 [13], Helicobacter pylori [16], Borrelia burgdorferi [20], Methanococcus jannaschii [14], Archaeoglobus fulgidus [18], and Methanobacterium thermoautotrophicum [19]--.
Methods
The free energy values were calculated using the RNA tertiary structure prediction program, "RNAfold", developed by Hofacker et al [21]. The "RNAfold" program applied the algorithm used in a program called "mfold" [22]. We set the window gauge at 60 bp, and the window is shifted by 10 bp. A nucleotide sequence length of 60 bp is, thus, fed to the RNAfold program each time the window is shifted. Putative free energy values are computed from 200 bp upstream to 200 bp downstream of each stop codon. The average free-energy values at each point around the stop codon over all ORFs were then plotted.
Results and discussion
In procaryotes, several genes in a specific pathway are often organized into an operon, which is transcribed into a polycistronic mRNA. Those genes within an operon, except the last gene, are not involved in transcription termination. Since reliable operon prediction from genome sequence is not possible, we are unable to reliably distinguish genes with termination sites from those without. However, we know that regions between two ``end-on'' genes with opposite directions must contain transcription termination sites for these genes. We classified all intergenic regions into the following three categories: The direction of two adjacent genes can be the same direction (-- > -->), "end-on" (--> <--), or "head-on" (<-- -->). While transcription termination sites must always exist between "end-on" genes, there may or may not exist a termination site between genes in the same direction, since they may be a part of an operon structure. Termination sites usually do not exist between "head-on" genes.
Figure 1 shows the free-energy values around stop codons for each of the three orientations of adjacent genes. In E. coli K-12, H. influenzae Rd, and B. subtilis, we observed a sharp drop in free-energy values between "end-on" genes, but much less between genes in the same direction, and no steep drop is found between "head-on" genes. Those results validate our assumption that these free-energy drops indeed represent hairpin-forming sequences at transcription termination sites. On the other hand, eight other procaryotes-- Mycoplasma genitalium, Mycoplasma pneumoniae, Synechocystis PCC6803, Helicobacter pylori, Borrelia burgdorferi, Methanococcus jannaschii, Archaeoglobus fulgidus, and Methanobacterium thermoautotrophicum-- had showed no apparent decrease in free energy value at the corresponding regions. This result suggests that these procaryotes, or at least some of them, may never form hairpins at their transcription termination sites.Finally, it should be noted that the lack of apparent free-energy drop does not necessarily indicate the complete absence of hairpins. However, their involvement with transcription termination, if any, is probably different qualitatively from that of the species with apparent hairpin formation. We therefore conclude that the well-understood mechanism of transcription termination of E. coli involving hairpin formation is not a universal mechanism of procaryotes.
 
Fig. 1. Free enery values around stop codons foreach of the three orientations of adjacent genes
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