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Analysis of complete genomes suggests that many
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Free energy values of MRNA tertiary structures around
stop codons were systematically calculated to surmise
the hairpin-forming potential for all genes in each of
the 16 complete prokaryote genomes. Instead of trying
to detect each individual hairpin, we averaged the free
energy values around the stop codons over the entire
genome to predict how extensively the organism relies 2
on hairpin formation in the process of transcription g
termination. The free energy values of  Escherichia coli i
K-12 shows a sharp drop, as expected, at 30 bp :
downstream of the stop codon, presumably due to
hairpin-forming sequences. Similar drops are ob-
served for Haemophilus influenzae  Rd, Bacillus Pasitionts)

subtilis and Chlamydia trachomatis , suggesting that

these organisms also form hairpins at their trans-

cription termination sites. On the other hand, 12 other Figure 1. Free energy values around stop codons of individual genes in
prokaryotes— Mycoplasma genitalium , Mycoplasma E.coliK-12.

pneumoniae , Synechocystis PCC6803, Helicobacter
pylori , Borrelia burgdorferi , Methanococcus jannaschii
Archaeoglobus fulgidus , Methanobacterium thermo-
autotrophicum , Aquifex aeolicus , Pyrococcus horiko-
shii, Mycobacterium tuberculosis  and Treponema
pallidum —show no apparent decrease in free energy
value at the corresponding regions. This result
suggests that these prokaryotes, or at least some of
them, may never form hairpins at their transcription
termination sites.

Free energy
{Kgal/mal)

with RNA polymerase. Many researchers think that this is the
general mechanism of prokaryotic 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 16 complete prokaryote genomes. It has been shown
by d’Aubenton Carafat al (10) that prediction of a hairpin
structure is not feasible using the free energy alone. Instead of
trying to detect each individual hairpin, however, we classified all
genes according to their direction and averaged the free energy
values around the stop codons over the entire genome to predict
how extensively the organism relies on hairpin formation in the
process of transcription termination.

INTRODUCTION

Hairpin loop structures, formed in mRNAE$cherichia coliare

believed to be involved with transcription termination. There arg;ATERIALS AND METHODS

two different mechanisms for transcription terminatiog icoli:

rho-dependent and rho-independent terminatie®)( In rho-  The entire genome sequences of the following organisms were
independent termination, the elongation process of RNA polydownloaded from National Center for Biotechnology Information
merase is believed to be terminated by a hairpin loop in the tertigfMCBI) (ftp://ncbi.nim.nih.gov/ )Haemophilus influenzaRd
structure of mRNA, while in the rho factor-dependent proces$ll), Mycoplasma genitaliunil2), Methanococcus jannaschii
transcription is terminated by the interaction of the rho factor proteifi3), Helicobacter pylori(14), Archaeoglobus fulgidugl5),

*To whom correspondence should be addressed. Tel: +81 466 47 5111; Fax: +81 3 3440 7281; Email: mt@sfc.keio.ac.jp
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Figure 2. Free energy values around stop codons for each of the three orientations of adjacent genes.
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Borrelia burgdorferi(16), SynechocystiBCC6803 17), Myco- a
plasma pneumonia@ 8), E.coli K-12 (19), Methanobacterium 1
thermoautotrophicum(20), Bacillus subtilis (21), Chlamydia 2 '
trachomatis(22), Aquifex aeolicug23), Pyrococcus horikoshii 3
(24), Mycobacterium tuberculosi§?5), Treponema pallidum 8

(26) andSaccharomyces cerevisiaBromosome VIZ7). ? -4
The putative genes including a terminator sequené&ecoli g5 "
were obtained from thE.coli database collection (ECDC)g), 2, I
which has links to the EMBL Databas®). For reduction ofdata ~ — ”"‘"l
bias from these sequences, coding sequences without a descrif " - =
of ‘terminator sequences’ and coding sequences with an ambigu 15

description such as ‘terminator-like sequences’ were eliminate 1

from our analysis. The total number of these genes used int |
analysis is 111.
The free energy values were calculated using the RNA tertia
structure prediction program, ‘RNAfold’, developed by Hofackel Positiontbo}
et al (30), whose algorithm is based on that of ‘mfoldll), We
set the window size at 60 bp, and the window is shifted by 10 bp.
A nucleotide sequence length of 60 bp is, thus, fed to the RNAfolgligure 3. Free energy values of the known terminator sequengesifik-12.
program each time the window is shifted. In this way, putative
free energy values are computed from 200 bp upstream to 200 bp
downstream of each stop codon. Free energy values at each base

position around the stop codon over all ORFs were averaged ang, verify that the free energy drop is indeed due to hairpin-

plotted. rmin - : .

L g sequences, we did the same analysis of Bragli
F\_Nelals|_(|3 plotted free etr;]ergy vzlatlues for"each |tn<_:i|V|c:uaI ORfranscription termination sequences, which have been confirmed
(Fig. 1). However, since the result generally contains too mug laboratory experiments to form hairpin loo@s,29). The

fluctuation to predict hairpin structures, we shall not discuss eacq its are shown in Figuge (The window is shifted by 5 bp

individual hairpin prediction any further in this paper. instead of 10 bp.) The steeper drop appears at the same locatior
as the free energy drop between ‘end-on’ genes, confirming that
those drops are due to hairpin-forming sequences.
RESULTS AND DISCUSSION We also analyzeH.coli andSynechocystBCC6803 genomes
with several different window sizes: 30, 40, 50 and 60 bp.
In prokaryote genomes, several genes in a specific pathway &igure4 shows the correlation between the window size and free
often organized into an operon, which is transcribed into anergy values between ‘end-on’ genek.icoli andSynechocystis
polycistronic mMRNA. Those genes within an operon, except tHeCC6803. InE.coli, we observed similar drops in all of the
last gene, are not involved in transcription termination. Sinceindow sizes, while itsynechocystRBCC6803, no drop appears
reliable operon prediction from genome sequence is not possibile any of them, confirming that the results of our analyses do not
we are unable to reliably distinguish genes with termination siteepend on the window size of 60 bp.
from those without. However, we know that regions between two We observed a significant peak in free energy values a few
‘end-on’ genes with opposite directions must contain transcriptiobases before the stop codon in all species egceptevisiaeln
termination sites for these genes. We classified all intergengeneral, low GC content yields high free energy values, and
regions into the following three categories: the direction of twaoding regions right before a stop codon are reported to have low
adjacent genes can be the same direction (— > —>), ‘end-on’ (— <G content §2). We thus studied the relationship between free
or ‘head-on’ (<— —>). While transcription termination sites musenergy values and GC content. In each species examined, we
always exist between ‘end-on’ genes, there may or may not exatserved an apparent drop in GC content at the same location as
a termination site between genes in the same direction, since theg observed peak in free energy values (B)igTherefore we
may be a part of an operon structure. Termination sites usually dospected that the increased free energy values around these
not exist between ‘head-on’ genes. regions are merely due to the decreased GC conteRtcdri
Figure2 shows the free energy values around stop codons f&12, H.influenzaeRd, B.subtilisand C.trachomatis however,
each of the three orientations of adjacent genes for the 1ie sharp drop in free energy values at 30 bp downstream of the
prokaryotes ané.cerevisiaeln E.coli K-12, H.influenzaeRd,  stop codon does not appear to be correlated to the GC content
B.subtilisand C.trachomatiswe observed a sharp drop in free(Fig. 6). More precisely, the correlation values between free
energy values between ‘end-on’ genes, but much less betwesmmergy values and GC content for 16 prokaryoteSaredevisiae
genes in the same direction, and no steep drop is found betweea computed and listed in Talle The correlation values in
‘head-on’ genes. This is consistent with the reportitadlihas  E.coli K-12, H.influenzaeRd, B.subtilisand C.trachomatisare
palindromic sequencé&80 bp downstream of the stop codon forclose to 0, indicating that free energy values of these species are
transcription terminatioriLQ). However, in the other 12 prokaryotes, independent from their GC content.
as well as irs.cerevisiagno such characteristic decrease in free Summary of our analyses is shown in TahleA possible
energy values is found. These results lead us to suspect that thegalanation for the lack of free energy dropsMimgenitalium
12 prokaryote species do not form hairpin loops for transcriptiokl.pneumoniae  H.pylori,  B.burgdorferj  Synechocystis
termination. PCC6803, M.jannaschij A.fulgidus M.thermoautotrophicum
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andT.pallidumis that their transcription termination processes daincharacterized mechanism for transcription termination.
not involve hairpin formation. Helicobacter pylori B.burgdorferj A.aeolicusand M.tuberculosis
RNA polymerase Il inS.cerevisiads believed to terminate are the only species whose genome has a rho-factor homologous
transcription without hairpin formation. RNA polymerase ingene but no apparent drop in free energy for unknown reasons. Of
archaebacteria is known to have structural features more simithe 16 species analyzed, the rho-factor gene or a gene homologous
to eukaryotic RNA polymerase 1l than to that of eubacteria. It i® it has been identified .coliK-12,H.influenzadrd,B.subtilis
therefore plausible that the four archaebactégaqnaschii  H.pylori, B.burgdorferj C.trachomatis M.tuberculosis and
A.fulgidus M.thermoautotrophicumand P.horikoshi) do not  T.pallidum(19,11,21,14,16,22,25,26 respectively).
form hairpin structures for transcription termination. Apart from its role in transcription termination, the hairpin
With respect to the three eubactdigienitalium M.pneumoniae  structure is reported to be resistant to exonuclease, and it may play
and Synechocysti®CC6803, no gene homologous to the rha role in mMRNA structure stability38-35). As seen in Tablg,
factor gene has been identified in their genomes. It is thereforeo of the hairpin-forming specids,coli K-12 andH.influenzae
tempting to speculate that they have a qualitatively different ari@id, have genes for the exonucleases PNPase and RNasell (of
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Figure 6. Relation between free energy values and local GC conténtati K-12, B.subtilis SynechocystiBCC6803 an.cerevisiacChr VI.
Table 1.Summary of the analysis hand, have only RNasell, but does not show an apparent free
_ : energy drop. No clear correlation between possession of exo-
>> ><_ Domain Free energy drop Rho factor PNPase RNase Il Correlation . . . .
A lgidus T o A No MO MO Mo 02 nuclease genes and hairpin formation is seen.
B szglsg;en 620 230 B QUESTIONABLE YES ~ NO  NO 023 Finally, it should be noted that the lack of apparent free energy
Bsubllls s B e NSNS v o drop does not necessarily indicate the complete absence of
E coli K-12 3025 1264 B EVIDENT YES YES YES 0.28
Mcﬂ;)l;uenzae Rd 1232 446 B EVIDENT YES YES YES 0.38 halrplns Some Of the SpeCIeS may have Only Sma” Or Weak
H. pylori 1216 350 B QUESTIONABLE YES  YES  NO 003 hairpin formation at transcription termination site. Alternatively,
M. genitalium 391 76 B QUESTIONABLE NO NO NO -0.33 . . - . .
M. jannaschii 1209 508 A NO NO NO  NO 057 if the distance between a hairpin structure and a stop codon varies
W homosoroptiom 1397 412 A MO o No  No Mo om  uniformly, the average free energy values would not show a sharp
P horkoati s w0 A moTPENS No o 22 drop. In either case, however, their transcription termination
Synechocystis PCCGB03 2095 1074 B No NO  YES 090 mechanism is probably different qualitatively from that of the
T. pallidum 766 266 B  QUESTIONABLE YES NO YES -0.75 . . .
S. cerevisiae Chr VI 31 409 E_NO NO  NO  NO -099 species with an apparent drop in free energy values. We therefore

conclude that the widely accepted model of transcription

B, eubacteria; A, archaebacteria; E, eucaryotes. YES, indicates that the gene °rf§rmination of E.coli invoIving hairpin formation is not a
homolog has been identified in the genome; NO, that it has not been identifiechniversal mechanism of prokaryotes

Columns with headings >> and >< show the number of uni-directional and
‘end-on’ gene pairs. The column headed Correlation shows the correlation va-
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