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ABSTRACT

Messenger RNA (mRNA) processing plays important roles in gene expression in all domains of life. A number of cases of mRNA
cleavage have been documented in Archaea, but available data are fragmentary. We have examined RNAs present in
Methanocaldococcus (Methanococcus) jannaschii for evidence of RNA processing upstream of protein-coding genes. Of 123
regions covered by the data, 31 were found to be processed, with 30 including a cleavage site 12–16 nucleotides upstream of
the corresponding translation start site. Analyses with 39-RACE (rapid amplification of cDNA ends) and 59-RACE indicate that
the processing is endonucleolytic. Analyses of the sequences surrounding the processing sites for functional sites, sequence
motifs, or potential RNA secondary structure elements did not reveal any recurring features except for an AUG translation start
codon and (in most cases) a ribosome binding site. These properties differ from those of all previously described mRNA
processing systems. Our data suggest that the processing alters the representation of various genes in the RNA pool and
therefore, may play a significant role in defining the balance of proteins in the cell.
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INTRODUCTION

Transcription is often only the first step in the series of
processes leading to a functional RNA. Many newly
synthesized RNAs are processed into a mature functional
form. Although RNA processing occurs in all domains of
life, our knowledge of the systems in Archaea is limited
compared with those in Eucarya and in Bacteria.

RNA processing involves molecular alterations: nucleo-
lytic cleavages and trimming, terminal additions of nucleo-
tides, and nucleoside modifications. The processing of
transfer and ribosomal RNAs in Archaea is similar to that
in Eucarya and Bacteria. In outline, the 59 ends of tRNAs
are processed by RNase P (Frank and Pace 1998; Xiao et al.
2002), and the 39 ends are processed by RNase Z in all
domains of life (Schiffer et al. 2002). Introns in pre-tRNAs
are removed by splicing endonucleases (Tocchini-Valentini
et al. 2005; Calvin and Li 2008). The archaeal endonucle-
ase that removes tRNA introns is also involved in rRNA
processing (Tang et al. 2002). The rRNAs of Archaea are

cleaved from a pre-rRNA primary transcript (Potter et al.
1995), a process also found in Eucarya and Bacteria (Perry
1976). Maturation of rRNAs and particularly tRNAs also
involves nucleoside modifications (Perry 1976; Hopper and
Phizicky 2003; Omer et al. 2003).

The processing of messenger RNAs (mRNA) is less
understood and differs greatly among the domains. Com-
monly, eukaryotic pre-mRNAs undergo 59 capping, 39

polyadenylation, and splicing before they are transported
to the cytoplasm for translation into proteins. Bacterial
mRNAs are not 59 capped, and only 1%–40% are 39

polyadenylated (Sarkar 1997). When they are polyadenyl-
ated, the length added (14–60 nucleotides [nt]) is shorter
than the 80–200 nt added to eukaryotic mRNAs (Sarkar
1997). In contrast to eukaryotic poly(A) tracts, which
usually stabilize mRNA against degradation by nucleases,
the polyadenylation of a bacterial mRNA targets it for rapid
degradation by 39/59exonucleases (Sarkar 1997). With
rare exceptions, bacterial mRNAs do not have introns; so,
no splicing is required before translation. Frequently,
bacterial polycistronic mRNAs are cleaved into smaller
mRNA segments with differing stabilities, a process that
allows differential expression of genes in the same operon
(Grunberg-Manago 1999; Rauhut and Klug 1999).

Like bacterial mRNAs, archaeal mRNAs are not 59

capped. Evidence of poly(A) at the RNA 39 ends has been
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reported in two Archaea: Methanococcus vannielii (Brown
and Reeve 1985) and Halobacterium halobium (Brown and
Reeve 1986). However, later studies have not found poly(A)
on RNAs from Methanocaldococcus jannaschii (Best 2001)
or haloarchaea (Portnoy et al. 2005; Brenneis et al. 2007).
The vast majority of archaeal mRNAs lack introns. As in
bacteria, many archaeal genes are transcribed polycistron-
ically. There has been no systematic study of internal
nucleolytic cleavage of archaeal mRNAs, but this processing
appears to be relatively common. A survey of published
Northern blot analyses found evidence of smaller mRNA
species in z40% of more than 100 gels examined (J Zhang,
unpubl.). Data showing RNAs smaller than the primary
transcript appear in many studies (e.g., Auer et al. 1989;
Kalmokoff and Jarrell 1991; Maupin-Furlow and Ferry
1996; Offner et al. 1996; Kessler et al. 1998; Ruppert et al.
1998). Because the data are distributed across more than 20
different archaeal species, it is difficult to draw general
conclusions. In addition, the methods used in these studies
(mostly Northern blots and primer extension) often cannot
differentiate primary transcript ends, sites of specific
nucleolytic cleavage, and ends resulting from nonspecific
RNA degradation.

Methanocaldococcus (formerly Methanococcus) jannaschii
is the first archaeon to have its genome fully sequenced (Bult
et al. 1996). Its 1.7-Mb genome encodes >1700 protein-
coding genes, and the protein products of >1000 (z60%) of
these genes have been detected by mass spectrometry (Zhu
et al. 2004). The high fraction of genes expressed under
standard growth conditions makes this an ideal organism
for studying archaeal gene expression. In a previous study,
we experimentally mapped the transcription start sites of
over 100 M. jannaschii protein-coding genes (Zhang et al.
2009). To distinguish the ends of primary transcripts from
RNA 59 ends produced by processing events, we used
59-RACE (rapid amplification of cDNA ends) with a mod-
ification introduced by Bensing et al. (1996). Based on
the 59-RACE data, we found that z20% of the mapped
transcripts were processed at one or more sites upstream of
their translation start codon (Zhang et al. 2009).

In this article, we present more detailed analyses of the
processed RNAs. We also examine intergenic regions of
some polycistronic transcripts for evidence of mRNA pro-
cessing between genes. By comparing results of 59-RACE
with those of 39-RACE, we determine whether the processing
is the result of an endonucleolytic or exonucleolytic activity.
Finally, we analyze the context of the processing sites for
clues regarding the signals that might direct the processing.

RESULTS AND DISCUSSION

mRNA processing sites

In a study of promoters in M. jannaschii, we examined
transcripts of 135 protein-coding genes using 59-RACE

(Zhang et al. 2009). To differentiate the 59 ends of (1) pri-
mary transcripts, (2) processed RNAs, and (3) RNA degra-
dation products, we applied a modification of 59-RACE
in which results for untreated RNA samples are com-
pared with those for RNAs that have been treated with
tobacco acid pyrophosphatase (TAP) (Bensing et al. 1996;
Zhang et al. 2009). In 59-RACE, T4 RNA ligase is used to
add a linker RNA to the 59 ends of the RNA molecules,
allowing identification of the 59 ends by RT-PCR and
sequencing. To accept the linker, an RNA must have a 59

monophosphate group. Thus, a primary transcript can
accept the linker only after its 59 triphosphate group has
been converted to a monophosphate by treatment with
TAP. In contrast, an RNA that has been processed usually
has a 59 monophosphate, so it can accept the linker with or
without TAP treatment. An RNA product of nonspecific
degradation most commonly has a 59 hydroxyl group and
therefore cannot accept the linker regardless of treatment
(i.e., it is not detectable by 59-RACE). Of the 135 genes
previously examined, 110 yielded 59-RACE products,
allowing us to identify one or more transcription start sites
(59 triphosphate termini) upstream of 107 of the genes
(Zhang et al. 2009). Moreover, these data reveal one or
more RNA processing sites (59 monophosphate termini)
upstream of 23 of the 110 genes (Table 1; see Supplemental
Fig. S1B in Zhang et al. 2009).

To maximize the discovery of promoters, we had chosen
each of the previously examined genes (based on genomic
context) as likely the initial gene of its respective transcript
(Zhang et al. 2009). To see whether processing occurs
between genes in polycistronic mRNAs, we selected 14
intergenic regions for 59-RACE analysis (Fig. 1). In one
case, MJ0217, we observed a processing site, but also an
unexpected transcription start site inside the upstream
gene. Therefore we include this gene in the above count
of ‘‘initial genes.’’ Of the remaining 13 intergenic regions
examined, we observed RNA processing in eight (Fig. 2A;
Table 1). Although these numbers are small, there is a
significantly (P < 0.01) greater occurrence of processing in
intergenic regions (8/13) than in the regions preceding the
initial gene of a transcription unit (23/110).

The mRNA processing is endonucleolytic

The above observations are of RNAs with processed 59

ends. These could be due to an endonucleolytic cleavage, or
a 59/39 exonuclease activity. If the mRNA processing were
endonucleolytic, then the cleavages would also produce
RNAs with corresponding 39 ends, whereas an exonuclease
would degrade all upstream sequences. We used 39-RACE
to search for 39 ends of upstream cleavage products. An
RNA linker was ligated to the 39 ends of cellular RNAs, and
specific RNAs were sought by RT-PCR amplification
between a gene-specific primer and the linker-specific
primer. Products were verified by sequencing.
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We applied this analysis to the RNA
upstream of each of the above eight
intergenic processing sites and that of
MJ0217 (Fig. 2B). These analyses iden-
tified discrete RNA 39 termini follow-
ing MJ0217 and MJ0891, the genes
immediately upstream of MJ0216 and
MJ0892 (Table 1, solid overbars). The
observed RNA 39 ends are precisely
those expected if endonucleolytic cleav-
ages produce the processed 59 ends
upstream of MJ0216 and MJ0892. The
39-RACE technique cannot distinguish
a processed 39 end from a transcription
termination location (both of which
leave a 39 hydroxyl group), but the
coincident end locations lead us to
conclude that in each case the pair of
RNAs comprises the two products of an
endonucleolytic cleavage of a common
transcript.

For the other seven genes examined
by 39-RACE we did not observe distinct
PCR bands in the gels. Instead, we ob-
served a faint smear (Fig. 2B), a char-
acteristic of heterogeneous 39 ends. In
Bacteria, heterogeneous 39 ends are very
common on mRNAs due to the 39/59

exonucleolytic decay of the RNA (Steege
2000). To detect specific RNA 39 ends in
the heterogeneous mixture, we used an-
chored 39 primers for PCR amplifica-
tion. These primers have 14 nt comple-
mentary to the 39 RNA linker, followed
by an additional 6 nt that are gene spe-
cific (Fig. 3). Using this approach, we
detected the predicted 39 ends of an
additional four upstream RNAs (dotted
overbars in Table 1). These results dem-
onstrate the existence of the predicted
RNA segments but do not prove that
they result from the processing event
observed in the 59-RACE. Although
we consider it unlikely, they could
originate by exonucleolytic degradation
from the 39 end of the polycistronic
primary transcript. The predicted 39

ends of the remaining three RNAs were
not observed, even with anchored 39

primers (Table 1, wavy overbars).
Overall, our data are consistent with

endonucleolytic cleavage of the tran-
scripts. In most cases, this seems to be
followed by 39/59 exonucleolytic deg-
radation of the upstream segment from

TABLE 1. Messenger RNA processing sites

aMethanocaldococcus jannaschii gene designation. The suffixes p1 and p2 distinguish
distinct (separated by more than 2 nt) processing sites of the same transcript.
bData about the processing site(s): single underscore indicates region covered by one
59-RACE product; double underscore, region covered by two 59-RACE products; heavy
underscore, region covered by three 59-RACE products; single overbar, region covered by
one 39-RACE product; double overbar, region covered by two 39-RACE products; heavy
overbar, region covered by three 39-RACE products; dotted overbar, predicted upstream
RNA that was confirmed by anchored 39-RACE; and wavy overbar, predicted upstream RNA
that was not observed in anchored 39-RACE. Additional sequence features: bold font
indicates translation start codon of the downstream gene; dark gray shading, complemen-
tarity to the 39 end of the 16S rRNA (59-GGAGGUGA-39) (ribosome binding site, RBS); and
light gray shading, additional sequences that would be included in an RBS if it included the
full eight nucleotides.
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the newly exposed 39 end, though there appear to be gene-
to-gene differences in this latter activity. These data are not
consistent with the observed processing being due to a
59/39 exonuclease activity, which would not generate the
RNAs observed by 39-RACE.

Sequence analyses of mRNA processing sites

RNA primary structure is usually a major determinant of
internal cleavage of mRNAs. For example, RNase E, a
central endonuclease in Bacteria, exhibits sequence conser-
vation near its cleavage site (Cohen and McDowall 1997).
To look for common sequence features near the M.
jannaschii mRNA processing sites, we performed a motif
search using the program MEME (Bailey et al. 2006). As
input, the DNA sequences flanking each processing site
(positions �16 to +17, relative to the site) were retrieved
from the M. jannaschii genome. When we searched for
motifs that occur either zero or one times per sequence, the
only motif found by MEME was the ribosome binding site
(RBS). When we restricted the search to sequences down-
stream from the RBS, the only additional motif found was
the AUG start codon. When we restricted the search to
sequences upstream of the RBS, no motifs were found.

Of the 31 processed transcripts, 30 include a processing
site 14 6 2 nt upstream of the translation start site (the
exception being the transcript of MJ0499) (Table 1). The
recurring pattern of mRNA cleavage at this location has not
been previously reported, and suggests a relationship to
translation. The only processing site upstream of MJ0499

falls outside of this range, and five of the
other transcripts also include an addi-
tional site outside of this range. We
have examined the sequences surround-
ing these six ‘‘noncanonical’’ sites for
overlooked small open reading frames
or shared features, and have not found
any. Due to the uncertainty in the
relationship between the 30 sites that
are at a canonical spacing (14 6 2 nt
upstream of the initiator codon) and
the six that are not, most of our analyses
below focus on the 30 sites.

For each of the three features com-
monly present near the processing sites
(an initiator codon, a RBS, and the
cleavage site per se), we constructed
alignments to examine the sequences
surrounding the processing sites an-
chored on that particular feature. To
visually assess conservation, we repre-
sented the aligned sequences as energy-
normalized sequence logos (Workman
et al. 2005). The alignment anchored on
the initiator codon is shown in Figure 4;

we see a completely conserved translation start codon
(AUG), a G-rich region corresponding to the RBS, and a
slightly AU-rich region. Consistent with the results with
MEME, no other sequence conservation near the cleavage
site was observed in these logos.

All 30 canonical processing sites are followed by an AUG
initiator codon, even though z13% of the genes in this
organism use UUG and GUG initiators. Over the 123 genes
for which we have data, a comparison of start codon usage
shows a marginally significant (P < 0.05 in a x2 test)
enrichment of AUG start codons among processed RNAs
relative to nonprocessed RNAs (Table 2). An AUG start
codon is clearly not sufficient for RNA processing; 79 of the
109 genes with an AUG start codon do not display an
upstream processing site (Table 2).

The processing of upstream regions is not correlated
with the presence or absence of an RBS (Table 2). A x2 test
shows no significant difference in RBS presence between
processed and nonprocessed RNAs.

We noted an AU-rich region 8 nt upstream of the most
common cleavage location (Fig. 4). However, a similar
enrichment is seen in the same region of the nonprocessed
transcripts. This AU richness is primarily an excess of A,
which is perhaps the best compositional bias to avoid
forming secondary structures that might block access to an
RBS and/or initiator codon.

RNA processing can also be directed by secondary struc-
ture, as seen with RNase III (Nicholson 1999), RNase P
(Kazantsev and Pace 2006), and RNase M5 (Stahl et al. 1980).
No secondary structures stable at 85°C, the optimal growth

FIGURE 1. Survey of RNA processing sites in operons. + indicates regions with processing
observed (exact sites are in Table 1); �, regions with processing not observed; and n.d.,
experiment not done. Promoters are indicated with a bent arrow. In particular, note that there
is a promoter upstream of MJ0217, inside the MJ0218 gene. Operons surveyed: (A) MJ0035–
34, iron-sulfur cluster assembly proteins SufC and SufB; (B) MJ0113–112, CO dehydrogenase/
acetyl-CoA synthase subunit delta, and 5-tetrahydromethanopterin:corrinoid iron-sulfur
protein methyltransferase/CO dehydrogenase/acetyl-CoA synthase subunit g; (C) MJ0891–
893, Flagellins B1, B2, and B3; (D) MJ0842–846, Methyl coenzyme M reductase b subunit,
operon protein D, operon protein C, g subunit, and a subunit; (E) MJ0847–854, N5-
methyltetrahydromethanopterin:coenzyme M methyltransferase subunits E, D, C, B, A, F, G,
and H; and (F) MJ0223–216, V-type ATP synthase subunits G, I, K, E, C, F, A, and B.
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temperature of M. jannaschii (Jones et al. 1983), are pre-
dicted near any of the processing sites (Materials and
Methods). This is consistent with the particularly low G + C
content near the processing sites. In contrast, all known M.
jannaschii RNAs with stable secondary structures (tRNAs,
rRNAs, and several noncoding RNAs) have a G + C content
substantially above the genome average (Klein et al. 2002;
Schattner 2002; Li 2007). Thus we conclude that the process-
ing sites are not marked by RNA secondary structures.

Relationship of processing sites to translation

The only two recurring sequence features observed near
the processing sites, an AUG start codon and an RBS, are
both translation initiation signals. This suggests that the
processing event might be associated with, and possibly
linked to, translation of the RNA. Not all processed RNAs
have an RBS, and there is no difference in RBS frequency
between processed and nonprocessed transcripts, suggest-
ing that the RBS is not directly relevant to the process-
ing. Even when an RBS is present, the distance from
the processing site to the initiator codon (13.9 6 0.8 nt,
mean 6 SD) is significantly (P < 0.005) less variable than
the distance to the RBS (1.1 6 1.3 nt).

We consider this correlation of cleavage sites with
translation initiation sites to be compelling, suggesting
that the processing is somehow coincident with trans-
lation initiation. However, not all translation start sites
have an associated cleavage site. In addition, six of the 36
processing sites identified are not within the 12- to 16-nt
range.

Possible roles of mRNA processing in the cell

The role of internal cleavage of an RNA could be twofold. It
could influence the relative stabilities of the upstream and
downstream RNA segments, and it could affect the trans-
lational efficiency of the downstream coding region.

Each gene in a polycistronic operon will initially have the
same abundance in the RNA products, unless early tran-
scription termination decreases the representation of later
genes. One mechanism by which Bacteria differentially
express genes in an operon is cleavage of an mRNA into
segments with different stabilities (Grunberg-Manago
1999; Rauhut and Klug 1999). This might also be true in
Archaea. Our 59-RACE and 39-RACE data (Fig. 2) suggest
a differential stability of the upstream and downstream
RNAs; for a given processing site, the 39-RACE products
tended to be more heterogeneous (as though being
degraded) and/or less abundant (harder to detect) than
the 59-RACE products. This is very indirect evidence, so
in two cases we also measured the amounts of the up-
stream and downstream RNAs. RT-PCR analyses (Fig. 5)
show that the RNAs for MJ0034 and MJ0112 (downstream
from processing sites) are 4.2- and 2.6-fold more abun-
dant than their preceding genes (MJ0035 and MJ0113,
respectively).

It is also expected that the genes in a polycistronic
mRNA will be translated at equal levels, though this can be
affected by imperfect ribosome processivity and by internal

FIGURE 3. Diagram illustrating the differences in 39-RACE using the
linker 39 primer (left side) versus using an anchored 39 primer (right
side). The pairing of the anchored primers is only complete when the
linker is ligated to a specific RNA sequence.

FIGURE 2. Gel analyses of RACE products corresponding to RNA
processing sites. (A) Products of 59-RACE for RNA samples that have
been treated (+ lanes) or not treated (� lanes) with TAP. RNA
processing products produce bands in both lanes. Bands identified by
sequencing as coming from the desired gene are marked by solid
arrowheads. (B) Products of 39-RACE reactions. Solid arrowheads
indicate discrete 39 termini coinciding with cleavage sites also seen by
59-RACE. Open arrowheads indicate expected locations of RNAs
produced by other processing sites.
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ribosome recruitment. RNA processing can decouple trans-
lational efficiency of the various genes in a long mRNA. As
noted, most of the processing sites are 12–16 nt from a
translation start site, immediately upstream of the RBS
(when present). The processing might modulate (perhaps
increase) the relative translation of the gene products
immediately following the cleavage site. Although a formal
possibility, this is not supported by the distribution of
processing sites amongst genes in the genome. For example,
there is no significant correlation of presence of a processing
site before the first gene of a transcript and the length of the
59-untranslated region (UTR). If a long 59-UTR lowered
translational efficiency, then one would expect a higher
frequency of processing in transcripts with long 59-UTRs,
but no such trend is evident.

Is mRNA processing ‘‘mostly harmless’’?

With respect to the downstream gene, cleavage 14 nt
upstream of the initiator codon is unlikely to be detrimen-
tal and might even be beneficial to ribosome recruitment.
In terms of the upstream gene, only one of the observed
processing sites lies within a protein-coding sequence
(MJ0219) and hence inactivates it. The other sites either
precede the first gene in a transcript or fall between two
coding sequences.

It is possible that the concentration of processing sites in
a 5-nt interval (12–16 nt upstream of the translation
initiation site) is merely a consequence of the fact that this
is approximately the region of mRNA
protected by a ribosome during trans-
lation initiation. If cleavage at this
location did no harm, then the seem-
ingly meaningful clustering of sites
could be no more than an increased
vulnerability of the sequence region as a
side effect of translation initiation.

However, one observation leads us to
prefer the view that there is a biological
benefit bestowed by the activity. The
higher frequency of intergenic cleavage

sites than sites upstream of the first gene
of operons is unlikely to be due to
chance. If there were no selection for
sites, it would be hard to explain the
relative paucity of sites at the beginning
of transcripts, where one would expect
fewer constraints.

In summary, endonucleolytic pro-
cessing of mRNA is common in M.
jannaschii. It is more common in the
transcribed spacer between genes than
in the 59-UTR. A combination of direct
and indirect evidence suggests that the
processing alters the representation of

various genes in the RNA pool, and therefore may play a
significant role in defining the balance of proteins in the
cell.

MATERIALS AND METHODS

Genomic sequences of M. jannaschii were obtained through the
Entrez system at the National Center for Biotechnology Informa-
tion (NCBI) (Wheeler et al. 2007). Protein-coding genes in the
genome were initially annotated by the coding region identifica-
tion tool CRITICA (Badger and Olsen 1999), and their translation
start locations were then curated by David E. Graham (University
of Texas at Austin) using neighboring DNA features and com-
parative analyses of translation start codons of orthologs in related
genomes (DE Graham, pers. comm.).

Preparation of M. jannaschii total cellular RNA

M. jannaschii strain JAL-1T (DSM 2661) was grown in conditions
as described (Zhu et al. 2004). Total cellular RNA was isolated
from mid-log phase cells as previously described (Zhang et al.
2009).

Rapid amplification of cDNA ends

The 59-RACE protocol was adapted from the method of Bensing
et al. (1996) and was described by Zhang et al. (2009). For
39-RACE, the 39 ends of 10 mg M. jannaschii total cellular RNA
were ligated with 100 pmol 39 RNA linker (A-59-pp-59-CUG
UAGGCACCAUCAAU-ddC-39 [Lau et al. 2001]; Integrated DNA
Technologies) by incubation at 17°C for 16 h with 10 U T4 RNA
ligase (Epicentre Technologies) in the presence of 40 U rRNasin.

TABLE 2. Correlation of processing sites with ribosome binding site and translation start
codon

Processed near
translation starta

Translation start codon Ribosome binding siteb

AUG UUG or GUG Yes No

+ 30 0 24 6
� 79 14 58 35

aProcessing observed 14 6 2 nt upstream of the translation start site, or not.
bRibosome binding site present or not, judged by identity to at least five consecutive
nucleotides of 59-GGAGGUGA-39 (the complement of the 39 end of the 16S rRNA).

FIGURE 4. Energy-normalized sequence logo of the sequences flanking the processing sites.
The sequences flanking 30 processing sites (MJ0499 was excluded) were aligned to the
translation start codon, and a logo was generated using the method of Workman et al. (2005).
The light gray area is a background level that is tall enough to completely cover 90% of the
logos generated from random sequences.
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The 39-RNA-linker-ligated total cellular RNA was purified with
the RNeasy Mini Kit (Qiagen) and then hybridized with 100 pmol
linker 39 primer (59-ATTGATGGTGCCTACAG-39; complemen-
tary to the 39 RNA linker) by incubation for 5 min at 75°C and
then 5 min at 50°C. Reverse transcription was carried out by
adding 200 U SuperScript III reverse transcriptase (Invitrogen) to
the RNA/primer hybrid in 13 first-strand buffer, 1 mM DTT, 0.1
mg/mL BSA, 40 U rRNasin, and 1 mM each dNTP. The mixture
was incubated for 60 min at 50°C, and the synthesized cDNAs
were recovered by ethanol precipitation. The 39 cDNA ends of
individual genes were amplified by PCR with a gene-specific 59

primer and the linker 39 primer or an anchored 39 primer. PCR
products were resolved on a 6% (w/v) nondenaturing poly-
acrylamide gel, and the DNA bands of interest were excised.
DNA was eluted from the excised gel region and reamplified by
PCR, followed by sequencing with the BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems). The 39-end nucleo-
tide of the original RNA is the transition point from genomic
DNA sequence to the 39 linker sequence.

Logo presentation

Sequences flanking the mRNA processing sites were retrieved
from the M. jannaschii chromosome (NCBI accession number
NC_000909.1) and aligned to the processing site, the translation
start site, or the RBS. An energy-normalized sequence logo was
generated from the resulting sequence alignment using the
method of Workman et al. (2005).

Analysis of potential RNA secondary structures

We used the Vienna RNAfold (Hofacker 2003) program to predict
RNA secondary structures near the processing sites. The region
analyzed included 60 nt on each side of the cleavage site.

Location of processing relative to the RBS
and initiator codon

We examined the variations in distance from processing site to
RBS and processing site to initiator codon. The rows in Table 1

can include one, two, or three distinct
locations. We calculated the average cleavage
site to feature distance with equal weight per
cleavage location. The location of the RBS
was defined as the region covered by
59-GGAGGUGA-39, if the region of identity
is extended to the entire 8 nt (Table 1,
light and dark gray shading).

Measurement of RNA levels

Total cellular RNA was reverse transcribed
with a mixture of (reverse) primers for the
four desired genes (all are 59 to 39: MJ0034,
TCCTCAGTGATTCCAAAGCA; MJ0035, CCC
TCAAATCTTGCAGGTTC; MJ0112, ACCTCG
TCTCCACCCATAAC; and MJ0113, GTGGAT
TTGGCTGTGGTTCT). For each gene, the
corresponding forward (MJ0034, TTGTTCA
TGGTAAAGGACCAAG; MJ0035, TGTAGA
GGAAAATGAGATTCATGC; MJ0112, GCAT
GGCATTTGCTACAAAA; and MJ0113, CTC

CAATAGTTATTCCTCAAACAC) and reverse primers were
added to the RT products from 100 ng of template RNA. The
DNA corresponding to the added primers was amplified by 12–14
rounds of PCR, resolved on a polyacrylamide gel, ethidium
bromide stained, and photographed, and the integrated band
density was evaluated using Quantity One (Bio-Rad). For each
gene, similar data were collected for known amounts of input
DNA and used to construct a standard curve with Excel (Micro-
soft). The standard curve was then used to estimate the amount of
the gene-specific DNA in the RT products, and thereby the
amount of the RNA in the cellular RNA pool.
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