A 5'-terminal phosphate is required for stable ternary
complex formation and translation of leaderless mRNA
in Escherichia coli
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ABSTRACT

The bacteriophage N\’s cl mRNA was utilized to examine the importance of the 5’-terminal phosphate on expression of leadered
and leaderless mRNA in Escherichia coli. A hammerhead ribozyme was used to produce leadered and leaderless mRNAs, in vivo
and in vitro, that contain a 5’-hydroxyl. Although these mRNAs may not occur naturally in the bacterial cell, they allow for the
study of the importance of the 5’-phosphorylation state in ribosome binding and translation of leadered and leaderless mRNAs.
Analyses with mRNAs containing either a 5’-phosphate or a 5’-hydroxyl indicate that leaderless cI mRNA requires a 5'-
phosphate for stable ribosome binding in vitro as well as expression in vivo. Ribosome-binding assays show that 30S subunits
and 70S ribosomes do not bind as strongly to 5’-hydroxyl as they do to 5’-phosphate containing leaderless mRNA and the tRNA-
dependent ternary complex is less stable. Additionally, filter-binding assays revealed that the 70S ternary complex formed with a
leaderless mRNA containing a 5’-hydroxyl has a dissociation rate (k.¢) that is 4.5-fold higher compared with the complex
formed with a 5’-phosphate leaderless mRNA. Fusion to a lacZ reporter gene revealed that leaderless c| mRNA expression
with a 5’-hydroxyl was >100-fold lower than the equivalent mRNA with a 5’-phosphate. These data indicate that a 5’-phosphate
is an important feature of leaderless mRNA for stable ribosome binding and expression.
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INTRODUCTION located near the 3’end of the 16S rRNA (Steitz and Jakes
1975; Hui and de Boer 1987; Jacob et al. 1987) and
contributes to formation of the 30S preinitiation complex,
while the mRNA is docked on the platform of the 30S
subunit (Marzi et al. 2007; Simonetti et al. 2009). IFs and
initiator tRNA aid in mRNA accommodation into the
ribosome’s mRNA channel to form the 30S intiation
complex (Simonetti et al. 2009). This complex is joined
by the 50S subunit to form the 70S initiation complex.
Recently, a large number of non-SD-led genes, including
those that encode leaderless mRNAs (LL mRNA), have been
identified through a computational search of 162 prokary-
otic genomes (Chang et al. 2006). LL mRNAs, which lack
a 5'-untranslated region, are present in a number of pro-
karyotic species and are especially common in Archaea
(Nakagawa et al. 2010). Although sequences downstream
from the 5'AUG start codon can greatly increase trans-

Bacterial mRNA’s contain a 5'-triphosphate, and the ma-
jority of them contain untranslated leader sequences
upstream of their coding regions. In the conventional
translation pathway, initiation begins with binding of
initiation factors (IFs) 1 and 2, initiator tRNA, and an
mRNA’s translation initiation region by a 30S subunit that
is prebound with IF3 (Schmeing and Ramakrishnan 2009).
The translation initiation region of leadered mRNAs con-
tains features and signals, including a canonical Shine-
Dalgarno (SD) sequence (Shine and Dalgarno 1974), which
are important for the formation of the 30S initiation
complex. The SD sequence, contained within the untrans-
lated leader, base pairs with the anti-SD (ASD) sequence
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lational efficiency (Martin-Farmer and Janssen 1999), con-
served features downstream from the start codon of LL
mRNAs that enhance translation have not been identified.
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Furthermore, a 5'-terminal AUG start codon is the only
known translation signal common to leaderless mRNAs and
is required for recognition and efficient translation of LL
mRNAs in E. coli (O’Donnell and Janssen 2001; Brock et al.
2008). Also, the presence of a 5’AUG, not codon—anticodon
pairing alone, is required for the efficient translation of LL
mRNAs in E. coli (Van Etten and Janssen 1998).

The translation initiation of LL mRNAs is thought to
occur through a novel pathway involving 70S ribosomes
(Balakin et al. 1992; O’Donnell and Janssen 2002; Moll
et al. 2004; Udagawa et al. 2004); however, a mechanism
involving initiation with 30S subunits has not been ruled
out. The role of IFs in LL mRNA translation is not clearly
defined, but IF2 enhances LL mRNA translation (Grill et al.
2001) and IF3 discriminates against ribosome binding and
translation of LL mRNA (Tedin et al. 1999; O’Donnell and
Janssen 2002; Udagawa et al. 2004). Recent evidence reveals
that “61S” ribosomes, resulting from kasugamycin treatment
of cells, lack several 30S subunit proteins and are capable of
selectively translating leaderless mRNAs (Kaberdina et al.
2009). It is evident that the translation initiation pathway
of LL mRNA differs from that of canonical mRNA. Recent
cross-linking studies suggest that specific ribosomal pro-
teins might contribute to the recognition of a LL mRNA’s
5'-terminal AUG and may facilitate initial mRNA recog-
nition and binding in the absence of IFs and initiator tRNA
(Brock et al. 2008). Our focus is to identify the features of
LL mRNA that interact with the ribosome to facilitate
recognition, binding, and translation.

In this study, we investigate the importance of an
mRNA’s 5'-terminal phosphate for ribosome binding and
translation. Like SD mRNA’s, LL mRNAs contain a 5’-
triphosphate as a consequence of transcription initiation at
the A of the AUG start codon. In order to study the effect of
the 5’-phosphate, we used a hammerhead ribozyme to
synthesize mRNAs, in vivo and in vitro, that contain a 5'-
hydroxyl after self-cleavage. Since initiation is the rate-
limiting step of translation, we examined the binding of
these mRNAs to 30S subunits and 70S ribosomes. While
30S subunits bound similarly to leadered mRNAs regardless
of a 5'-terminal phosphate or hydroxyl, neither 30S sub-
units nor 70S ribosomes bound as strongly to LL mRNAs
containing a 5'-hydroxyl as they did to LL mRNA with a
5’-phosphate. The decrease in ribosome binding to 5'-
hydroxyl LL mRNA indicates a variation from leadered
mRNA in ternary complex formation and/or stability. Thus,
we utilized toeprint and filter-binding assays to determine
the stability of ternary complexes containing LL mRNA with
either a 5'-phosphate or a 5'-hydroxyl. The results from
these assays revealed that the 70S ternary complex with LL
mRNA containing a 5'-hydroxyl is unstable with a k¢ that
is 4.5-fold higher relative to the complex containing 5'-
phosphate LL mRNA.

The expression from translational fusions shows that
leadered mRNAs are expressed well with either a 5'-terminal

phosphate or hydroxyl. Conversely, expression from LL
mRNAs containing a 5'-hydroxyl are dramatically reduced
when compared with expression from LL mRNA with a 5'-
phosphate. Taken together, our results suggest that 5'-
terminal phosphate is important for ribosome binding and
expression of LL mRNA.

RESULTS

Gene fusions for production of mRNAs
with a 5'-hydroxyl

A hammerhead ribozyme, adapted and modified from the
sequence of Price et al. (1995), was added to the 5" end of
leaderless and lac-leadered cI-lacZ fusions (Fig. 1, A and B,
respectively) in order to investigate the contribution of
a mRNA’s 5'-terminal phosphate to ribosome binding and
translation. Transcription in vivo or in vitro is predicted to
produce self-cleaving RNAs encoding leaderless (expressed
from plasmid pOH-LLcI) or lac-leadered (expressed from
plasmid pOH-SDdI) cI-lacZ mRNAs with a hydroxyl group at
the 5’ position of the cleavage site (5 opApUpGpApGpCp. . .
or 5 opuApApUpUpGpUp.. ., respectively) (Fig. 1A,B). For
comparison, gene fusions were constructed that lacked the
ribozyme sequence; transcription from these constructs pro-
duced leaderless (expressed from plasmid pLLcl) and lac-
leadered (expressed from plasmid pSDcI) cl-lacZ fusion mRNAs
that contain a 5'-triphosphate.

A hammerhead ribozyme sequence was also added up-
stream of the cI coding sequence, which included an ad-
ditional A or G nucleotide upstream of the start codon
(expressed from plasmids pOH-A-LLcI and pOH-G-LLcI,
respectively); after ribozyme cleavage, the mRNA 5’ end is
predicted to be 5 ogApApUpGp. . . or 5 ogGpApUpGp. . .,
respectively, with the start codon underlined. These fusions
were constructed to examine the expression of “leaderless”
mRNAs containing a 5'-hydroxyl as well as an extra
phosphodiester-linked nucleotide immediately upstream
of the start codon. Similar cI-lacZ fusions lacking the
ribozyme sequence were constructed; transcription from
these constructs yield mRNA containing a 5'-triphosphate
as well as the additional A or G nucleotide upstream of the
start codon (expressed from plasmids pA-LLcI and pG-LLcI,
respectively).

Leaderless mRNA with a 5'-hydroxyl does not support
translation in vivo

B-galactosidase assays performed on cells expressing the
leaderless cI-lacZ mRNA containing a 5’-hydroxyl (ex-
pressed from pOH-LLcI) revealed that expression was
<1% relative to leaderless mRNA with a 5'-triphosphate
(expressed from pLLcl), whereas expression from lac-
leadered cI-lacZ mRNA containing a 5'-hydroxyl (expressed
from pOH-SDcl) was reduced only twofold relative to
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FIGURE 1. Hammerhead ribozyme sequence, proposed structure,
and site of cleavage (arrow). Shaded regions represent areas of base
pairing. (A) Structure resulting in leaderless cI-lacZ mRNA with
a 5'-OH after cleavage. (B) Structure resulting in lac-leadered cI-lacZ
mRNA with a 5'-OH after cleavage. Sequence in bold identifies the
beginning of the ¢I coding sequence (A) or the lac-untranslated
leader sequence (B).

leadered mRNA with a 5'-triphosphate (expressed from
pSDcI) (Table 1).

To test the possibility that the absence of a phospho-
diester bond upstream of the 5'-AUG initiation codon was
responsible for the decrease in translation from leaderless
mRNA with a 5'-hydroxyl, leaderless cI-lacZ mRNAs
containing either an A or a G nucleotide upstream of the
start codon were assayed for expression. Expression from
leaderless cI-lacZ mRNA containing a 5’-hydroxyl and an
additional G or A nucleotide upstream of the start codon
(expressed from pOH-G-LLc or pOH-A-LLcl, respec-
tively) was reduced more than 100-fold relative to the
equivalent mRNA with a 5'-triphosphate (expressed from
pG-LLcI or pA-LLcl, respectively) (Table 1). Thus, a phos-
phodiester bond immediately upstream of the start codon
did not restore expression for a leaderless cI-lacZ mRNA
containing a 5’-hydroxyl, suggesting that a 5’-terminal
triphosphate is required for efficient expression of leader-
less mRNA in vivo. However, the 5'-terminal triphos-
phate is not necessary for translation of leadered cI-lacZ
mRNA.

Mapping 5’ ends of mRNA resulting from
transcription initiation or ribozyme cleavage

The 5’ ends of mRNA expressed from leaderless cI-lacZ
fusions, with or without the ribozyme sequence, were
identified by primer extension analysis (Fig. 2). In vivo (Fig.
2, lane 3) or in vitro (data not shown) transcription of the
ribozyme-containing leaderless cI-lacZ mRNA, after self-
cleavage, resulted in mRNA containing the cI AUG start
codon at the 5’ end (the sequence at the 5" end of leaderless
cI mRNA is shown in Fig. 1A). Similarly, transcription of
ribozyme-containing cl-lacZ fusions with a single nucleo-
tide leader, after self-cleavage, resulted in mRNA contain-
ing an additional A or G nucleotide upstream of the AUG
(data not shown). Signals corresponding to uncleaved,
ribozyme-containing in vitro or in vivo leaderless mRNA
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were not detected by this primer extension analysis.
Analysis of in vivo-synthesized leaderless cI-lacZ mRNA
that lacked the ribozyme sequence revealed transcription
initiating at the A of the AUG start codon (Fig. 2, lane 4).

In vivo (Fig. 2, lane 2) or in vitro (data not shown)
transcription of the ribozyme-containing lac-leadered clI-lacZ
mRNA, after self-cleavage, resulted in mRNA containing the
38-nucleotide lac untranslated leader upstream of the cI
coding sequence (the sequence at the 5" end of leadered cI
mRNA is shown in Fig. 1B). Upon overexposure of the
primer extension autoradiogram of in vivo mRNA (Fig. 2,
lane 2), two signals were observed. The shorter extension
product maps to the ribozyme cleavage site, and the larger
extension product corresponds, in size, to the 5" end of the
ribozyme sequence. The intensity of the larger signal, corre-
sponding in size to uncleaved mRNA, was minimal. Analysis of
in vivo-synthesized lac-leadered cI-lacZ mRNA that lacked
the ribozyme sequence revealed transcription initiating at
the first nucleotide of the 38-nucleotide lac leader (Fig. 2,
lane 1).

Conversion of mRNA'’s 5'-triphosphate to 5’-hydroxyl
decreases the in vivo abundance of full-length mRNA

The relative abundance of in vivo leadered and leaderless
cl-lacZ mRNAs was analyzed by Northern hybridizations
(Fig. 3). The largest hybridizing signal, ~4200 nucleotides
(indicated by arrow), is the predicted size of full-length cI-
lacZ mRNA. The high amount of lacZ mRNA fragmenta-
tion has been reported and is consistent with the mRNA’s
synthesis time being similar to the mRNA’s half-life
(Murakawa et al. 1991).

Leadered cI-lacZ mRNAs containing a 5’-hydroxyl or
a 5'-triphosphate revealed similar amounts of full-length
mRNA (Fig. 3, lanes 3,4). Although expressed from the
same lac promoter, the leaderless mRNAs were significantly
reduced in abundance compared with SD-leadered mRNAs.
Leaderless mRNAs containing a 5'-triphosphate, expressed
from pLLcl or pG-LLcI (Fig. 3, lanes 6 and 2, respectively),
revealed more large molecular weight cI-lacZ mRNA relative
to leaderless mRNAs containing a 5'-hydroxyl expressed

TABLE 1. B-galactosidase activity (Miller units) expressed from
SDL and LL mRNAs

Construct mRNA Miller units
pLLcl 5'-PPPaug 3558 * 321
pA-LLcl 5'-PPPaaug 1900 = 215
pG-LLcl 5'-PPPgaug 1881 = 200
pOH-LLcl 5’-OHaug 20 £ 1
pOH-A-LLcl 5'-OHaaug 12 £ 1
pOH-G-LLcl 5’-OHgaug 14 = 1
pSDdl 5’-PPPaauug 36,636 £ 813
pOH-SDcl 5’-OHaauug 17,533 = 526
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FIGURE 2. Mapping of mRNA 5’-ends by primer extension analysis
of leadered (lanes 1,2) and leaderless (lanes 3,4) cI-lacZ fusions with
a 5'-terminal hydroxyl or triphosphate. The closed arrows identify the
5’-end of the lac-untranslated leader (lanes 1,2) or the 5’'-end (i.e., the
translational start site) of LL mRNAs (lanes 3,4). The open arrows
identify the expected migratory positions of uncleaved, hammerhead-
containing mRNA. Lanes 2 and 3 show in vivo mRNA containing
a 5'-hydroxyl, and lanes I and 4 show in vivo mRNA containing a 5’-
triphosphate. Lanes labeled G, A, T, and C indicate the dideoxy
termination sequencing reactions used to map the 5’ ends of
transcripts.

from pOH-LLd or pOH-G-LLcI (Fig. 3, lanes 1 and 7, re-
spectively). These results indicate that cells expressing leader-
less mRNAs with a 5'-triphosphate contain more large
molecular weight mRNA than cells expressing mRNAs
with a 5'-hydroxyl, and suggest that the lack of expression
observed for the 5'-hydroxyl containing LL mRNA relates
to the low abundance of in vivo mRNA.

Absence of the 5’-terminal phosphate affects ribosome
binding to LL mRNA, but not to leadered mRNA
in vitro

Primer extension inhibition (toeprint) assays were used to
compare ribosome binding of leadered (expressed from
pSDcl or pOH-SDc¢I) and LL (expressed from pLLcl or
pOH-LLcI) cI-lacZ mRNAs with a 5'-phosphate or a 5'-
hydroxyl. Messenger RNAs with a 5'-phosphate contained
either a triphosphate, resulting from transcription in-
itiation, or a monophosphate that resulted from the
treatment of the 5'-hydroxyl mRNA with T4 polynucleo-
tide kinase and ATP. SD-leadered (SDL) cI-lacZ mRNA
with a 5'-phosphate or a 5'-hydroxyl was used to form
ternary complexes with 30S subunits and tRNA™¢" (Fig. 4).
Both 5'-triphosphate and 5’-monophosphate (Fig. 4, lanes
3-5, and lanes 8-10, respectively) and 5'-hydroxyl (Fig. 4,
lanes 13-15) SDL mRNAs show a tRNA™®_dependent

toeprint signal. Additionally, toeprint signals with 30S
subunits at 2X (Fig. 4, lanes 3,8,13), 6X (Fig. 4, lanes
4,9,14), and 12X (Fig. 4, lanes 5,10,15) are similar for 5’'-
hydroxyl or 5’-triphosphate and 5'-monophosphate con-
taining SDL RNAs (1X). These results suggest that 30S
subunit binding to SDL cI-lacZ mRNA is not greatly
affected by the presence of a phosphate or hydroxyl at
the 5'-terminus.

Leaderless mRNAs with a 5'-phosphate (mono- or tri-
phosphate, as described above for leadered mRNAs) or
a 5'-hydroxyl were also used to form ternary complexes
with 30S subunits (Fig. 5). The LL mRNAs all produce
tRNA™¢t _dependent toeprint signals when bound to 30S
subunits. However, subunit binding to mRNA (1X) con-
taining a 5'-hydroxyl is decreased when compared with the
5’'-triphosphate and 5'-monophosphate mRNA with a 30S
subunit excess of 2X (Fig. 5, cf. lane 15 and lanes 3 and
9, respectively), 6X (Fig. 5, cf. lane 16 and lanes 4 and 10,
respectively), 12X (Fig. 5, cf. lane 17 and lanes 5 and
11, respectively) and 18X (Fig. 5, cf. lane 18 and lanes 6
and 12, respectively). The results indicate that 30S sub-
units produce the strongest toeprint signal with LL mRNA
containing a 5'-monophosphate, followed by a 5’-triphos-
phate, with the weakest signal observed with 5’-hydroxyl
mRNA.

Since leaderless mRNAs bind more strongly to 70S
ribosomes than they do to 30S subunits (O’Donnell and
Janssen 2002), toeprint assays with ternary complexes of
70S ribosomes, tRNA™®, and LL mRNA containing a 5'-
phosphate (mono- or triphosphate) or a 5'-hydroxyl were
performed (Fig. 6). The toeprint signal with 5’-hydroxyl LL
mRNA (1X) is reduced compared with the signal with 5’'-
triphosphate and 5’-monophosphate LL mRNA (1X) when
the ribosome concentration is 2X (Fig. 6, cf. decreased
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FIGURE 3. Analysis of cI-lacZ mRNA by Northern hybridization.
Autoradiogram of size-fractionated in vivo RNA probed for cI-lacZ
mRNA. Arrows indicate predicted positions of full-length mRNA
(FL), 23S, and 16S rRNA. Lanes are labeled according to total in vivo
RNA extracted from the E. coli RFS859 host strain (RFS) or the host
strain containing plasmids expressing cI-lacZ fusions described in
Table 1.
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FIGURE 4. Primer extension inhibition (toeprint) analysis of 30S
subunit binding to SDL cI-lacZ mRNA with a 5'-triphosphate (lanes
1-5), a 5'-monophosphate (lanes 6-10), or a 5'-hydroxyl (lanes 11—
15). Lanes 1, 6, and 11 omit 30S subunits, and lanes 2, 7, and 12 omit
tRNAMet (1 wM when included). (Lanes 3,8,13) 30S subunit concen-
tration (88 nM) is twofold higher than mRNA (44 nM) concentration.
(Lanes 4,9,14) 30S subunit concentration (264 nM) is sixfold higher
than mRNA concentration. (Lanes 2,5,7,10,12,15) 30S subunit con-
centration (528 nM) is 12-fold higher than mRNA concentration. The
position of the toeprint signal is identified by an arrow.

intensity in lane 11 and lanes 3 and 7, respectively) or
6X (Fig. 6, cf. lane 12 and lanes 4 and 8, respectively). As
with 30S subunits, toeprint signals with 70S ribosomes
were strongest with leaderless mRNAs containing a 5'-
monophosphate, followed by a 5’-triphosphate, and weakest
with a 5'-hydroxyl mRNA. Binding to LL mRNA in-
creased as the concentration of 70S ribosomes increased,
and binding to 5’-hydroxyl LL mRNA is reduced relative to
5'-phosphate LL mRNAs. Occasionally, at high ribosome
concentrations, we observe signal in the absence of tRNA
(Fig. 6, lanes 2, 6, 10).

From these results, we conclude that both 30S subunit
and 70S ribosome binding to LL mRNA is reduced when
the 5'-phosphate is changed to a 5'-hydroxyl. In addition,
30S subunit binding to SDL mRNA is not significantly
altered when the 5'-phosphate is changed to a 5’-hydroxyl.

The 5’-terminal phosphate of a LL mRNA influences
ternary complex stability in vitro

Competitive toeprint assays were used to investigate
whether the decrease in toeprint signal observed with the
5’-hydroxyl LL mRNA resulted from a decrease in ternary
complex stability. In these assays, ternary complexes are
preformed with LL mRNA, 70S ribosomes, and tRNAMet
followed by addition of excess competitor LL mRNA
containing a 5’-monophosphate or 5’-hydroxyl, and sta-
bility of the preformed complex is followed over time.
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The stability of a preformed ternary complex containing
5’-monophosphate LL mRNA was examined (Fig. 7A). In
the absence of competitor mRNA, the toeprint signal
remains stable for the 30-min time course used in the
assay (Fig. 7A, lanes 3-5). After the addition of 5’-hydroxyl
competitor mRNA (Fig. 7A, lanes 6-10), there is an initial
decrease in the toeprint signal (compared with the no
competitor control), but the toeprint signal remains rela-
tively stable as the time course proceeds from 0 to 30 min
(Fig. 7A, cf. signal intensity in lanes 6-10). Similarly, after
the addition of 5'-monophosphate competitor mRNA,
the signal intensity shows a slight decrease over time from
0 to 30 min (Fig. 7A, lanes 11-15). These results suggest
that the ternary complex formed with 5’-phosphate LL
mRNA remains relatively stable in the presence of com-
petitor LL mRNA containing a 5’-monophosphate or a
5’-hydroxyl.

Next, the stability of the ternary complex formed with
5'-hydroxyl LL RNA, 70S ribosomes, and tRNA™¢" was
tested (Fig. 7B). In the presence of excess ribosomes and the
absence of competitor mRNA (Fig. 7B, lanes 3,4), a ternary
complex is formed and the toeprint signal remains constant
for the 30-min time course used in this assay. However,
after the addition of 5'-hydroxyl competitor (Fig. 7B, lanes
5-8) or 5’'-monophosphate competitor (Fig. 7B, lanes
9-12), the toeprint signal is nearly undetectable at the first
time-point tested and remains negligible throughout the
time course examined. These results indicate that the ter-
nary complex containing a LL mRNA with a 5'-hydroxyl is

5'-PPP 5P 5"-OH
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FIGURE 5. Primer extension inhibition (toeprint) analysis of 30S
subunit binding to LL cI-lacZ mRNA with a 5'-triphosphate (lanes 1—
6), a 5'-monophosphate (lanes 7-12), or a 5'-hydroxyl (lanes 13-18).
Lanes 1, 7, and 13 exclude 30S subunits, and lanes 2, 8, and 14 exclude
tRNAMet (1 M when included). (Lanes 3,9,15) 30S subunit concen-
tration (88 nM) is twofold higher than mRNA (44 nM) concentration.
(Lanes 4,10,16) 30S subunit concentration (264 nM) is sixfold higher
than mRNA concentration. (Lanes 5,11,17) 30S subunit concentration
(528 nM) is 12-fold higher than RNA concentration. (Lanes
2,6,8,12,14,18) 30S subunit concentration (792 nM) is 18-fold higher
than mRNA concentration. The position of the toeprint signal is
identified by an arrow.
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FIGURE 6. Primer extension inhibition (toeprint) analysis of 70S
ribosome binding to LL cI-lacZ mRNA with a 5'-triphosphate (lanes
1-4), a 5'-monophosphate (lanes 5-8), or a 5'-hydroxyl (lanes 9-12).
Lanes 1, 5, and 9 exclude 70S ribosomes, and lanes 2, 6, and 10 exclude
tRNAMet (1 pM when included). (Lanes 3,7,11) 30S subunit concen-
tration (88 nM) is twofold higher than mRNA (44 nM) concentration.
(Lanes 2,4,6,8,10,12) 70S ribosome concentration (264 nM) is sixfold
higher than mRNA concentration. The position of the toeprint signal
is identified by an arrow.

unstable in the presence of excess LL mRNAs containing
either a 5'-monophosphate or 5’-hydroxyl.

Taken together, these toeprint assays suggest that LL cI
mRNA containing either a 5’'-phosphate or 5’'-hydroxyl are
able to form ternary complexes with 70S ribosomes (Figs. 6,
7). The ternary complex remains stable if the LL mRNA
contains a 5'-phosphate (Fig. 7A), but is unstable if the LL
mRNA has a 5’'-hydroxyl (Fig. 7B).

As another measure of ternary complex stability, filter-
binding assays were used to compare the dissociation rates
of tRNA™¢" from 70S ternary complexes (Shoji et al. 2009)
with leaderless mRNA (Fig. 8). The amount of radiolabeled
tRNA™¢! that remains bound to the 70S ribosomes was
measured over time, following a 100-fold dilution into a
solution containing 400-fold excess unlabled tRNAmet;
thus, as ternary complexes dissociate, reformation with ra-
diolabeled tRNA™®" is minimized by both dilution and the
excess unlabeled competitor tRNA™¢!,

The dissociation rate (kog) of tRNA™® from com-
plexes formed with 5'-hydroxyl mRNA is estimated at
8.94 x 10~ % sec™!, whereas the dissociation rate of tRNAMet
from complexes formed with 5'-monophosphate LL mRNA
is estimated at 1.99 x 10~ * sec™* (Fig. 8). These results indicate
that initiator tRNA™" is more stably bound to complexes
containing 5'-phosphate LL mRNA than to complexes con-
taining 5'-hydroxyl LL mRNA. The fact that tRNA™<" is more
stably bound to ternary complexes with 5’-phosphate mRNA
is consistent with the increased toeprint stability (Fig. 7) and
the increased in vivo expression (Table 1) from LL mRNA
with a 5'-phosphate. Thus, the 5’-terminus of LL cl-lacZ
mRNA affects 70S ternary complex stability. Additionally,
the ko of tRNA™® from complexes containing SDL mRNA
and 30S subunits is estimated at 4.75 X 10™* sec”! (Fig. 8).
By this assay, the stability of LL mRNA (5’'-monophosphate)
on 70S ribosomes is slightly more stable than SDL mRNA on
30S subunits (without initiation factors).

DISCUSSION

The 5’-phosphorylation of leaderless cI-lacZ mRNA is
important for ribosome binding and translation. A ham-
merhead ribozyme was used to produce Shine-Dalgarno
leadered (SDL) and leaderless (LL) mRNAs that contained
a 5'-terminal hydroxyl group, thereby allowing for the in
vitro and in vivo comparisons of ribosome binding and
expression from mRNAs containing phosphate or hydroxyl
groups at their 5'-termini. Our results show that a 5'-
terminal phosphate is required for efficient ribosome
binding, ternary complex stability, and translation of LL,
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FIGURE 7. Competition primer extension inhibition (toeprint)
analysls of LL cI-lacZ mRNA bound to 70S ribosomes with or without
tRNA™¢! Prebound ternary complexes containing LL cl-lacZ
mRNA with a 5'-monophosphate (A) or 5'-hydroxyl (B) are challenged
with excess competitor mRNA containing a 5’-hydroxyl or a 5’'-
monophosphate. (A) Stability of ternary complexes containing 5’-

phosphate LL mRNA. Lane 1 excludes ribosomes, and lane 2 ex-
cludes tRNA™®", (Lanes 3-5) The ternary complex incubated for 0,
20, and 30 min after the initial binding, respectively, with no ad-
dition of competitor mRNA. (Lanes 6-10) A 5'-hydroxyl LL mRNA
competitor (20X) was added 15 min after initial ternary complex
formation with primer-annealed 5'phosphate mRNA (1X). (Lanes
11-15) A 5'-phosphate LL competitor mRNA (20X) was added
15 min after initial ternary complex formation with primer-annealed
5'phosphate mRNA (1X). Reverse transcription was initiated at 0, 5, 10,
20, or 30 min after the competitor addition. (B) Stability of ternary
complexes containing 5’ hydroxyl LL mRNA. Lane I excludes ribo-
somes, and lane 2 excludes tRNA™, (Lanes 3,4) The ternary complex
incubated for 0 and 20 min, respectlvely, after the complex formation,
with no addition of competitor mRNA. (Lanes 5-8) A 5'-hydroxyl LL
mRNA competitor (20X) was added to the reactions; (lanes 9-12) a 5'-
phosphate LL mRNA competitor (20X) was added 15 min after initial
ternary complex formation with primer-annealed 5'hydroxyl mRNA
(1X). Reverse transcription was initiated at 0, 5, 10, and 20 min after
the competitor addition. The position of the toeprint signals are
identified by arrows.
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FIGURE 8. Filter binding analysis of tRNA™¢" dissociation from 70S
ternary complexes with 5'-phosphate or 5’-hydroxyl LL clI-lacZ
mRNA. Ternary complexes are formed with mRNA (0.5 puM), 30S
subunits or 70S ribosomes (0.7 wM), and 3p_Jabeled tRNA™M®
(=0.05 uM). Reactions were diluted 100-fold into buffer containing
400-fold excess unlabeled tRNA™®, Samples were spotted onto
a double membrane system over time (bottom). The nitrocellulose
upper membrane shows tRNA™® bound to ribosomes (i.e., tRNA
in ternary complex) and the positively charged lower membrane
shows tRNA™ not in ternar&complex (i.e., free tRNA). The graph
shows the proportion of tRNA™ bound to ribosomes after phosphor-
imaging quantification of radiolabeled tRNA bound to each membrane
and is used to derive the complex stabilities for radiolabeled tRNA in
ternary complexes containing LL cI-lacZ mRNA with a 5'-phosphate
(LL 5'P) or a 5'-hydroxyl (LL 5'OH), or ternary complexes containing
SDL cI-lacZ mRNA with a 5'-phosphate (SDL 5'P).

but not SDL, mRNA. For SDL mRNAs, the presence of
signals within the untranslated leader (e.g., SD sequence,
S1-binding pyrimidine-rich tracks) presumably direct ri-
bosome binding to the internal initiation codon, with little
influence by the 5 phosphorylation state on ribosome
binding and expression.

Leaderless mRNA with a 5’-hydroxyl does not support
translation in vivo

Our in vivo data comparing expression of both SDL and LL
cl-lacZ mRNAs suggest that the 5'-phosphorylation state
greatly affects expression only of LL mRNAs. When the 5'-
triphosphate, which is present on nascent bacterial LL
mRNAs, was altered to a 5'-hydroxyl, the in vivo expres-
sion was essentially abolished. Interestingly, expression was
not rescued by addition of a 5'-A or 5'-G nucleotide,
indicating that phosphorylation of the 5'-terminus itself
rather than an upstream phosphodiester bond plays a role
in the translational efficiency of LL mRNAs. Northern blotting
revealed that the abundance of 5'-hydroxyl LL mRNA was
decreased, suggesting that the 5'-hydroxyl mRNA might be
turned over more rapidly than 5'-triphosphate LL mRNA.
RNase E, a major endoribonuclease responsible for mRNA
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turnover in E. coli, discriminates between mRNAs based on
their 5'-phosphorylation state but does not inherently prefer
a 5'-hydroxyl containing mRNA as substrate (Jiang and
Belasco 2004). Thus, our results are consistent with the inter-
pretation that the LL mRNA’s 5’'-hydroxyl leads to a decrease
in ribosome binding, which can result in decreased expression
by leaving the unbound mRNA more susceptible to degra-
dation (Dreyfus 2009).

The 5’-terminal phosphate of a LL mRNA affects
in vitro ribosome binding through ternary
complex destabilization

The toeprint competition assays showed that 70S ternary
complexes containing 5'-hydroxyl LL mRNA were unstable
compared with complexes with 5-monophosphate LL
mRNA. However, the 5’-hydroxyl LL mRNA toeprint
signal, in the presence of excess ribosomes and tRNA, but
no competitor, remained constant over time, suggesting
a ribosome association/disassociation equilibrium. The re-
duced binding of 5'-hydroxyl LL mRNA, compared with
5’-monophosphate LL mRNA, was observed at lower
ribosome concentrations, and the reduced stability was
readily apparent when competitor mRNAs were added to
prebound ternary complexes. In support of the instability
observed with toeprint assays, filter-binding assays with 70S
ternary complexes also showed instability and revealed that
initiator tRNA dissociated nearly five times faster from
complexes containing 5'-hydroxyl than 5'-monophosphate
LL mRNAs.

We observed that the 5’-monophosphate LL mRNA
produced stronger toeprint signals than the 5’-triphosphate
LL mRNA. Krishnan et al. (2010) have shown that AUG
proximity to the 5’ end is an important determinant of
ribosome binding and expression for LL mRNA; therefore,
the difference we observed could relate to the extra nucle-
otide present on the mRNA synthesized in vitro with T7
RNA polymerase, which is not present on the HH-cleaved
and phosphorylated mRNA. It is also possible that increased
ribosome binding results from a decreased charge or steric
hindrance associated with a 5’-terminal monophosphate
compared with a triphosphate.

The 5’-terminal phosphate of LL mRNA affects
P-site stability

Our toeprint data show that 5'-hydroxyl LL mRNA can
form a tRNA-dependent ternary complex, indicating that
the 5'AUG is able to reach the P-site. The instability of this
ternary complex, measured by both toeprint and filter-
binding assays, reflects an inability of the 5'-hydroxyl LL
mRNA to stabilize in the P-site and suggests that the 5'-
terminal phosphate may be involved in start codon stabili-
zation at the P-site. We hypothesize that the 5'-terminal
phosphate interacts with a component of the ribosome
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(rRNA or ribosomal proteins) or initiator tRNA that con-
tributes to ternary complex stability.

Cross-linking studies (Brock et al. 2008) show that the
“U” of a LL mRNA’s 5’AUG start codon contacts S7,
suggesting that the 5'-phosphate could contact this protein
during ribosome binding. A portion of the C-terminal
a-helix of S7 reaches the tunnel between the head and the
platform near the E site (Yusupova et al. 2001; Simonetti
et al. 2009) and may provide a site for start codon contact.
It seems unlikely that additional ribosomal proteins could
involve the 5'-phosphate in P-site stabilizing interactions,
because the decoding site is an rRNA-rich environment
that is relatively devoid of protein.

In both the E- and P-sites, high-resolution structural
studies reveal that mRNA/ribosome interactions occur
mainly through 16S rRNA contacts (Berk et al. 2006;
Korostelev et al. 2006; Selmer et al. 2006). The “U” of
the AUG start codon for SDL (La Teana et al. 1995) and LL
(Brock et al. 2008) mRNAs both contact 16S rRNA near
position 1530, suggesting that this contact could be
important for the start codon of all mRNAs to reach the
P-site. Also, structural data indicate that the conserved 16S
rRNA nucleotide G926 is positioned properly to interact
(hydrogen bond) with the phosphate 5" of a start codon’s
+1 nucleotide when it is positioned in the P-site (Berk et al.
2006). However, because 5'-hydroxyl LL mRNA expression
was not rescued by addition of a phosphodiester-linked
upstream A or G nucleotide (i.e., 5 of the AUG start
codon), thereby restoring the hydrogen bonding opportu-
nity for interaction with G926, it seems unlikely that G926
is responsible for the ternary complex instability observed
with 5'-hydroxyl LL mRNA. While we cannot rule out the
possibility that the single A or G nucleotide addition is
sterically destabilizing, recent data show that leaderless
mRNAs with a 5'-triphosphate and two or three additional
nucleotides at the 5" end bind ribosomes and are expressed
(Krishnan et al. 2010), thereby indicating that ribosome
binding and initiation can tolerate upstream nucleotides as
long as the 5’ end is phosphorylated. It remains unclear
why leaderless mRNA with a 5" phosphate is expressed, while
a similar mRNA containing an additional phosphodiester-
linked 5’ nucleotide, but lacking a 5" phosphate, is not ex-
pressed (Table 1).

Interactions of E-site rRNA residues with a leaderless
mRNA’s 5'-phosphate might be necessary for ternary
complex stabilization. The antibiotic kasugamycin (ksg)
inhibits translation initiation by interfering with contacts
between the mRNA channel and nucleotides immediately
upstream of the start codon (Schuwirth et al. 2006). Ksg is
held in place and stabilized by 16S rRNA nucleotides A792,
A794, G926, A1499, G1505, and U1506 that reside within
the E- and P-sites of the mRNA channel, suggesting that
one or more of these nucleotides could possibly contribute
to start codon stabilization. However, expression of 5'-
triphosphate containing LL cI-lacZ mRNA is not affected

by ksg (Schuwirth et al. 2006), suggesting that these 16S
rRNA positions are not needed for LL mRNA ternary
complex stability and are unlikely to be responsible for the
instability observed with 5'-hydroxyl LL mRNA.

A LL mRNA’s 5'-phosphate may directly or indirectly
affect the stability of initiator tRNA; in the absence of a 5'-
phosphate, initiator tRNA may more readily dissociate
from a ternary complex. Transfer RNA’s affinity to and
stability in the P-site depends on anticodon stem-loop
interactions with mRNA and the 30S subunit (Shoji et al.
2009); possibly, binding or P-site placement of LL mRNA
with a 5’'-hydroxyl disturbs or does not allow an interaction
that is needed for tRNA stability.

While our ribosome binding data show that 5’-hydroxyl
containing LL mRNA can form tRNA-dependent ternary
complexes, these complexes are unstable. We hypothesize
that this inability to form a stable ternary complex results
in the complete loss of in vivo expression. This loss of
expression may result from the failure to compete with
other cellular mRNAs for ribosome binding or, possibly,
a defect in moving to the elongation phase of translation.
Additionally, the decreased ribosome binding likely leads
to more rapid mRNA degradation and a lower mRNA
abundance, as observed by Northern blotting. Interestingly,
recent work by Mitchell et al. (2010) suggests that the 5'-5
triphosphate of the 5'-7-methylguanosine cap of eukaryotic
mRNA inhibits the inappropriate binding of mRNA to
preinitiation complexes. While uncapped mRNAs with
a 5'-hydroxyl were still recruited to a preinitiation com-
plex, the complex appeared unable to scan for, or unable to
stably interact with the start codon. The importance of the
mRNA’s 5" phosphorylation state in establishing a preini-
tiation complex at the 5 end of leaderless mRNA and at the
5’-end of capped eukaryotic mRNA is noteworthy and may
reflect an mRNA 5’-end feature that was conserved during
the evolution of the eukaryotic cap structure.

Final remarks

The results presented here and elsewhere (Van Etten and
Janssen 1998; O’Donnell and Janssen 2001; Brock et al.
2008; Krishnan et al. 2010) suggest that the combination of
a 5'-phosphate and 5'-terminal AUG triplet represent
a novel translation signal that uniquely identifies the 5’
end of a leaderless mRNA for ribosome binding and
translation initiation. Leaderless mRNAs provide a model
system for studies of novel mRNA-ribosome interactions
that may be different from those that occur with SDL
mRNAs. Additionally, ribosome contacts that identify the
start codon for LL mRNA may also be important for SDL
mRNAs, but their importance has been overshadowed by
the SD-ASD interaction. Leaderless mRNA studies are
likely to be relevant to all translation systems, since all
domains (Bacteria, Eukarya, and Archaea) contain and are
able to express leaderless mRNAs (Janssen 1993; Malys and
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McCarthy 2010). Additional analysis of the mechanisms by
which leaderless mRNAs recognize and bind ribosomes will
contribute to our understanding of mRNA-ribosome in-
teractions, ribosome structure—function, and possibly re-
veal novel mechanisms of translational control.

MATERIALS AND METHODS

Bacterial strains

E. coli DH5a (New England Biolabs [NEB]) was used as the host
for all plasmid DNA manipulations. E. coli RFS859 (F-, thr-1,
araC859, leuB6, Alac74, tsx-274, N-, gyrAl1l, recAll, relAl, thi-1)
(Schleif 1972) was used as host for the expression and assay of
lacZ mRNA and enzyme activity for cI-lacZ constructs. E. coli
MREG600 was used as the host strain for ribosome isolation.

Reagents and recombinant DNA procedures

Radio-labeled [y-**P]ATP (6000 Ci/mmol, 150 mCi/mL) was
purchased from Perkin Elmer. Restriction endonucleases, T4
DNA ligase, T4 polynucleotide kinase, and T7 RNA polymerase
were purchased from NEB and used according to manufacturer’s
directions. RNase-free DNase I (Roche), AMV reverse transcrip-
tase (Life Sciences), and Pfu DNA polymerase (Stratagene) were
used according to the manufacturer’s specifications. DNA ma-
nipulations, plasmid isolations, and preparation and transforma-
tion of competent cells were performed according to Sambrook
et al. (1989). The lacZ-specific oligonucleotide 5'-GTTTTCC
CAGTCACGACGTTG-3" was used in DNA sequencing reactions,
primer extensions, and toeprint assays, and anneals to positions
+99 to +78 of the lacZ coding sequences in both leadered and
leaderless cI-lacZ fusions.

Construction of leadered and leaderless cl-lacZ
fusions with and without a hammerhead
ribozyme sequence

Plasmids encoding leaderless (pLLcI) or lac-leadered (pSDcl) cI-
lacZ fusions (O’Donnell and Janssen 2001) containing ¢I codons
1-16 fused to the fifth codon of a lacZ reporter gene were used to
generate in vivo mRNAs with a 5'-triphosphate. These plasmids
were also used as templates in PCR amplifications to produce
DNA fragments containing a T7 promoter sequence, thereby
allowing for in vitro transcription with T7 RNA polymerase and
production of RNA used in toeprint reactions. Oligonucleotides
were used to assemble DNA fragments encoding the hammerhead
ribozyme sequences (Fig. 1), with subsequent cloning into plasmids
containing upstream lac or T7 promoters; transcription in vivo from
an E. coli lac promoter or in vitro from a T7 promoter was used to
produce leaderless (pOH-LLcI) and lac-leadered (pOH-SDcI) cI-lacZ
mRNA containing, after ribozyme cleavage, a 5'-hydroxyl. Other
ribozyme-containing cI-lacZ fusions were constructed that encoded
mRNA containing, after self-cleavage, a 5'-OH and an additional
nucleotide (G or A) upstream of the AUG initiation codon.

B-galactosidase activity measurements

B-galactosidase assays were performed as described (Miller 1992).
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Radiolabeling of oligonucleotides

Oligoucleotides were end-labeled as described previously (Van
Etten and Janssen 1998).

RNA isolation and primer extension analysis

Total RNA was isolated as described previously (Wu and Janssen
1996). Primer extension reactions containing 60 pg of in vivo
RNA or 1 pg of in vitro synthesized RNA and 2 pmol of an end-
labeled lacZ-specific oligoucleotide were performed as described
previously (Brown et al. 1988). The primer extension reactions
were subjected to electrophoresis against appropriate dideoxy
sequencing reactions and visualized by autoradiography.

Determination of phosphorylation efficiency
by T4 polynuceotide kinase

The efficiency of 5'-OH phosphorylation by T4 polynucleotide
kinase was determined by following the transfer of **P from
[y->2P]ATP (6000 Ci/mmol, 150 mCi/mL; Perkin Elmer) to the 5’
end of pPOH-AUGcI mRNA. The reaction contained 20 mM Tris-
HCI (pH 8), 10 mM MgOAc, 10 mM DTT, 2 mM ATP, 225 nCi
[y—32P]ATP, 10 g of RNA, and 20 U of T4 polynucleotide kinase,
and was incubated at 37°C for 30 min. The enzyme was inactivated
at 65°C for 15 min. Dilutions of the radiolabeled mRNA were
precipitated with 5% trichloroacetic acid and collected on glass fiber
filters (Reeve Angel). Filters were washed with 0.1% HCI, followed
by ethanol, and air-dried. Incorporated *°P was determined by
comparing the amount of **P incorporated to the total ratio of
labeled and unlabeled ATP in the reaction. The efficiency of the
phosphorylation reaction was determined to be 53%.

Preparation of in vitro synthesized transcripts

RNAs were synthesized and purified as described (Fredrick and
Noller 2002). RNAs used in toeprint and filter-binding assays were
synthesized by combining DNA templates (hammerhead SDL or
LL cI-lacZ fusions containing a T7 promoter) and T7 RNAP in 1X
buffer (40 mM Tris at pH 7.8, 25 mM MgCl,, 1 mM spermidine,
0.01% Triton X-100, 5 mM each NTP, and 30 mM DTT).
Transcription reactions were incubated for 4 h at 37°C, and 40
mM EDTA was added. Samples were treated with DNase (Roche)
for 15 min at 37°C. RNA was EtOH precipitated and suspended in
RNA loading dye (50% formamide, 0.05% bromophenol blue,
0.05% xylene cyanol). Samples were subjected to PAGE (6%
acrylamide, 7 M urea) and full-length products were excised using
UV shadowing. Gel slices were rocked overnight at room
temperature in elution buffer (300 mM NaOAc at pH 5.2, 0.1%
SDS, 1 mM EDTA). The supernatant was phenol extracted and
EtOH precipitated. To phosphorylate the 5'-hydroxyl termini
when needed, RNA was incubated with T4 PNK and 1 mM ATP
in 1X kinase buffer (0.7 M Tris-HCl at pH 7.6, 100 mM MgCl,, 50
mM DTT) for 30 min, phenol extracted, and NH,OAc/EtOH
precipitated. Samples were passed through IllustraTM Micro-
SpinTM G-25 columns (GE Healthcare) to remove excess ATP.

Primer extension inhibition (toeprint) assays

DNA oligonucleotides were phosphorylated at the 5’-terminus
using [y-*2P]ATP (6000 Ci/mmol, 150 mCi/mL; Perkin Elmer)
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and T4 PNK in 1X kinase buffer for 30 min at 37°C and an-
nealed to 3'-termini of RNA as described (Martin-Farmer and
Janssen 1999).

Annealed RNA is mixed with 30S subunits or 70S ribosomes
with or without tRNA™® for 15 min at 37°C. Reactions were
transferred to ice, and reverse transcriptase was added. The
reactions were incubated for 15 min at 37°C and stopped by the
addition of NaOAc and EtOH. Precipitated complexes were
collected by centrifugation and dissolved in loading dye (80%
deionized formamide, 10 mM NaOH, 1 mM EDTA, and 0.5%
bromophenol blue and xylene cyanol), followed by heat
treatment (95°C, 5 min) and PAGE (6% acrylamide, 7 M urea)
in 1X TBE.

In competition (time course) toeprint assays, primer-annealed
RNA (44 nM) was prebound to 70S ribosomes (264 nM) with or
without tRNA™®t (1 pM) for 15 min at 37°C. Competitor RNA
(lacking the 3" DNA oligonucleotide annealing site; at 880 nM) is
added to the reactions and incubated for various lengths of time,
followed by the addition of reverse transcriptase.

Filter binding

The filter-binding apparatus was prepared as described (Fahlman
et al. 2004). In short, a positively charged nylon membrane was
placed on the manifold and covered with a reinforced nitrocel-
lulose membrane.

For tRNA™¢! dissociation assays, tRNA™ 5' ends were
dephosphorylated by treatment with CIP (NEB) for 30 min at
37°C. Following phenol extraction and precipitation, dephos-
phorylated tRNA™¢ was phosphorylated with [y->*P]ATP (6000
Ci/mmol, 150 mCi/mL; Perkin Elmer) and T4 PNK in 1X imid-
azole buffer (50 mM imidazole-Cl at pH 6.4, 18 mM MgCl,,
5 mM DTT) with 5% PEG 8000. Radiolabeled tRNA™" was
passed through MicroSpinTM G-25 columns (IllustraTM GE
Healthcare) to remove excess ATP.

To measure tRNA™®t dissociation from ternary complexes (kg
rates), assays were performed as described (Shoji et al. 2009).
Labeled tRNA™M¢t (<0.05 uM), 70S ribosomes (0.7 wM), and
mRNA (0.5 wM) were incubated for 20 min at 37C in 1x SB to
allow for ternary complex formation. At t = 0, 2 pL of this
mixture was diluted 100-fold in buffer containing 0.2 pM
unlabeled tRNA‘M“, and incubation at 37°C is continued. At
times (indicated in Fig. 7 legend), 20 wL samples were filtered
through the double-membrane apparatus (described above).
Phosphorimage analysis was used for pixel quantification and
conversion of pixels to amount of tRNA™M in ternary complex.
Nonlinear regression analysis software (GraphPad Prism) was
used to determine kg values.
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