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ABSTRACT

Leaderless mRNAs are translated in the absence of upstream signals that normally contribute to ribosome binding and
translation efficiency. In order to identify ribosomal components that interact with leaderless mRNA, a fragment of leaderless cl
mRNA from bacteriophage A, with a 4-thiouridine (4°-U) substituted at the +2 position of the AUG start codon, was used to
form cross-links to Escherichia coli ribosomes during binary (nRNA+ribosome) and ternary (nRNA+ribosome-+initiator tRNA)
complex formation. Ribosome binding assays (i.e., toeprints) demonstrated tRNA-dependent binding of leaderless mRNA to
ribosomes; however, cross-links between the start codon and 30S subunit rRNA and r-proteins formed independent of initiator
tRNA. Toeprints revealed that a leaderless mRNA’s 5’-AUG is required for stable binding. Furthermore, the addition of a 5'-
terminal AUG triplet to a random RNA fragment can make it both competent and competitive for ribosome binding, suggesting
that a leaderless mRNA'’s start codon is a major feature for ribosome interaction. Cross-linking assays indicate that a subset of
30S subunit r-proteins, located at either end of the mRNA tunnel, contribute to tRNA-independent contacts and/or interactions
with a leaderless mRNA’s start codon. The interaction of leaderless mMRNA with ribosomes may reveal features of mRNA binding
and AUG recognition that are distinct from known signals but are important for translation initiation of all mRNAs.
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INTRODUCTION (Shine and Dalgarno 1974). In the presence of initiator
tRNA, the SD-ASD pairing contributes to stabilization of
the mRNA-ribosome—initiator tRNA ternary complex and
to P-site placement of the start codon, which then proceeds
into translation initiation. Photocross-linking (Rinke-
Appel et al. 1991; La Teana et al. 1995; Sergiev et al.
1997), biochemical, immuno- and cryo-EM (Shatsky et al.
1991; Frank et al. 1995), and X-ray crystallographic studies
(Ogle et al. 2001; Yusupova et al. 2001; Berk et al. 2006;
Selmer et al. 2006) have established a high resolution model
for the path of SD-leadered mRNA through the bacterial
ribosome (Laursen et al. 2005).

An increasing number of non-SD-led genes (Chang et al.
2006), including genes encoding leaderless mRNA com-
pletely lacking a 5’ untranslated region (UTR) (Janssen
1993; Wu and Janssen 1996, 1997; Tedin et al. 1997; Grill
et al. 2000, 2001; Moll et al. 2002; and references therein),
continue to be identified. Leaderless mRNAs have been
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Translation initiation involves the assembly of ribosomes
on mRNA and is the rate-limiting step in bacterial protein
synthesis. The conventional pathway that leads to the
formation of translation initiation complexes involves the
selection of an mRNA’s translation initiation region (TIR)
and initiator tRNA by the 30S ribosomal subunit, with the
aid of three initiation factors (IF1, IF2, and IF3) (for
review, see Laursen et al. 2005). Previous reports revealed
that 30S subunits are able to bind to Shine-Dalgarno (SD)-
leadered mRNA in the absence of initiator tRNA (Ringquist
et al. 1993; Benelli et al. 2003), and the stabilization of these
binary complexes is presumably enabled by the comple-
mentary SD—anti-Shine-Dalgarno (ASD) base-pairing inter-
action between mRNA and the 30S subunit’s 16S rRNA
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against a 5'-terminal start codon (Moll et al. 1998; Tedin
et al. 1999; Grill et al. 2000, 2001). Toeprint assays have
demonstrated tRNA-dependent ribosome binding to lead-
erless mRNA, and an AUG start codon is required for
efficient ribosome binding and translation in Escherichia
coli (Van Etten and Janssen 1998; O’Donnell and Janssen
2001). The mRNA features or signals present in non-SD-
led genes that are important for ribosome association
and P-site placement of the start codon are not well
understood.

To identify specific ribosomal contacts that might
contribute to the binding and possible recognition of a
leaderless mRNA’s start codon, we used a fragment of
bacteriophage N\’s I leaderless mRNA (Ptashne et al. 1976)
with a 4-thiouridine (4%-U; Favre 1990) substitution at the
+2 position of the AUG start codon. Photoactivation of the
45-U-containing mRNA in complex with E. coli ribosomes
is predicted to form cross-links to rRNA and r-proteins
within the cross-linking radius of 45U (ie, ~4 A)
Although 70S ribosomes bound more leaderless mRNA
than 30S subunits bound, all identified cross-links occurred
at sites within the 30S subunit. A cross-link was localized
near the 3’ end of 16S rRNA and several cross-linked 30S
subunit r-proteins were identified by mass spectrometry.
While ribosome binding for toeprint and electrophoretic
gel mobility shift assays required initiator tRNA for sta-
bility, 45_U cross-links to 30S subunit rRNA and r-proteins
did not require initiator tRNA. Furthermore, the addition
of a 5 AUG triplet to a random RNA fragment made it
competent for ribosome binding, suggesting that the
presence of a 5 AUG might be sufficient for the inter-
actions that lead to translation of leaderless mRNA. Our
results suggest that a leaderless mRNA’s 5'-AUG is involved
in tRNA-independent interactions with the ribosome that
contributes to initial mRNA binding.

RESULTS
The model 45-U RNA contains the 5'-

petitor RNAs (listed in Table 1) indicated that a
leaderless mRNA’s 5'-terminal AUG was required and
possibly sufficient for initial contact of the mRNA with
ribosomes.

45.U RNA as a model leaderless mRNA

Gel electrophoretic mobility shift assays confirmed that
stable ribosome binding to **P-labeled 4°-U RNA required
the presence of tRNA}. A greater amount of 4°-U RNA
bound to 70S ribosomes (Fig. 1A, lane 4) than to 30S
subunits (Fig. 1A, lane 6), in agreement with Figure 1B (cf.
lanes 3 and 7) and previous toeprint assays where leaderless
mRNA bound E. coli 70S ribosomes more strongly than 30S
subunits (Balakin et al. 1992; O’Donnell and Janssen 2002).
In addition, toeprint assays revealed that excess unlabeled
45U RNA competed for LL-cI-lacZ binding to E. coli 70S
ribosomes (Fig. 1B, cf. lanes 3 and 4) and 30S subunits (Fig.
1B, cf. lanes 7 and 8), whereas a competitor RNA lacking
start site information (lac.In) had comparatively modest
effects on binding (Fig. 1B, lanes 5,9). These results suggest
that the 4°-U RNA 20-mer functions as a leaderless mRNA
in tRNA-dependent ternary complex formation with 70S
ribosomes and 30S subunits.

4%-U RNA cross-links to rRNA and r-proteins
from 30S subunits

Cross-links between 4°-U RNA and rRNA in ternary
complexes containing **P-labeled 4°-U RNA+ribosomes+
tRNA}'®" were detected only after UV-activation (Fig. 2A,
cf. lane 3 with 2 and lane 6 with 5). The migratory positions
of 16S and 23S rRNAs were determined by ethidium
bromide staining of gel lanes containing 30S subunits or
70S ribosomes (Fig. 2A, lanes 4,7, respectively) and revealed

TABLE 1. Competitor RNAs

terminal 20 nucleotides (nt) of the X I~ RNA Description Size (nh 5" UTR  AUG®
leaderless mRNA with a photoactivat-  spL-cl-lacZ  lacZ SD-leader upstream cl-lacZ fusion 158 Yes Yes
able 4°-U at the +2 position of the AUG  LL-cl-lacZ" Leaderless cl (16 codons) fused to lacZ 140 No Yes
start codon. 45-U RNA bound ribo- 45-U RNA 5’-terminal 20 nt of cl leaderless mMRNA 20 No Yes
somes and competed with leaderless 5'-A-cl LL-cl-lch with a deleti’on of Fhe 5'- 90 No No
. c 1 terminal 30 nt and 3’-terminal 20 nt
mRNA for ribosome binding, suggest- 5'-A-cl+AUG  5’-A-cl with an added 5’-terminal AUG 93 No Yes
ing that ribosomes recognized it as a lac.In® Internal fragment of lacZ 132 No No
leaderless mRNA. Photoactivation of  lacIn+AUG lac.In with an added 5’-terminal AUG 135 No Yes
45-U RNA bound to ribosomes formed 165.3" 3’-fragment of 16S rRNA 200 No No

cross-links to closely associated rRNA
and a subset of r-proteins. While initi-
ator tRNA was required for stable asso-
ciation of 45-U RNA with ribosomes,
the initial interaction(s) between 45-U
RNA and ribosomes was tRNA in-
dependent. Studies with several com-

sequence.
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“Presence of AUG within a natural TIR or engineered to be transcribed in vitro with an
added 5'-terminal AUG.

bl L-cl-lacZ “test” RNA contains additional 20 nt on its 3’ end, used to anneal the
radiolabeled primer in toeprint assays, that is not found on other competitor RNAs; LL-cl-
lacZ “competitor” RNA lacks the 3’ primer annealing site.

“lac.In corresponds to RNA transcribed from positions 718 to 849 of the lacZ coding

916S.3" corresponds to RNA transcribed from positions 1342-1541 of 165 rRNA.
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FIGURE 1. Gel mobility shift and toeprint assays demonstrate 45-U
RNA binds to 30S subunits and 70S ribosomes. (A) Gel mobility shift
assays. >?P-labeled 4°-U RNA was incubated with 70S ribosomes
or 30S subunits in the presence or absence of tRNAM®, (Lane 1)
ethidium bromide stain to show 45-U RNA shifts to rRNA (ribosome)
position (—). (B) Toeprint assays. Pre-bound 45-U RNA or lac.In
competitor RNAs (40X) was tested for their ability to block 30S
subunit or 70S ribosome binding to LL-cI-lacZ mRNA (1X); arrow
indicates toeprint signals at +16. Reaction components are indicated
for each lane (A,B).

that 45U RNA cross-links were associated with the 16S
rRNA.

Cross-links between 4°-U RNA and r-proteins in ternary
complexes that contain **P-labeled 4°-U RNA+ribosomes+
tRNAM were detected by SDS-PAGE only after UV-
activation. Coomassie staining visualized total proteins
(Fig. 2B, lane 2), and autoradiography revealed proteins
cross-linked to *?P-labeled 45-U RNA (Fig. 2B, lanes 4,6).
Comparison of the cross-linked protein profile from 30S
complexes (Fig. 2B, lane 4) to 70S complexes (Fig. 2B, lane
6) suggested that all detected contact proteins were in
the 30S subunit, albeit the abundance of certain protein
cross-links from 70S complexes was reduced. Cross-linked
r-protein bands were not visualized if samples were di-
gested with proteinase K prior to electrophoresis (data not
shown).

Splitting UV-irradiated 70S ternary complexes into 30S
and 50S subunits (Stade et al. 1989) revealed that the
radiolabeled 4°-U RNA cosedimented with 308 subunits,
but not with 50S subunits, confirming that cross-links

formed exclusively to the small subunit of 70S ribosomes
(Fig. 2C). Although 30S subunits bound less leaderless
mRNA than did 70S ribosomes, our observations that
all cross-links occurred to components of the 30S sub-
unit (here and below), combined with the reduced com-
plexity of the 30S subunit relative to 70S ribosomes,
prompted us to concentrate our analysis on cross-links to
30S subunits.

45-U RNA cross-links to 16S rRNA near position 1530

After purification through successive sucrose (Fig. 3A) and
SDS-glycerol density gradients (Fig. 3B), 16S rRNA was
analyzed with RNase H to localize the 16S rRNA posi-
tion(s) cross-linked to 4°-U RNA. DNA oligonucleotides
were annealed to specific sites within 16S rRNA. RNase H
digestion of RNA:DNA hybrids released a radioactive
product corresponding in size to the 3’ fragment of the
digested 16S rRNA (Fig. 3C, lanes 3-6; Fig. 3D, lanes 2-6)
except when the central base of the hybrid site was position
1530 (Fig. 3D, lane 7). Digestion of hybrids containing a
complementary DNA 10-mer, with its central base at
position 1530, yielded a single radioactive band (Fig. 3C,
lane 7) close in size to the uncut 16S rRNA (Fig. 3C, lane
2). The close proximity of position 1530 to the 16S rRNA 3’
end (i.e., position 1542) prevented identification of the
cross-linked nucleotide(s) by primer extension analysis.
These data indicate that 4°-U RNA cross-links to a nucle-
otide(s) near the 3" end of the 16S rRNA close to position
1530, similar to the position reported to be cross-linked by
the start codon of a leadered mRNA (Rinke-Appel et al.
1994; La Teana et al. 1995).

4°-U RNA cross-links to several 30S subunit r-proteins

Gradient-purified complexes of 4>-U RNA cross-linked to
r-proteins (as above; see Fig. 3A,B) were annealed to a
biotinylated complementary DNA oligonucleotide, fol-
lowed by affinity purification with streptavidin-coated
magnetic beads and SDS-PAGE analysis. The affinity-
purified r-protein profile visualized by Coomassie staining
(Fig. 4A, lane 7) was similar to the autoradiographic profile
(Fig. 4A, lane 6). Coomassie stained bands were excised,
digested with trypsin, and analyzed by mass spectrometry.

S1, S3, S4, S7, and S9 were identified as cross-linked r-
proteins through MALDI peptide mass fingerprinting. S7
was identified as a doublet, as reported previously (La
Teana et al. 1995). S1, S7, and S10 were identified through
LC-MS/MS peptide sequence tags. S18 was sometimes
identified in gel slices containing S10. For all mass spectral
analyses, the identified proteins were found to be the most
probable match to the experimental data, with MALDI data
yielding multiple peptide matches and LC-MS/MS se-
quence tags vielding significant fragment ion assignments
(Supplemental Table S1; Figs. S1-S3).
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FIGURE 2. 45-U RNA forms cross-links to rRNA and r-proteins. Reaction complexes were
photoactivated and analyzed for cross-links to rRNA (A) and r-proteins (B). (A, lanes 4,7)
ethidium bromide stains of 30S subunit and 70S ribosome rRNAs; arrow indicates cross-links to
30S subunit rRNA. (B, lanes 1,2) Coomassie protein stains of molecular weight size markers
(size in kDa on left) and 70S ribosomes, respectively. (Lanes 3-6) autoradiographic exposures
showing UV-dependence of 45-U RNA cross-links to 30S subunits and 70S ribosomes. (Lane 6)
an autoradiographic exposure of Coomassie stained lane 2. Reaction components and UV
photoactivation times are indicated for each lane in A and B. (C) Sucrose gradient profile of **P-
labeled 45-U RNA cross-linked to 70S ribosomes, after splitting into 30S and 50S subunits. (O),
0.D., trace of ribosomal subunits; (M), radioactivity trace of **P-labeled 4°-U RNA.

4°-U RNA cross-links to ribosomes independent
of initiator tRNA

45U RNA and 30S subunits from photoactivated binary
complexes sedimented together in sucrose gradients (Fig.
4B), suggesting a tRNA-independent association of leader-
less mRNA with 30S subunits. The cross-link profile to 16S
rRNA, as described above (Fig. 3), was the same in the
presence or absence of tRNAM®' (data not shown); UV-
dependent cross-links to 30S subunit r-proteins were simi-
lar in the presence or absence of of tRNAIf\/[et (Fig. 4A,
lanes 4,6), indicating that the 5’ AUG’s contact with
30S subunit rRNA and r-proteins were not dependent on

2162 RNA, Vol. 14, No. 10

contact with a subset of r-proteins.
These results indicate that initiator
tRNA, which is required for stable
ribosome binding in gel shift and toe-
print assays (Fig. 1A,B), is not required
& for the interaction and cross-link for-
;_ mation between 4°-U RNA and rRNA
25 or r-proteins.
&

A leaderless mRNA’s 5’-terminal
AUG facilitates initial ribosomal
recognition

Several RNAs (Table 1) were tested in
toeprint assays for their ability to com-
pete with LL-cI-lacZ mRNA for binding
to 70S ribosomes. Briefly, ribosomes
were bound with excess competitor
RNA and then assayed for their ability
to form ternary complexes with LL cI-
lacZ test mRNA (annealed with a radio-
labeled primer). The LL-cI-lacZ RNA
competitor (lacking the 3’ primer
annealing site) and the 4°-U RNA competitor contained
authentic start sites from a leaderless mRNA, while the
SDL-cI-lacZ RNA competitor contained the start site from
a canonical SD-leadered mRNA. The 4°-U RNA and LL-cI-
lacZ competitors significantly blocked binding of the LL-cI-
lacZ test mRNA to 70S ribosomes (Fig. 5A, cf. lanes 3 and
4,7). The SDL-cI-lacZ competitor caused only a marginal
reduction in 70S ribosome binding (Fig. 5A, cf. lanes 3 and
5), presumably reflecting the inability of canonical SD-
leadered mRNA to form ternary complexes with 70S
ribosomes. The 5'-A-cI competitor RNA, which is identical
to the LL-cI-lacZ competitor (Fig. 5A, lane 7) but lacked
the 5'-terminal 10 codons with start site information, was
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FIGURE 3. RNase H analysis localizes cross-links within 16S rRNA. (A) Sucrose gradient profile of >*P-labeled 4°-U RNA cross-linked to 30$
subunits. (O), O.D.,4 trace of ribosomal subunits; (l), radioactivity trace of 32p_labeled 45-U RNA. (B) Pooled fractions containing 32p_labeled
45U RNA+tRNAM® +308 ternary complexes from A were centrifuged in SDS-glycerol gradients to separate 165 rRNA from r-proteins. (C,D)
Polyacrylamide gel electrophoresis of gradient-purified cross-linked 16S rRNA after RNase H analysis. Each lane represents a single RNase H
cleavage reaction. The diagrams below the autoradiograms identify the central base of the annealed oligonucleotide (vertical arrows) together with
the lane and size (in nucleotides) of the 45-U RNA-containing cleavage product (horizontal arrows). The dotted vertical lines indicate the 1530
position at which the **P-labeled cross-link no longer migrates with the predicted 3’ cleavage fragment. (C) RNase H digestion of cross-linked
complexes with oligos annealed at 16S rRNA positions: (lane 2) no oligo; (lane 3) 550; (lane 4) 705; (lane 5) 815; (lane 6) 925; (lane 7) 1530. (D)
RNase H digestion of cross-linked complexes with oligos annealed at 16S rRNA positions: (lane 2) 1492; (lane 3) 1500; (lane 4) 1510; (lane 5)
1520; (lane 6) 1525; (lane 7) 1530. (Lane 1) DNA markers with size (in nucleotides) indicated. Cross-linked 45-U RNA cause fragments to migrate
~20 nt larger than predicted.

unable to block 70S ribosome binding to LL-cI-lacZ mRNA  competitor RNA that nearly eliminated LL-cI-lacZ mRNA
(Fig. 5A, cf. lanes 3 and 8); a similar result was observed  binding to 70S ribosomes (Fig. 5A, cf. lanes 3 and 9). These
with a 3’ fragment of 16S rRNA (i.e., 16S.3" RNA), results indicate that addition of a 5'-terminal AUG to the
representing a noncoding competitor RNA (Fig. 5A, cf.  noncompetitive 5'-A-cI RNA converts it to an RNA that
lanes 3 and 6). However, addition of an AUG triplet to the =~ competes with a bona fide leaderless mRNA for 70S
5" terminus of 5'-A-cI (i.e., 5 -A-cI+AUG) resulted in a ribosome binding.
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FIGURE 4. Cross-links of 4°-U RNA to r-proteins in the presence
and absence of initiator tRNA. (A, lanes 1-6) cross-links of radio-
labeled 4%-U RNA to r-proteins, with (lanes 1,3,4, 6) or without
(lanes 2,5) exposure to UV light. (Lane 7) gradient-purified, affinity
selected Coomassie stained r-proteins identified by mass spectrometry
and indicated on the right as S1, S3, S4, S7, S9, and S10/18. Reaction
components are indicated for each lane. (B) Sucrose gradient profiles
of **P-labeled 45-U RNA + 30S subunit binary complexes in the
absence (A) or presence (M) of photactivation. (O), O.D.,4 trace of
30S subunits; (A, W), radioactivity trace of 32p_labeled 4%-U RNA.

To determine whether the addition of a 5'-terminal AUG
to a noncompetitive RNA can make it competent to bind
ribosomes, the 70S ribosome binding to 5'-A-cI and lac.In
competitor RNAs, with (Fig. 5 B,C, lanes 4-6) or without
(Fig. 5B,C, lanes 1-3) an added 5'-terminal AUG, were
compared. Both RNAs were able to form ternary complexes
with 70S ribosomes only if they contained the added 5’-
terminal AUG (Fig. 5B,C, cf. lanes 3 and 6). Taken
together, these results suggest that a 5'-terminal AUG is
sufficient for an RNA molecule to form a ternary complex
with tRNA and ribosomes and are consistent with a
previous report demonstrating the importance of a 5'-
AUG for ribosome binding and translation of leaderless
mRNA (Van Etten and Janssen 1998; O’Donnell and
Janssen 2001).

2164 RNA, Vol. 14, No. 10

RNAs used to compete ribosome binding in toeprint
reactions (Fig. 5A; Table 1) were also used to compete
cross-links between 4°-U RNA and 30S subunit r-proteins
(a representative gel from multiple independent assays is
shown in Fig. 5D). Prebinding subunits with SDL-cI-lacZ
or LL-cI-lacZ competitors, which contain authentic trans-
lation start sites, substantially reduced cross-link forma-
tion between the radiolabeled 4°-U RNA and all contacting
r-proteins (Fig. 5D, cf. lanes 1 and 2,4, respectively).
Prebinding subunits with the 165.3" or 5'-A-cl competitor
RNAs that lack translation start site information had
comparatively minor effects on cross-links to several of
the r-proteins (Fig. 5D, lanes 3,5, respectively). The reduced
ability of the 16S.3" and 5'-A-cI RNAs to protect the r-
proteins from 4°-U RNA cross-links suggests that the
protection provided by the SDL- and LL-cI-lacZ RNAs
results from specific ribosome recognition of their trans-
lational start sites. Addition of a 5'-terminal AUG to the 5'-
A-cI (i.e., 5'-A-cI+AUG) RNA reduced all cross-links (Fig.
5D, lane 6), similar to the competition seen with prebound
LL-cI-lacZ RNA (Fig. 5D, lane 4), suggesting that this RNA
now contains the necessary information for specific ribo-
some recognition as a leaderless mRNA; the toeprint assays
in Figure 5B (lane 6) also suggest that this RNA is
recognized as a leaderless mRNA by the ribosome. These
results suggest that ribosomes bind leaderless mRNA
through recognition of their 5'-AUG and that the ribosome
is able to distinguish mRNAs by the presence or absence of
a 5'-terminal AUG.

DISCUSSION

This study provides novel evidence that interactions other
than codon—anticodon pairing contribute to the initial
ribosomal interaction with a leaderless mRNA’s 5-AUG.
Our results suggest that, in the absence of a SD-leader
sequence, a 5'-terminal AUG provides a major feature for
ribosome recognition and binding to a leaderless mRNA.
Although gel shift and toeprint assays have demonstrated
the importance of initiator tRNA in ternary complex sta-
bilization, cross-linking experiments revealed that the
initial contact and interaction between the ribosome and
a leaderless mRNA’s 5-AUG occurs through the 30S
subunit and is independent of initiator tRNA. Together
with earlier reports that codon—anticodon pairing is insuf-
ficient for expression (Van Etten and Janssen 1998)
and that non-AUG start codons (i.e., GUG, UUG, CUG)
do not support efficient ribosome binding and expression
(O’Donnell and Janssen 2001), our results provide addi-
tional support that a 5° AUG is specifically required for
efficient expression of leaderless mRNA in E. coli.
Toeprint assays revealed that the addition of a 5'-
terminal AUG to RNA fragments that were otherwise inca-
pable of ribosome binding resulted in RNAs (i.e., lac.IN+
AUG and 5'-A-cI+AUG) that were both competitive for
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detected here might result from the “trap-
ping” of transient mRNA-ribosome
interactions that occur independent of
codon—anticodon pairing. As revealed
by the crystal structure of ribosomes
complexed with mRNA and P-site

No Competitor | . -

FIGURE 5. Competitor RNAs affect ribosome binding and 45-U cross-links to r-proteins.
(A,B,C) Toeprint assays. Arrow indicates toeprint signal at +16. Reaction components are
indicated. (A) Prebound competitor RNAs (40X) were tested for their ability to block 70S
ribosome and 30S subunit binding to LL-cI-lacZ mRNA (1X). Competitors: a, 45-U RNA; b,
SDL-cI-lacZ; ¢, 168.3"; d, LL-cI-lacZ; e, 5'-A-cL; £, 5'-A-cI+AUG. (B,C) Competitor RNAs: 5'-
A-cl versus 5'-A-cI+AUG (B) and lac.In versus lac.In+AUG (C) were tested for their ability
to bind 70S ribosomes. (D) *?P-labeled 45-U RNA was cross-linked to 30S subunits in the
presence of the indicated prebound competitors (20X ). Ribosomal proteins identified by mass

spectrometry are indicated.

ribosome binding and competent for tRNA-dependent
ternary complex formation. Also, fusion of the lac.In+AUG
sequence to a lacZ reporter gene provides for (3-galactosi-
dase production (data not shown), thereby indicating that
addition of the 5" AUG results in formation of translation-
ally active complexes in vivo.

Position of cross-links on the 30S subunit
crystal structure

The rRNA cross-link detected in this study was local-
ized near the 16S rRNA position 1530 and agrees closely
with cross-links reported for the start codon of a SD-
leadered mRNA (Rinke-Appel et al. 1994; La Teana et al.

SDL-cl-lacZ

tRNA (Yusupova et al. 2001; Berk et
al. 2006), the 4°-U RNA’s 5'-AUG
formed cross-links to r-proteins near
the ribosome’s mRNA tunnel, with the
S7/S18 contacts occurring near the up-
stream (E-site proximal) end of the
tunnel and the S3/S4/S10 contacts oc-
curring near the downstream (A-site
proximal) end of the tunnel. The most
abundant cross-links occurred to Sl
and S7, suggesting that these proteins
have the closest or most stable contacts
to 4°-U RNA’s start codon (thereby
increasing the likelihood of a successful
cross-link). Previous reports that S1 is dispensable for
translation of leaderless mRNAs (Tedin et al. 1997; Moll
et al. 2002) do not rule out the possibility that S1, when
present, binds the 5 end of leaderless mRNAs and
contributes to their association with ribosomes.

1683 [ B8

LL-cl-lacZ

s.a-cl [ F B

5-A-cl+AUG

Implications for ribosome recognition
and binding of leaderless mRNA

The data presented in this study suggest that ribosomes
interact with leaderless mRNA through recognition of a 5'-
AUG start codon. The short cross-linking radius of 4°-U
(~4 A) indicates that the rRNA and r-protein contacts re-
ported in this study are in close association with a leaderless

www.rnajournal.org 2165



Brock et al.

mRNA’s 5" AUG. Observations that the same subset of r-
proteins are cross-linked on 30S subunits and 70S ribo-
somes, combined with a report that similar contacts to
rRNA and r-proteins occur with a leadered mRNA’s start
codon (La Teana et al. 1995), argue that these interactions
are not random associations of mRNA with ribosomes. In
addition, the protection of specific r-proteins from 4°-U
RNA cross-links by mRNA fragments containing authentic
translational start sites, as well as our observations of ribo-
some binding and translation of random RNA fragments
after addition of a 5 AUG, suggests that the ribosome
recognizes and interacts specifically with the 5'-terminal
start codon of a leaderless mRNA. Furthermore, the ob-
served reduction in 45U RNA cross-links when 30S
subunits were prebound with leaderless or SD-leadered
mRNA implies that interaction with a leaderless mRNA
requires specific ribosome contacts that are not available
when the mRNA tunnel is occupied.

Our data suggest that a subset of 30S r-proteins posi-
tioned at or near the mRNA binding tunnel provides some
of the initial contacts with a 5'-terminal AUG start codon.
Whether contact with these proteins results from a non-
specific affinity for single-stranded RNA or reflects r-protein
involvement in 5’-AUG recognition remains to be determined.
ST’s high affinity for mRNA 5'-termini (Sukhodolets et al.
2006) and its high reactivity for RNA with a 5'-AUG
observed in this study suggests a role for S1 in the initial
binding of leaderless mRNA and possibly positioning the
mRNA near, or within, the binding tunnel. Once at the
mRNA tunnel, and without the SD-ASD interaction to help
position the mRNA, contacts between the leaderless mRNA
and several r-proteins that surround the tunnel might
function to increase the local concentration of leaderless
mRNA at the tunnel and favor the adjustment of the 5’-
AUG into a stable codon—anticodon pairing at the P-site.
The high abundance of cross-links to S7 and its position
near the E/P-site boundary (Yusupova et al. 2001) implies
that S7 might contribute to placement of the 5'-AUG near
the P-site until codon—anticodon pairing stabilizes the
complex. In support of this, S7 was also reported to form
strong cross-links to the +2 position of an AUG start codon
from a SD-leadered mRNA when the start codon was
positioned near the ribosome decoding site (La Teana et al.
1995). Furthermore, hydrogen bonding between G926 of
16S rRNA and the phosphate 5 of the P-site’s +1
nucleotide (Berk et al. 2006) also might contribute to
stabilization of a leaderless mRNA’s start codon in the
P-site.

The expression of leaderless mRNAs in Bacteria,
Archaea, and Eukarya suggests that the ability to bind
and translate these mRNAs represents a common, possibly
conserved, function of all ribosomes (Janssen 1993; Moll
et al. 2002; Andreev et al. 2006; Brenneis et al. 2007).
Evidence that 5'-AUG recognition is a conserved function
of perhaps all ribosomes suggests that this capability may
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have persisted since early evolution of the translational
apparatus. Additional sequence upstream of the mRNA’s
coding sequence may have evolved in order to provide
additional mRNA-ribosome interaction for regulated,
precise, and efficient translation as the number and
sequences of mRNAs became increasingly complex. The
interactions that contribute to recognition and placement
of a leaderless mRNA’s start codon in the ribosomal P-site
might also play a role in ribosome positioning of a leadered
mRNA’s start codon; for example, following the SD-ASD
interaction, contacts with S7 and/or S18 near the P-site
may contribute to start codon recognition and may be a
determinant of translational efficiency for mRNAs with
cognate or noncognate start codons.

MATERIALS AND METHODS

Reagents

A 45-U RNA 20-mer (Dharmacon), corresponding to the 5" end
of \ I leaderless mRNA with 4°-U at the +2 position (5'-A45-
UGAGCACAAAAAAGAAACC-3"), was phosphorylated prior to
use with T4 polynucleotide kinase (NEB) and ATP or radiolabeled
[y->2P]ATP (6000 Ci/mmol; 150 mCi/mL; Perkin Elmer). DNA
oligonucleotides were purchased commercially. E. coli MRE600
tRNA%M, proteinase K, and RNase A (Sigma-Aldrich), T7 RNA
polymerase (NEB), Pfu DNA polymerase (Stratagene), RNase H
(TAKARA), AMV reverse transcriptase (Life Sciences), streptavidin-
coated magnetic beads (Dynal), and RNase-free DNase I
(Ambion) were used as recommended.

Ribosome isolation

Isolation of E. coli MRE600 70S ribosomes and 30S ribosomal
subunits was done as previously described (Martin-Farmer and
Janssen 1999). 30S subunits were purified over two successive
sucrose gradients to ensure purity and absence of tRNA.

Gel shift assays

Binding reaction mixtures (15 pL) containing **P-labeled 4°-U
RNA (33 nM), 70S ribosomes or 30S subunits, tRNAM (at a
1:20:40 ratio), and 1XSB (60 mM NH,CI, 10 mM Tris acetate at
pH 7.4, 10 mM Mg acetate, 6 mM P-mercaptoethanol) were
incubated at 37°C for 30 min and transferred to ice. The reaction
mixtures were then subjected to electrophoresis in 1.5% agarose
gels at 4°C, and the migratory position of **P-labeled 4°-U RNA
was visualized by autoradiography. Ethidium bromide staining of
rRNA confirmed that the shifted position of *?P-labeled 4°-U
RNA corresponded to bound ribosomes.

Primer extension inhibition (toeprint) experiments

RNAs used in toeprint experiments were synthesized in vitro with
T7 RNA polymerase and gel purified as described (Brock et al.
2007); in vitro synthesized transcripts contain an additional G,
present at the 5" terminus, as the initiating nucleotide of T7 RNA
polymerase. Toeprint experiments measuring the relative amount
of 70S ribosomes or 30S subunits bound to a cI leaderless “test”
mRNA (Table 1, LL-cI-lacZ; O’Donnell and Janssen 2002), in the
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presence or absence of various “competitor” RNAs (Table 1),
were conducted as described by Brock et al. (2007). Briefly, com-
petitor RNAs (1.2 puM = 40X) were prebound to 70S ribosomes
or 308 subunits in the presence of tRNAf*“*and 1XSB at 37°C for
25 min and transferred to ice. In reactions lacking competitor,
H,0 compensated the volume. The cI leaderless test mRNA (30
nM = 1X) with a **P-labeled primer annealed to the 3’ end was
then added, establishing a test mRNA:ribosome:tRNA ratio of
1:6:12, and reaction mixtures (15 wL) were incubated at 37°C for
15 min. The reaction mixtures were placed on ice, and 1.5 pl of
reverse transcriptase (1 U/L) was added to each mixture; this was
followed by incubation at 37°C for 10 min. Reaction mixtures
were finally ethanol precipitated and subjected to electrophoresis
in 6% polyacrylamide—7 M urea gels. Toeprint assays with other
test RNAs were performed under similar conditions.

Formation of 4%-U mRNA-ribosome cross-links

All cross-linking experiments were performed in the dark as
described (Yu 2000). Binding reaction mixtures (55 L) contain-
ing 32p_labeled 45-U RNA (0.1 wM), 70S ribosomes or 30S
subunits, and the presence or absence of tRNAM® (1:0.5:1 ratio),
as well as 1XSB, were incubated at 37°C for 25 min and trans-
ferred to ice. The binding reaction mixtures were spotted onto a
Petri dish suspended in ice and exposed to UV for 10 min with a
hand-held lamp (Mineralight lamp, model UVGL-25; 366 nm
wavelength setting) placed 4 cm from the samples. Cross-linked
16S rRNA and r-proteins were then purified by successive sucrose
(10%-30%) and SDS-glycerol (10%—30%) gradient centrifuga-
tions and analyzed (see Results). The total cross-links to rRNA
and r-protein were determined to be 15% (*+3%) of the input 4°-
U RNA. Additionally, increasing the 45U RNA:ribosome ratio
from 2:1 to 10:1 did not change the cross-link profile to r-proteins,
suggesting that contact occurred to a specific nonrandom subset
of r-proteins.

Analysis of cross-link site(s) in 165 rRNA

The region of the 165 rRNA sequence containing a 45-U RNA
cross-link was localized by annealing 10-15-mer DNA oligonu-
cleotides along the 16S rRNA and cleaving at RNA-DNA hybrid
sites with RNase H as described (Brimacombe et al. 1990; Rinke-
Appel et al. 1994). Briefly, gradient-purified 16S rRNA (1 pmol)
was heat-denatured at 95°C for 10 min and placed on ice. A 10-
15-mer DNA oligonucleotide (1 pmol) complementary to a spe-
cific sequence of the 16S rRNA sequence was annealed at 70°C for
2 min followed by 55°C for 30 min. Conditions were then
adjusted to 37°C and 10 mM Mg*? for RNase H digestion (1 U
for 1 h). RNase H cleavage products were separated on 6% poly-
acrylamide gels and visualized by autoradiography. The proximity
of the 4°-U RNA cross-link to the 165 rRNA 3’ end was
determined as described (Rinke-Appel et al. 1994) and involved
a series of complementary DNA oligonucleotides and “walking”
along 16S rRNA toward the 3’ end until RNase H digestion
released the 45-U RNA cross-link with the 5" cleavage product.

Purification and analysis of cross-linked r-proteins

In order to identify cross-linked r-proteins, large scale binding
reactions (0.4 mL) were prepared containing nonradiolabeled 4°-
U RNA (0.1 wM), 70S ribosomes or 30S subunits, tRNAMet

(1:0.5:1 ratio), and 1XSB. Gradient-purified r-proteins were
affinity selected by annealing the cross-linked 4°-U RNA to a
complementary biotinylated (5’ end) DNA oligonucleotide, fol-
lowed by binding the annealed complex to streptavidin-coated
magnetic beads. Bound proteins were eluted from the beads by
boiling in 0.1% SDS/10 mM EDTA for 5 min, and precipitated
with cold 5% TCA. The r-proteins were then separated by SDS-
PAGE, visualized by Coomassie staining, and identified by mass
spectrometry.

Mass spectrometry

Protein bands were excised from gels and digested overnight with
trypsin (sequencing grade, Promega) after reduction and alkyl-
ation (Suh and Limbach 2004). Tryptic peptide samples were
analyzed using matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS) or capillary liquid
chromatography/tandem mass spectrometry.

All MALDI-TOF MS experiments were performed on a Bruker
Reflex IV MALDI-TOF from Bruker Daltonics having a 3-m
effective flight path, a two-stage gridless ion reflector, pulsed ion
extraction, and a nitrogen laser (A = 337 nm). All MALDI spectra
were acquired in positive polarity and in reflectron mode. The
instrument parameters were: IS1, 20 kV; IS2, 16.30 kV; lens
voltage 9.4 kV; and reflector voltage 23 kV. A dried droplet sample
spotting approach was used. The «-cyano-4-hydroxycinnamic
acid (CHCA) matrix was prepared by making a saturated solution
of CHCA in equal volumes of 0.1% TFA and acetonitrile. For
MALDI analysis, equal volumes of MALDI matrix and sample
were combined and 1 pL was spotted on the MALDI target plate.
Vendor-supplied Flex control and X-mass software were used for
data acquisition and processing, respectively. Typically, 200 laser
shots were co-added per spectrum. The instrument was calibrated
internally with angiotensin, neurotensin, and bradykinin, which
bracketed the m/z range of interest. Mascot was used to search the
MALDI data against the SwissProt database.

Capillary liquid chromatography/tandem mass spectrometry
experiments were performed using a Thermo Surveyor MS pump
coupled with a Micro AS autosampler connected in-line to a
Thermo LTQ-FT (Thermo Scientific) mass spectrometer equip-
ped with an ESI source. Reversed phase chromatography was
performed on a PicoFrit C18, 0.075 mm X 100 mm column (New
Objective). Mobile phase buffers consisted of A: 0.1% formic
acid—-5% acetonitrile, B: 0.1% formic acid—95% acetonitrile. A
linear gradient, consisting of a 5-min hold at 1% B, was then
ramped to 60% B at 1% B/min, followed by a ramp to 80% B in 5
min, then returned to 1% B in 20 min. The mass spectrometer was
used in data dependent mode with a survey scan in the FT section
of the instrument followed by 6 MS/MS scans in the ion-trap.
Minimum signal intensity for triggering MS/MS was 1000 counts
and isolation width was 2.00 Da. Source voltage was 2.00 kV and
capillary temperature 175°C. The parent mass and sequence
information obtained for tryptic peptides was used to search the
UniProt database using the SEQUEST search engine.

Cross-links to r-proteins in the presence
of competitor RNAs
Experiments measuring the relative amounts of cross-linked r-

proteins from 30S subunits in the presence or absence of various
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competitor RNAs (Table 1) were performed by prebinding
competitor RNAs (2 pM = 20X) to 30S subunits (0.05 pM =
0.5X) in the presence of tRNAM® and 1XSB at 37°C for 25 min,
and transferring to ice. In reactions lacking competitor, H,O
compensated the volume. **P-labeled 4°-U-test RNA (0.1 pM =
1X) was then added, establishing a test mRNA:ribosome:tRNA
ratio of 1:0.5:1, and reaction mixtures (20 wL) were incubated at
37°C for 15 min and transferred to ice. Reactions were irradiated
as described above and analyzed by SDS-PAGE.

SUPPLEMENTAL DATA

Supplemental material can be found at http://www.rnajournal.org.
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