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Novel Translation Initiation Regulation
Mechanism in Escherichia coli ptrB
Mediated by a 5'-Terminal AUG

Heather J. Beck,* Gary R. Janssen'
Department of Microbiology, Miami University, Oxford, Ohio, USA

ABSTRACT Alternative translation initiation mechanisms, distinct from the Shine-
Dalgarno (SD) sequence-dependent mechanism, are more prevalent in bacteria than
once anticipated. Translation of Escherichia coli ptrB instead requires an AUG triplet
at the 5’ terminus of its mMRNA. The 5'-terminal AUG (5'-uAUG) acts as a ribosomal
recognition signal to attract ribosomes to the ptrB mRNA rather than functioning as
an initiation codon to support translation of an upstream open reading frame. ptrB
expression exhibits a stronger dependence on the 5'-uAUG than the predicted SD
sequence; however, strengthening the predicted ptrB SD sequence relieves the ne-
cessity for the 5’-uAUG. Additional sequences within the ptrB 5’ untranslated region
(5'-UTR) work cumulatively with the 5’-uAUG to control expression of the down-
stream ptrB coding sequence (CDS), thereby compensating for the weak SD se-
quence. Replacement of 5’-UTRs from other mRNAs with the ptrB 5'-UTR sequence
showed a similar dependence on the 5’-uAUG for CDS expression, suggesting that
the regulatory features contained within the ptrB 5’-UTR are sufficient to control the
expression of other E. coli CDSs. Demonstration that the 5'-uAUG present on the
ptrB leader mRNA is involved in ribosome binding and expression of the down-
stream ptrB CDS revealed a novel form of translational regulation. Due to the abun-
dance of AUG triplets at the 5’ termini of E. coli mRNAs and the ability of ptrB 5'-
UTR regulation to function independently of gene context, the regulatory effects of
5’-uAUGs on downstream CDSs may be widespread throughout the E. coli genome.

IMPORTANCE As the field of synthetic biology continues to grow, a complete un-
derstanding of basic biological principles will be necessary. The increasing complex-
ity of the synthetic systems highlights the gaps in our current knowledge of RNA
regulation. This study demonstrates that there are novel ways to regulate canonical
Shine-Dalgarno-led mRNAs in Escherichia coli, illustrating that our understanding of
the fundamental processes of translation and RNA regulation is still incomplete.
Even for E. coli, one of the most-studied model organisms, genes with translation
initiation mechanisms that do not fit the canonical Shine-Dalgarno sequence para-
digm are being revealed. Uncovering diverse mechanisms that control translational
expression will allow synthetic biologists to finely tune protein production of desired
gene products.

KEYWORDS 5’ upstream AUG, Shine-Dalgarno, noncanonical initiation, translation
initiation, translational regulation, upstream open reading frame

rotein synthesis, in which the ribosome translates an mRNA sequence to form
polypeptides, is a four-step process that includes initiation, elongation, termination,
and ribosome recycling. Translation initiation is energy dependent and the most highly
regulated phase of translation (1). The translational machinery interacts with the mRNA
at its ribosome binding site (RBS) along with initiator tRNA to form a ternary complex
that is equipped for polypeptide production. Both the mRNA sequence and its sec-
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ondary structure affect how it interacts with the translational machinery and therefore
influence its translation efficiency. The RBS of a canonical mRNA contains an initiation
codon, a purine-rich Shine-Dalgarno (SD) sequence (2), and an appropriately sized
spacer region between the two aforementioned elements (3, 4). These primary struc-
tural elements, as well as potential upstream and downstream enhancer sequences,
contribute to translation efficiency.

An mRNA secondary structure can also impact the rate of translation. Ribosomes
require a single-stranded region for efficient binding (5-7). A secondary structure that
occludes the RBS will cause the region to be unrecognizable to the ribosome and
therefore negatively impact translation (8-10). Thermodynamic changes in mRNA
secondary structure as a result of physiological conditions can also regulate translation
by either opening or occluding the RBS, thereby resulting in changes in initiation
efficiency (11-13).

There are also examples of cis-acting elements, such as upstream open reading
frames (UORFs), which can influence the expression of downstream open reading
frames (ORFs) on the same transcript. In prokaryotes, UORFs exert their effects primarily
through translational coupling (14-16). These effects occur after the ribosome com-
pletes translation of the UORF and, rather than dissociating, remains bound to the
mRNA and repositions to the downstream initiation region via a scanning-like move-
ment (17, 18). uORFs can also encode nascent peptides that cause ribosomal stalling by
binding to regions of the peptidyltransferase center, blocking the ribosome exit tunnel,
or through attenuation (19, 20). This stalling can then impact downstream translation
by blocking the RBS, causing conformational changes in the secondary structure, or
increasing degradation of the mRNA (21, 22).

We recently reported another example of the influences of uORFs on downstream
expression (23). In that study, we identified novel examples of uORFs positioned at the
5’ terminus of SD sequence-led mRNAs in Escherichia coli, which were therefore
classified as leaderless mRNAs. Leaderless mRNAs lack a 5’ untranslated region (5'-UTR)
and are thought to initiate translation via a mechanism distinct from leadered mRNAs,
in which an intact 70S ribosome binds to the 5’ terminus of the mRNA (24-26). In our
previous study, the uUORF of the ptrB mRNA was found to greatly influence expression
of the ptrB coding sequence (CDS). Downstream expression of ptrB appeared to be
dependent upon the 5'-terminal AUG (5'-uAUG), even though the 5’'-terminal uORF
(5'-uORF) was not efficiently translated (23).

The necessity of the ptrB 5'-uAUG and its role in the regulation of the ptrB CDS is the
focus of this study. The annotated ptrB CDS produces a 686-amino-acid protease Il (27),
but little is currently known about its regulation. This study reinforces the dependency
of ptrB translation on the 5’-uAUG, based on its ability to act as a ribosome binding
signal rather than through translation of the uORF. Ribosome binding and expression
assays revealed a regulatory process distinct from the canonical SD sequence-mediated
regulation, suggesting a novel mechanism for translation regulation directed by a
5’-uAUG. These findings are significant because the ptrB 5’-UTR regulatory sequences
can act autonomously regardless of gene context, suggesting that this form of regu-
lation may be widespread in E. coli.

RESULTS

ptrB 5'-uAUG is a ribosome binding signal. Our recent study showed that the ptrB
5'-uAUG is necessary for efficient downstream ptrB CDS expression, although the
5'-uORF is expressed at a low level (23). Due to the use of the lacZ reporter gene, any
disruption of the ribosomal progression through the ptrB uORF sequence would result
in loss of lacZ expression and may not accurately reflect the initiation frequency at the
5’-uAUG. To examine if low 5’-UORF expression is due to ribosomal stalling, drop-off,
or frameshifting, lacZ fusions 5, 10, and 15 codons beyond the uORF were constructed
(Table 1, pACptrB.lacfuse5, pACptrB.lacfuse10, and pACptrB.lacfusel5). If an impedi-
ment in ribosomal movement resulting in ribosomal stalling, drop-off, or a change in
frame is the primary cause of the low lacZ reporter expression, moving the position of
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TABLE 1 DNA sequences of ptrB gene fragments, with and without mutations, used in this study
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Sequence?
Plasmid Variable 5'-UTR Variable CDS
pPAptrB.WT ATGTTTCAACCAGAAAGAACAATAAC ATGCTACCAAAAGCCGCC
pAptrB.5'KO ATCTTTCAACCAGAAAGAACAATAAC ATGCTACCAAAAGCCGCC
pACptrB.lacfuse5 ATGTTTCAACCAGAA
pACptrB.lacfuse10 ATGTTTCAACCAGAAAGAACAATAAC ATGC
pACptrB.lacfuse15 ATGTTTCAACCAGAAAGAACAATAAC ATGCTACCAAAAGCCGCCC
pAptrB.prestop1 ATGTTTCAACCAGAATGAACAATAAC ATGCTACCAAAAGCCGCC
pAptrB.prestop2 ATGTTTCAACCAGAAAGAACAATAAC ATGCTACTAAAAGCCGCC
pAptrB.SDmut ATGTTTCAACCACTTTCAACAATAAC ATGCTACCAAAAGCCGCC
pAptrB.SDstr ATGTTTCAACCAGGAGGAACAATAAC ATGCTACCAAAAGCCGCC
pAptrB.5'KO.SDstr ATCTTTCAACCAGGAGGAACAATAAC ATGCTACCAAAAGCCGCC
pAptrB.5'KO.SDmut ATCTTTCAACCACTTTCAACAATAAC ATGCTACCAAAAGCCGCC
pAptrB.scan1 ATGAAAGTACCAGAAAGAACAATAAC ATGCTACCAAAAGCCGCC
pAptrB.scan2 ATGTTAGTTGCAGAAAGAACAATAAC ATGCTACCAAAAGCCGCC
pAptrB.scan3 ATGTTTCATGGTCAAAGAACAATAAC ATGCTACCAAAAGCCGCC
pAptrB.scan4 ATGTTTCAACGTCCCAGAACAATAAC ATGCTACCAAAAGCCGCC
pAptrB.scan5 ATGTTTCAACCACCCCCAACAATAAC ATGCTACCAAAAGCCGCC
pAptrB.scan6 ATGTTTCAACCAGAAAGTTGTTTAAC ATGCTACCAAAAGCCGCC
pAptrB.scan7 ATGTTTCAACCAGAAAGAACTTATTC ATGCTACCAAAAGCCGCC
pABptrB-pnp ATGTTTCAACCAGAAAGAACAATAAC TTGCTTAATCCGATCGTT
pABptrB-pncB ATGTTTCAACCAGAAAGAACAATAAC ATGACACAATTCGCTTCT
pABptrB5'KO-pnp ATCTTTCAACCAGAAAGAACAATAAC TTGCTTAATCCGATCGTT
pABptrB5'KO-pncB ATCTTTCAACCAGAAAGAACAATAAC ATGACACAATTCGCTTCT
pABptrB-tna.IN ATGTTTCAACCAGAAAGAACAATAAC ATGGTGGCGTTCTCTAAC
pABptrB-aroL.IN ATGTTTCAACCAGAAAGAACAATAAC ATGACGGTCGCGGAGATC
pABptrB5'KO-tna.IN ATCTTTCAACCAGAAAGAACAATAAC ATGGTGGCGTTCTCTAAC
pPABptrB5'KO-aroL.IN ATCTTTCAACCAGAAAGAACAATAAC ATGACGGTCGCGGAGATC
pABptrB-pncBdblmut ATGTTTCAACCAGAAAGAACAATAAC ATGACGCAGTTCGCTTCT
pABptrB5'KO-pncBdbimut ~ ATCTTTCAACCAGAAAGAACAATAAC ATGACGCAGTTCGCTTCT
pAptrBCDSdbimut ATGTTTCAACCAGAAAGAACAATAAC ATGCTGCCGAAAGCCGCC
pAptrB5'KO.CDSdblmut ATCTTTCAACCAGAAAGAACAATAAC ATGCTGCCGAAAGCCGCC
pAptrB.9ntadd ATGTTTCAACCATTTCAACCAGAAAGAACAATAAC ATGCTACCAAAAGCCGCC
pAptrB.21ntadd ATGTTTCAACCACTTTCAACAATAACATTTCAACCAGAAAGAACAATAAC ATGCTACCAAAAGCCGCC
pAptrB.33ntadd ATGTTTCAACCACTTTTTCAACCACTTTCAACAATAACATTTCAACCAGAAAGAACAATAAC  ATGCTACCAAAAGCCGCC

aThe predicted SD sequence is underlined, the mutated nucleotides are shown in bold, and the stop codons are italicized. The pA series plasmid constructs contain the
ptrB coding sequence in frame with lacZ, the pAB series constructs contain the CDSs of different genes in frame with lacZ, and the pAC series constructs contain the
5'-uORF in frame with lacZ.

the fusion upstream would result in an increase in reporter expression. However, these
fusions also resulted in similarly low levels of expression (see Fig. S1 in the supple-
mental material), suggesting that the ribosome does not efficiently translate any region
of the uORF.

The 5’-uAUG-defined uORF overlaps the downstream ptrB CDS reading frame, such
that the uORF stop codon is at the +35 position (with the A of the ptrB CDS start codon
at +1) (Fig. 1). Due to the overlap of the open reading frames, we wanted to rule out
the possibility of translational coupling in ptrB. The stop codon of the uORF was
mutated, allowing for ribosomal read-through and therefore disruption of potential
coupling. Mutation of the uORF stop codon resulted in no discernible change in ptrB
CDS expression (Fig. S2), suggesting that this regulation is not the result of translational
coupling. Additional stop codons in frame with the 5’-uAUG were also introduced
upstream of the natural uORF stop codon (Table 1, pAptrB.prestop1 and pAptrB.
prestop2) to examine the influences of ribosomal progression on the transcript. The
additional stop codons also had minimal effects on ptrB CDS expression (Fig. S2),

+1 +35
5’ atgtttcaaccagaaagaacaataac ATGCTACCAAAAGCCGCCCGCATTCCCCACGCCATGACGCTTCATGGC GTCGAC...3”

FIG 1 The ptrB gene sequence. The 5'-ATG is shown in bold at the 5’ terminus. The 5’-UTR is indicated by lowercase letters. The
predicted SD sequence is underlined. The ptrB CDS is indicated by uppercase letters. The 5’-uAUG-defined ORF's stop codon is within
the ptrB coding sequence and is also shown in bold (TGA). The Sall site used to construct the in-frame lacZ fusion is indicated by the
dotted underline.
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FIG 2 Role of the SD sequence in ptrB regulation. (A) Expression from the ptrB CDS fused to lacZ in the presence of the various SD sequence mutations (Table
1), shown as percentages of the ptrB wild-type (WT) CDS (pAptrB.WT) fused to lacZ (100%; 5,700 Miller units). *, statistically significant difference from pAptrB.WT
(P < 0.001). (B) Primer extension inhibition (toeprint) reaction mixtures containing mRNA, 30S subunits, or 70S ribosomes and initiator tRNA, as indicated by
the + or - symbols. Predicted positions of toeprint signals (+15) to the 5'-uAUG (open arrow) and downstream AUG (closed arrow) are indicated. (C) Toeprint
assay with ptrB mRNA containing strengthened SD sequence mutations (Table 1). Reaction components are indicated.

supporting the conclusion that translational coupling does not contribute to ptrB
regulation. This also reinforces the notion that it is the 5’-uAUG itself that is necessary
for downstream ptrB CDS expression rather than uORF translation.

Predicted SD sequence suboptimal in controlling ptrB expression. The 26-
nucleotide-long ptrB 5'-UTR contains a predicted SD sequence located 9 nucleotides
upstream of the initiation codon with imperfect complementarity to the anti-SD
sequence (Fig. 1). In the presence of the 5’-uAUG mutation, expression of the down-
stream ptrB CDS was drastically reduced despite the fact that the predicted SD
sequence was still intact (23). To address the SD sequence’s role in ptrB CDS expression,
the SD sequence was mutated to its complement (5'-CTTTC-3') to disrupt its comple-
mentarity with the 16S rRNA anti-SD sequence. This change significantly reduced ptrB
CDS expression by approximately 60% (Fig. 2A). However, the mutation of an SD
sequence in a canonical E. coli mMRNA would typically result in complete loss of
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FIG 3 The ptrB mRNA structure may play a secondary role in expression. The predicted secondary structure of ptrB WT mRNA (A) and ptrB mRNA
with the 5’-uAUG mutated to AUC and the SD sequence mutated to its complement (pAptrB.5’KO.SDmut [Table 1]) (B) via computational
modeling (31). The predicted SD sequence is underlined, and the ptrB CDS initiation codon is boxed.

expression, because the SD sequence is the primary ribosome binding signal (28-30).
Also, in agreement with the expression observed with the ptrB SD sequence mutant
(Table 1, pAptrB.SDmut), a 30S subunit binding signal was found to be present at the
internal start codon in the primer extension inhibition assay (toeprint assay) (Fig. 2B,
lane 15).

Next, the SD sequence was strengthened such that its sequence had absolute
complementarity to the anti-SD sequence (i.e., 5-GAAAG-3' — 5'-GGAGG-3’). The
mutation increased the downstream expression level by 2.5-fold (Fig. 2A). To investi-
gate the relationship between the 5’-uAUG and the SD sequence, the 5’-uAUG was
mutated to 5-AUC in concert with the strengthened SD sequence (Table 1,
pAptrB.5'KO.SDstr). No change in ptrB CDS expression was observed as a result of the
5’-uAUG mutation in the presence of the strengthened SD sequence (Fig. 2A). The loss
of 5’-uAUG dependence as a result of the strengthened SD sequence was supported by
the findings from the toeprint assay, which displayed a loss of 70S binding to the 5’
terminus due to the 5’-uAUG mutation but maintained a strong internal 30S binding
signal (Fig. 2Q).

The 5'-uAUG and SD sequence appear to act through distinct regulatory mecha-
nisms; therefore, we tested whether ptrB expression would be completely abolished by
disrupting both signals. In the presence of both the 5’-uAUG — AUC mutation and the
SD sequence mutated to its complement (Table 1, pAptrB.5’KOSDmut), ptrB CDS
expression was reduced by 45% (Fig. 2A). This finding was supported by the ribosome
binding data as well, which exhibited a band corresponding to 30S subunit binding to
the ptrB CDS start codon in the presence of the tandem mutation (Fig. 2B).

Due to this unexpected result, we employed secondary structure prediction soft-
ware (31) to analyze changes in the mRNA secondary structure that resulted from the
sequence mutations. The wild-type secondary structure includes a hairpin loop within
the 5’-UTR (Fig. 3A), and mutation of the 5’-uAUG also exhibits a secondary structure in the
5'-UTR. However, both SD sequence mutants (pAptrB.SDmut and pAptrB.5'KO.SDmut)
(Table 1) resulted in an open conformation with no steric hindrance to prevent
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FIG 4 Scanning mutagenesis of the ptrB 5'-UTR. (A) Schematic of regions within the 5’-UTR with mutations of the DNA sequence, corresponding to lines 1 to
7 beneath the ptrB sequence. (B) Expression from the ptrB CDS fused to lacZ in the presence of the various 5’-UTR mutations (numbers 1 to 7), shown as a
percentage of the ptrB WT CDS (pAptrB.WT) fused to lacZ (100%; 11,000 Miller units). *, statistically significant difference compared to pAptrB.WT (P < 0.05).
(C) Toeprint assay results for pAptrB.WT mRNA compared to pAptrB.scan2 and pAptrB.scan6 mRNAs. The image is a composite of one gel, with unrelated lanes
removed. Reaction components are indicated. Predicted positions of toeprint signals (+15) to the 5’-uAUG (open arrow) and downstream AUG (closed arrow)
are indicated.

ribosome binding (Fig. 3B). The absence of a secondary structure is sufficient to initiate
translation in mRNAs lacking an SD sequence (32); therefore, the complete loss of
secondary structure in the 5’-UTR of the SD mutants could allow for SD sequence-
independent initiation.

Signals present within the ptrB 5'-UTR influence ptrB CDS expression. To
examine whether there are other regions of importance within the 5’-UTR, scanning
mutagenesis was conducted and spanned the length of the ptrB 5’-UTR with overlap-
ping mutations (Fig. 4A). The mutations changed the wild-type sequence to its com-
plement, except in the case of the SD region, in which the nucleotides were all mutated
to cytosine. The majority of the mutations significantly disrupted ptrB CDS expression
(Fig. 4B). Mutations within the region of ribosomal coverage when bound to the
5’ terminus of the mRNA, overlapping to approximately position +19 (33), caused a
severe decrease in ptrB CDS expression (Fig. 4B). The mutation out of the range of
ribosomal coverage resulted in no change in ptrB CDS expression (Fig. 4B). A toeprint
assay was also conducted to analyze the ribosome binding pattern in two of the
scanning mutant constructs (pAptrB.scan2 and pAptrB.scan6) (Table 1). In both mu-
tants, 70S binding to the 5’ terminus and internal 30S binding were greatly reduced
compared to the ptrB wild type, even in the presence of an intact 5’-uAUG (Fig. 4Q).
These data suggest that there are signals within the 5’-UTR that impact ribosome
binding to the mRNA 5’ terminus and influence ptrB CDS expression.
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FIG 5 Heterologous regulation by the 5’-UTR of ptrB. (A) LacZ activity expressed from the ptrB 5'-UTR
(5’-uAUG or AUG — AUC knockout [KO]) fusions to pnp or pncB coding sequences fused to lacZ (Table
1) (100%; 25,000 Miller units and 8,500 Miller units, respectively). (B) Toeprint reactions with mRNA
containing the ptrB 5'-UTR (5’-uAUG or AUG — AUC KO) fused to the pnp coding sequence. Reaction
components are indicated. Predicted positions of toeprint signals (+15) to the 5’-uAUG (open arrow) and
downstream ptrB CDS AUG (closed arrow) are indicated.

Ability of ptrB 5'-UTR regulation to be transplanted. There appear to be multiple
regions of importance contained within the ptrB 5’-UTR that work cooperatively to
influence downstream ptrB CDS expression. To determine if the ptrB 5'-UTR could
similarly influence other genes’ CDSs, gene fusions were constructed linking the ptrB
5’-UTR to two other the ORFs of two other genes, pncB and pnp (pABptrB-pnp and
pABptrB-pncB) (Table 1). To examine the 5'-uAUG regulatory effect on the other genes,
the ptrB 5'-uAUG was again mutated to AUC to disrupt ribosome binding and 5’-uORF
translation. The change caused the expression levels of both pncB and pnp CDSs to be
significantly reduced by more than 90% (Fig. 5A), following the trend that was seen
previously for the ptrB CDS. The ribosome binding pattern of the ptrB-pnp fusion
supported the expression data, with the 5-uAUG — AUC mutation resulting in the loss
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FIG 6 The ptrB 5'-UTR is insufficient to stimulate expression of internal RNA fragments. Expression levels
of internal RNA fragments (aroL.IN/tna.IN) fused to lacZ with or without a ptrB 5’-uAUG mutation (Table
1). All results were compared to the ptrB WT CDS (pAptrB.WT) fused to lacZ (100%; 11,600 Miller units).
*, statistically significant difference compared to pAptrB.WT (P < 0.001). A horizontal line above two bars
denotes a statistical significance between those two constructs (P < 0.001).

of binding signals at both the 5’ terminus and the internal start codon (Fig. 5B).
Therefore, the ptrB 5'-UTR regulatory signals can exert their effects on other E. coli
genes when transferred upstream of their CDSs. Interestingly, although a loss of 70S
binding at the 5’ terminal was observed in the pABptrB5'KO-pnp mutant (Table 1), an
internal 70S toeprint was present (Fig. 5A, lane 12). Internal 70S binding has been
reported in previous studies (23); however, the mechanism and cause for this binding
are unclear.

Initiation signals present within a bona fide CDS necessary for efficient trans-
lation. We next sought to determine if the addition of the ptrB 5’-UTR would allow for
translation to initiate from an internal fragment of RNA. Presumably, an internal
fragment would be devoid of any translation initiation signals but would still have the
ability to be translated due to its coding potential. Internal fragments of two E. coli
genes, tna and aroL, were used. An internal in-frame methionine, 381 nucleotides and
126 nucleotides from the native tna and arol initiation codons, respectively, was
selected to act as an initiation codon. Each truncated ORF was then fused to the ptrB
5'-UTR (pABptrB-tna.IN and pABptrB-aroL.IN) (Table 1). This fusion allowed the ptrB
5’-UTR to regulate expression of the downstream ORF to produce a truncated version
of the Tna or AroL protein, respectively.

The ptrB 5'-UTR was not able to confer efficient expression of the internal tna or aroL
ORFs (Fig. 6). Each fusion produced relatively low levels of expression. Interestingly, in
both the tna and aroL fusions, when the ptrB 5’-uAUG was mutated to AUC, it produced
a similar trend to that seen with the bona fide coding sequences of ptrB, pncB, and pnp
(Fig. 6). In each case, the 5'-uAUG — AUC mutation caused a drastic reduction in
expression of approximately 90% (Fig. 2A, 5A, and 6). Therefore, there are signals within
translation initiation regions of bona fide coding sequences that are important for
translation, and the ptrB 5’-UTR is not able to confer efficient expression independently.
However, the 5'-uAUG still acts as a regulatory signal, even for low levels of translation.

Nucleotides within bona fide CDSs contribute to expression. To further examine
the role of CDS regions, we utilized pncB, which relies on two nucleotides within its
CDS for expression (34). Wild-type pncB has a weak SD sequence, does not possess a
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FIG 7 Expression is regulated by both upstream and downstream signals. (Left) Expression values, presented as percentages of the ptrB 5’-UTR
fused to the pncB CDS, with the pncB CDS in frame with lacZ (100%; 8,500 Miller units). (Right) Expression values, presented as percentages of
the ptrB WT CDS in frame with lacZ (100%; 7,000 Miller units). *, statistically significant difference compared to pABptrB-pncB or pAptrB.WT,

respectively (P < 0.001).

5'-uAUG, and is not influenced by its native 5'-UTR for expression. Instead, two
nucleotides, both adenines, at positions +6 and +9 of the pncB CDS appear to
influence translation. When these two adenines are mutated to guanines, pncB expres-
sion is completely abolished (34). A construct was made that replaced the pncB 5'-UTR
with the ptrB 5'-UTR (pABptrB-pncB) (Table 1) to determine if the positive effects of the
ptrB 5'-UTR could overcome the negative impact of the pncB CDS adenine mutations.
In the presence of the ptrB 5'-UTR, the pncB CDS mutations (pABptrB-pncBdbimut)
(Table 1) caused pncB expression to be significantly reduced by approximately 80% (Fig.
7, left) rather than completely abolished, suggesting that the signals within the ptrB
5'-UTR partially rescued the negative impact of the pncB CDS mutations on expression.
The ptrB 5'-uAUG-to-AUC mutation resulted in an even more dramatic reduction in
pncB CDS expression than the pncB CDS mutations in the presence of the ptrB 5'-UTR.
In this case, expression was reduced by approximately 88% (Fig. 7, left), which follows
the trends previously seen with ptrB 5'-uAUG mutations (Fig. 2A). These data indicate
that, in this background, the 5'-uAUG has more of an impact on pncB CDS expression
than the influential regions within the pncB CDS itself. Finally, when the ptrB 5'-uAUG
and the two nucleotides within the pncB CDS were mutated in tandem (pABptrB5'KO-
pncBdblmut) (Table 1), pncB CDS expression was further reduced by >99% (Fig. 7, left),
supporting the notion that the 5'-uAUG and the two nucleotides within the CDS are the
signals that control pncB CDS expression in this context.

Interestingly, the ptrB CDS also has adenines at positions +6 and +9 (with the A of
the ptrB CDS start codon at +1). When both adenines were mutated to guanines in ptrB,
CDS expression was reduced by approximately 70% (Fig. 7, right). In addition, when the
5'-uAUG and the two nucleotides within the ptrB CDS were mutated in tandem,
expression was reduced by >98% (Fig. 7, right). These results are concordant with the
expression data derived from similar mutations in the ptrB-pncB construct (Fig. 7, left).
Taken together, these data suggest that specific upstream and downstream sequence
elements are responsible for ptrB CDS expression in this novel regulation mechanism
that compensates for the weak SD sequence.
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DISCUSSION

Our results suggest that translation initiation of E. coli ptrB mRNA is controlled via its
5’-terminal AUG which, in cooperation with the ptrB 5’-UTR, represents a novel form of
regulation that can act as an autonomous control element independent of gene
context. We propose a model to explain the mechanism of ptrB regulation, in which the
5’-uAUG acts as a recognition signal and binding platform to attract ribosomes to the
mRNA. The 5’-uAUG increases the local concentration of ribosomes to allow for more
efficient binding and increased ptrB CDS initiation. Ribosomes initially load at the 5’
terminus, with sequences in the 5’-UTR stabilizing the ribosome until it can transition
down the mRNA. Additional nucleotides within the ptrB CDS then help to compensate
for the weak SD sequence to position the ribosome on the ptrB CDS initiation codon,
thereby defining the reading frame. These upstream and downstream sequences function
cooperatively as a regulatory mechanism, utilizing previously established recognition
signals in a novel combination. This model is in agreement with the previously
described cumulative specificity initiation mechanism hypothesis of Nakamoto (35), in
which multiple preferred upstream and downstream bases work cumulatively, but
independently of each other, to regulate translation initiation.

Evidence presented here supports the model, because the 5’-uAUG is required for
efficient downstream translation and acts in a novel fashion as a binding/recognition
signal rather than acting as an initiation codon. Instead, uORF translation appears to be
repressed (data not shown) to allow ptrB to take advantage of the 5’-terminal AUG,
which strongly binds ribosomes without the added energy requirements of uORF
translation. Therefore, the ptrB CDS is regulated independently of uORF translation,
which is distinct from previously studied uORF regulation mechanisms (16-22). Binding
of the ribosome to the 5'-uAUG without initiation of translation is also supported by the
presence of a tRNA-independent ribosome binding signal in the ptrB toeprints (Fig. 2B,
lanes 4, 16, and 22). This indicates that ribosomes can stably bind the 5’ terminus
without the formation of a ternary complex and suggests that ribosomes do not
proceed into elongation due to the absence of initiator tRNA binding.

Since a local single-stranded region is needed for efficient ribosome binding (5-8),
the 5'-uAUG might be necessary to counteract a secondary structure within the 5’-UTR.
Binding of the ribosome at the 5’ terminus could resolve the secondary structure at the
RBS due to the short nature of the ptrB 5'-UTR. It is unclear how the 70S ribosome is
loaded onto the 5’ terminus of leaderless MRNA; however, it is thought that the 5’ end
is pulled through the channel between the 30S and 50S subunits (36) until it is
positioned in the P-site through interactions with the initiator tRNA (26). The tunnel is
only, on average, 15 A in diameter (37, 38), so it cannot accommodate a secondary
structure. This suggests that the structure is eliminated as the mRNA is fed through the
tunnel, such that the region of mRNA protected by the ribosome becomes single
stranded. Since the ptrB 5'-UTR is only 26 nucleotides long, the loaded ribosome may
cover the majority of the 5'-UTR, thereby eliminating a secondary structure.

Additionally, single-stranded regions upstream of the RBS have been shown to act
as standby sites to allow for temporary ribosome binding until the inhibitory secondary
structure opens (9, 39, 40), with subsequent scanning-like movement downstream (17,
39, 41). Energy-independent 70S scanning initiation has been demonstrated recently,
with an emphasis on the requirement of an SD sequence for proper positioning (18). In
the case of ptrB, the 5'-uAUG may act as a standby-like site for initial ribosomal loading,
after which the ribosome can then scan down the mRNA using additional sequences for
alignment to compensate for the weak SD sequence. Evidence presented here suggests
that the ribosome does initially bind to the 5’ terminus, because nucleotides within the
region of ribosomal occupancy (+1 to +19) (33) all impact ptrB CDS expression,
whereas the nucleotides outside the region do not (Fig. 4B). In support of the scanning
hypothesis, increasing the distance that the ribosome must travel leads to a decrease
in ptrB CDS initiation efficiency. This was demonstrated by adding 9, 21, and 33
nucleotides of intervening sequence to the 5’-UTR, immediately following the 5'-uUAUG
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(pAptrB.9ntadd, pAptrB.21ntadd, and pAptrB.33ntadd) (Table 1). The addition of 9
nucleotides had no impact on downstream expression. However, as the region be-
tween the 5’-uAUG and the ptrB CDS initiation codon was extended, ptrB CDS expres-
sion was reduced in a linear fashion by 25% and 57%, respectively (Fig. S3). The same
effect occurs in translation reinitiation, in which longer intercistronic gaps lead to
reduced downstream initiation in operons due to ribosome drop-off (42).

This 5’-uAUG regulation mechanism has the ability not only to influence ptrB CDS
expression but also to regulate other E. coli CDSs, independent of the gene context (Fig.
5). However, the inefficient use of internal RNA fragments (Fig. 6) suggests that signals
within a genuine CDS must nonetheless be present to direct the ribosome downstream
for start site selection. Our results demonstrate a positive correlation between the
presence of adenines in ptrB and pncB and an increased level of expression (Fig. 7).
Adenine-rich regions have been shown to enhance expression by increasing the rate
and amount of ternary complex formation during initiation (34), likely due to ribosomal
protein S1’s high affinity for polypyrimidines (43, 44). S1-mediated initiation (45, 46)
occurs in the absence of an SD sequence; therefore, it is possible that S1 also plays a
role in ptrB regulation.

Overall, these data suggest novel regulation of translation initiation that is con-
trolled by a 5’-uAUG and which varies from the canonical SD sequence mechanism.
There are numerous examples of translation events occurring in the absence of an SD
sequence (reference 47 and references therein), with bioinformatic analyses revealing
the absence of a canonical SD sequence in a significant percentage of genes across
prokaryotic genomes (48). One study suggested that approximately one-half of pro-
karyotic mRNAs lack an SD sequence altogether (49), demonstrating the importance of
understanding mechanisms of translation in which the SD sequence is not the primary
ribosome binding signal. Our previous study demonstrated the abundance of 5'-uAUGs
within E. coli transcripts (23); therefore, it is possible that this mechanism of regulation
is widespread in E. coli and may contribute to regulation of mRNA with weak or absent
SD sequences.

Furthering our understanding of noncanonical translational regulation mechanisms
will be beneficial in synthetic biology and genetic engineering to finely tune protein
production. Other studies exploring optimization of recombinant gene expression have
discovered upstream and downstream sequence elements that work cooperatively to
influence expression; however, those elements identified worked in a gene-dependent
manner (50). In contrast, the sequence elements identified in this study function in a
gene-independent manner, suggesting that they may be more easily adapted to
control gene expression.

MATERIALS AND METHODS

Bacterial strains and reagents. E. coli DH5« (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 gyrA11 A~ recAl1
relA1 thi-1) (51) was used as the host for the expression and assay of lacZ fusion mRNA constructs.
Chromosomal DNA from E. coli K-12 was used as a template for initial PCR amplifications of the ptrB gene.
Two plasmids were used in the study, pM1108 (for the incorporation of a mutated /ac promoter) and
pPA906 (to allow for the lacZ gene fusion) (52).

Radiolabeled [y-32P]ATP (6,000 Ci/mmol, 150 mCi/ml) was purchased from PerkinElmer. Restriction
endonucleases, T4 DNA ligase, T4 polynucleotide kinase (PNK), and T7 RNA polymerase were purchased
from NEB and used according to the manufacturer’s instructions. RNase-free DNase | (Roche), avian
myeloblastosis virus reverse transcriptase (Life Sciences), and Pfu DNA polymerase (Stratagene) were
used according to the manufacturers’ specifications. DNA oligonucleotides were purchased (IDT).

Recombinant DNA procedures. PCR amplifications were performed using specific oligonucleotides
(IDT) to incorporate specific mutations into E. coli K-12 chromosomal DNA or purified plasmids containing
the gene of interest. Purified DNA amplicons were then digested with restriction endonucleases and
ligated into plasmid pA906 containing an ampicillin resistance marker and the mutated /ac promoter
(AATAAT) to fuse the regions of interest in frame with the fifth codon of the lacZ reporter gene.

Gene fusions. Fusions of regions from two separate genes (Table 1) were constructed using
trimolecular ligations. The primers at the amplicons’ junction were phosphorylated with T4 PNK, T4 PNK
buffer (2 M Tris-HCl [pH 7.6], 1T M MgCl,, 1 M dithiothreitol [DTT]) and ATP (25 mM) for 30 min at 37°C.
The reaction mixtures were then heat inactivated for 20 min at 65°C. The regions within the genes used
for the fusions were amplified using PCR with the phosphorylated primers, purified, and digested to
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allow for incorporation into pM1108. The two amplicons and the plasmid were then ligated using T7
ligase and 10X ligation buffer (NEB), and mixtures were incubated at 16°C overnight. The ligation
product was then used as a template for a subsequent PCR amplification with a 5’ primer specific for the
plasmid and a 3’ primer specific to the downstream amplicon to ensure proper ligation. The resulting
amplicon was then purified and subcloned in pA906, as previously described for constructing lacZ
fusions.

B-Galactosidase assay. -Galactosidase assays were performed as previously described (53).
In vitro synthesis of RNA. The cloned plasmids were used as the templates in PCR amplifications by

utilizing a primer to incorporate the T7 RNA polymerase promoter sequence (5'-TAATACGACTCACTAT
AG-3’). This produced DNA fragments containing a T7 promoter sequence, allowing for in vitro tran-
scription with T7 RNA polymerase and production of RNA used for toeprint reactions. RNAs were
synthesized and purified as described previously (54). RNAs used in toeprint assays were synthesized by
combining purified PCR amplicons (constructs with lacZ fusions containing a T7 promoter) and T7 RNA
polymerase in 1X buffer (40 mM Tris [pH 7.8], 25 mM MgCl,, 1 mM spermidine, 0.01% Triton X-100, 5 mM
each nucleoside triphosphate, and 30 mM DTT). Transcription reaction mixtures were incubated for
approximately 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 ethanol 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 incubated overnight at room
temperature in elution buffer (300 mM NaO-acetate [NaOAc; pH 5.2], 0.1% SDS, 1 mM EDTA) with gentle
rocking. The supernatant was phenol extracted and ethanol precipitated.

Primer extension inhibition (toeprint) assay. DNA oligonucleotides were phosphorylated at the 5’

terminus with [y-32PJATP (6,000 Ci/mmol, 150 mCi/ml; PerkinElmer) and T4 PNK in 1X kinase buffer for
30 min at 37°C and annealed to the 3’ termini of RNA as previously described (55). Annealed RNA was
incubated with 30S subunits or 70S ribosomes with or without tRNA™et for 15 min at 37°C. Reaction
mixtures were transferred to ice, and reverse transcriptase was added. The reaction mixtures were
incubated for 15 min at 37°C, and reactions were stopped by the addition of 0.3 M NaOAc and 100%
ethanol and precipitated overnight at —80°C. Precipitated complexes were collected by centrifugation
and dissolved in loading dye (80% deionized formamide, 10 mM NaOH, 1 mM EDTA, 0.5% bromophenol
blue, and xylene cyanol), followed by heat treatment (95°C, 5 min) and PAGE (6% acrylamide, 7 M urea)
in 1X Tris-borate-EDTA. Gels were visualized via autoradiography.
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