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ABSTRACT The initiation of translation in bacteria is thought to occur upon base pairing
between the Shine-Dalgarno (SD) site in the mRNA and the anti-SD site in the
rRNA. However, in many bacterial species, such as Caulobacter crescentus, a minority
of mRNAs have SD sites. To examine the functional importance of SD sites in C. crescentus,
we analyzed the transcriptome and found that more SD sites exist in the coding
sequence than in the preceding start codons. To examine the function of SD sites in
initiation, we designed a series of mutants with altered ribosome accessibility and SD
content in translation initiation regions (TIRs) and in elongator AUG regions (EARs). A
lack of mRNA structure content is required for initiation in TIRs, and, when introduced
into EARs, can stimulate initiation, thereby suggesting that low mRNA structure content is a
major feature that is required for initiation. SD sites appear to stimulate initiation in TIRs,
which generally lack structure content, but SD sites only stimulate initiation in EARs if
RNA secondary structures are destabilized. Taken together, these results suggest that
the difference in secondary structure between TIRs and EARs directs ribosomes to start
codons where SD base pairing can tune the efficiency of initiation, but SDs in EARs do
not stimulate initiation, as they are blocked by stable secondary structures. This high-
lights the importance of studying translation initiation mechanisms in diverse bacte-
rial species.

IMPORTANCE Start codon selection is an essential process that is thought to occur via
the base pairing of the rRNA to the SD site in the mRNA. This model is based on studies
in E. coli, yet whole-genome sequencing revealed that SD sites are absent at start codons
in many species. By examining the transcriptome of C. crescentus, we found more SD-
AUG pairs in the CDS of mRNAs than preceding start codons, yet these internal sites
do not initiate. Instead, start codon regions have lower mRNA secondary structure content
than do internal SD-AUG regions. Therefore, we find that start codon selection is not
controlled by the presence of SD sites, which tune initiation efficiency, but by lower
mRNA structure content surrounding the start codon.
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For the faithful expression of the genetic code, the ribosome must initiate translation
only at the start codon. How the ribosome avoids aberrant initiation at other AUG

codons is not well-understood, although pioneering work suggests that certain mRNA
sequence elements, such as the Shine-Dalgarno (SD) site, are positive determinants for
translation initiation at the start codon. In addition, it is known that ribosomes initiate
more efficiently if the region surrounding the start codon (the translation initiation region
[TIR]) has low secondary structure content (1–4). More complex analyses of TIRs have built
large libraries of mRNA mutants and created predictive models of translation initiation,
based upon these sequence features, which can somewhat predict the initiation levels of
mRNAs (5). Importantly, such analyses have been performed almost exclusively in E. coli,
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and the importance of the SD has been assumed to be universal among bacteria, as the
complementary anti-SD in rRNA is universally conserved across bacteria. A genome-wide
analysis of the TIRs of mRNAs in other bacteria has revealed that SD sites are absent in the
TIR of many species (6–12), suggesting that SD sites are not required for initiation in many
species. Indeed, it has been found that some bacteria contain large fractions of leaderless
mRNAs that do not even contain a 59 UTR, making it impossible to make SD-antiSD base-
pairing interactions (7). Further genome wide analyses revealed that SD sites are also
prevalent within the coding sequences, where they may induce ribosome pausing and
are predicted to be nonfunctional for initiation (13–15), although neither has been
thoroughly tested. The bacterium C. crescentus is the fastest growing species that is pre-
dominantly non-SD in translation initiation, and it also has a well-annotated transcrip-
tome (16, 17), making it an ideal model to probe how mRNA sequence features program
translation initiation in TIRs, as opposed to AUGs in the CDS (henceforth called elongator
AUG regions) in predominantly non-SD species.

Therefore, we comprehensively examined the roles of SD sites and mRNA secondary
structure in the leadered TIRs and elongator AUG regions (EARs) of C. crescentus. Using an
in vivo translation initiation reporter assay, we found that, as predicted, ribosomes have a
strong preference for initiation on TIRs, compared to EARs. Upon a global mRNA sequence
analysis, we found more EARs containing SD-AUG pairs than TIRs, but the mRNA secondary
structure content was lower for TIRs than EARs. We systematically tested the effects of
secondary structure content and the presence or absence of SD sites in a combination of
TIR and EAR mutants. As expected, the TIR mutants showed that lower secondary structure
content and the presence of an SD site can stimulate efficient TIR initiation. EAR mutants
that lower mRNA secondary structure content, making the EAR more accessible to ribosomes,
stimulates initiation, regardless of SD content. Interestingly, EAR mutants with low sec-
ondary structure content showed additional stimulation when combined with SD sites;
however, EARs containing SD sites within stable secondary structures showed no ben-
efit. Together, these results suggest that the lower secondary structure content observed
in TIRs, compared to EARs, is likely the major determinant of start codon selection
and that SD sites tune translation initiation efficiency, if accessible to base pair with
ribosomes.

RESULTS
Translation initiation reporter assay. For proper gene expression, ribosomes must

be able to correctly distinguish the start codon AUG, which occurs in the translation initiation
region (TIR), from other elongator AUGs that are present in the mRNA (referred to as elongator
AUG regions [EARs]). To study what determines the preference for TIRs over EARs, we utilized
a translation initiation reporter assay in which the start codon for the YFP gene was replaced
with the TIR or EAR of an mRNA from the C. crescentus transcriptome, thereby forcing the YFP
reporter to initiate with either a TIR or an EAR (Fig. 1A). To validate this in vivo translation ini-
tiation reporter system, we cloned several leadered translation initiation regions (TIRs) and
elongator AUG regions (EARs) from the transcriptome of C. crescentus into the pBXYFPC-
2 plasmid, replacing the 59 TIR of YFP with one of 6 TIRs or 19 EARs. Upon induction with
xylose, the constructs with plasmids having TIR sequences were initiated more efficiently
than were those with EAR sequences, which were typically close to the background fluo-
rescence levels (Fig. 1B). Three of the TIRs contained SD sites, whereas the other three
contained mRNA leaders that lacked SD sites. The translation of the two SD TIRs was high,
whereas the other TIRs were translated at moderate levels, with these findings being in line
with prior evidence that indicated that SD sites stimulate translation initiation (5, 18, 19).
Interestingly, two EAR regions (from CCNA_00326 and CCNA_00499 CDSs) did show sub-
stantial levels of translation initiation (Fig. 1C).

TIRs are predicted to be more accessible than EARs. To determine which mRNA
features might promote translation initiation by TIRs and inhibit the initiation of EARs, we
analyzed the DGunfold of all TIRs and EARs in the C. crescentus transcriptome. Prior studies have
indicated that ribosome accessibility plays a key role in translation initiation (1, 2). Accessibility
to the ribosome can be approximated by DGunfold (20), which approximates the free energy
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FIG 1 An in vivo translation initiation reporter assay shows greater initiation in translation initiation regions (TIRs), compared to elongator AUG regions
(EARs). (A) A graphical representation showing the mRNA with the translation initiation region (TIR) highlighted in pink and an elongator AUG region

(Continued on next page)
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required to disrupt the mRNA secondary structure at the TIR to allow ribosomes to initiate
(Fig. 2A). When applied to all of the TIRs and EARs in the genome, we observed that TIRs
showed a lower DGunfold on average, with little difference between in-frame EARs and
out-of-frame EARs, suggesting that TIRs are more accessible to ribosomes than are EARs
(Fig. 2C). Across the transcriptome, there are 2,803 leadered TIR regions and 36,291 EAR
regions, making EARs far more abundant than TIRs. As SD sites are known to stimulate
initiation via the base pairing of the mRNA to the anti-SD in the 16S rRNA (Fig. 3), we ana-
lyzed the presence of SD sites across all TIR and EAR regions in the transcriptome. The sites
were conservatively defined as 4 continuous bp with the core of the anti-SD occurring
within 20 nt upstream of the start codon. Despite the textbook importance of SD sites in
the TIR, we observed only 1,335 SD-AUG pairs in TIRs, while we found 6,850 in EARs (4,399
in-frame, 2,451 out-of-frame). Even though there are more SD-AUG pairs in EARs
than in TIRs, the probability of finding an SD-AUG pair is higher in TIRs than in EARs
(Fig. 3B). As the C. crescentus genome is GC rich (67.3% GC), the probability of find-
ing an SD site in a random sequence is 28.5%; TIRs have more SD sites than are expected
by random chance, whereas EARs have fewer SD sites than are expected by random
chance (Fig. 3B).

Interestingly, SD sites in TIRs occur at a higher frequency between 15 and 10 nt upstream
of the AUG (21), whereas SD sites in EARs occur more often with nonoptimal spacing for
initiation (Fig. 4A). To test whether the position of the SD site affects initiation in C. crescentus,
we generated TIR reporters with an altered position of the SD site (Fig. 4A and B). The
TIR reporters were designed with a poly-A 59 UTR, which minimizes the chances of inhibi-
tory RNA secondary structures forming, to minimize the potential effects of the mRNA
structure content on SD spacing. The translation initiation reporters with altered SD posi-
tions showed that the SD sites that were located within the optimal range (10 to 15 nt
upstream) led to approximately 4 to 6-fold higher translation initiation efficiencies, compared
to a non-SD control TIR (Fig. 4B), whereas those located close to the start codon (7 or 9 nt
upstream) or far upstream (17 nt) showed insignificant changes in translation initiation effi-
ciency, compared to the non-SD control. Taken together, these results suggest that there is
likely some positive selection for optimally spaced SD sites in TIRs and a slight negative
selection against optimally spaced SD sites in EARs. In addition, EARs tend to have more
SD sites that are located outside the optimal region, which likely will not stimulate initiation.
Overall, SD-AUG pairs are prevalent in both TIRs and EARs, and they have modest effects on
translation initiation, but they cannot fully explain the strong preference for initiation at TIRs
over EARs (Fig. 1).

mRNA accessibility is a major determinant of start codon selection. As both mRNA
accessibility and the presence of an SD site can promote translation initiation, we designed
a series of EAR mutants in which we combinatorially altered mRNA secondary structure, the
presence of an SD site, or both, with the goal of converting these EAR sites into functional
TIRs (Fig. 5). First, we examined the EARs in our translation initiation reporter system and
found that approximately half have SD sites upstream of the AUG codon. We calculated the
DGunfold and found that the EARs with higher DGunfold values were more poorly translated
than were those having a lower DGunfold (Fig. 5A) (489 average high accessibility, 247 average
low accessibility). We did observe a slight increase in initiation reporter levels in the SD-con-
taining EARs (229 average non-SD, 321 average SD); however, it was not statistically signifi-
cant, based on a Mann-Whitney U test, which was used to compare the skewed distributions
(Fig. 5B). Then, we introduced combined mutations in the 59 UTRs of these EARs mutants
that would alter the presence of an SD site, ribosome accessibility, or both simultaneously.

FIG 1 Legend (Continued)
(EAR) highlighted in orange. Both the TIR and EAR are cloned into a translation initiation reporter plasmid that is downstream of the pXyl TSS, replacing
the start codon of the yellow fluorescent protein (YFP) so that translation initiation must occur at the transplanted TIR or EAR to yield YFP
fluorescence. (B) Bar chart showing the average YFP intensity of the TIRs in pink, the EARs in orange, and a vector lacking an AUG start codon
in gray. The TIRs containing SD sites are indicated. A t test with unequal variances was done to compare all constructs to the no AUG vector with
*** indicating a P value of #0.001, ** indicating a P value of #0.01, and * indicating a P value of #0.05. (C) Zoomed-in view of the low reporter levels
of EARs from panel B.
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Six of these EARs were non-SD in the wild type, and six contained an SD site in the wild
type. Across the non-SD EARs, we observed a detectable increase in initiation levels in EARs
that were highly accessible (average YFP level: highly accessibility, 302; moderate accessibility,
242; low accessibility, 225; high versus low P value, 0.01; high versus moderate P value, 0.04)
(Fig. 5C). We observed that SD sites did not significantly stimulate translation if the EAR region
had low accessibility (P value = 0.154). At moderate levels of mRNA accessibility, we observed
that some EARs with SD sites were initiated at higher efficiency, with a P value of 0.055.

FIG 2 EARs are less accessible than TIRs across the C. crescentus transcriptome. (A) mRNA accessibility can be estimated by the calculation of
DGunfold. The predicted mRNA minimum free energy (DGmRNA) is represented on the left. The orange translation initiation region indicates a ribosome
footprint surrounding the start codon (pink). The image on the right represents the mRNA upon initiation (DGinit), and the orange initiation region
is unfolded by the ribosome. The DGunfold represents the amount of energy required to unfold the translation initiation region of the mRNA. (B)
Box and whisker plot showing the distribution of DGunfold across all mapped TIRs and EARs in the C. crescentus transcriptome (20). The pink box and
whiskers represent TIRs, whereas orange represents in-frame EARs and red represents out-of-frame EARs. *** indicates a P value of #0.001 for a two-
tailed t test with unequal variances. (C) A graphical representation showing that TIRs are generally more accessible, thereby facilitating initiation,
whereas EARs are less accessible, thereby blocking ribosome access.
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However, in EAR mutants that were both highly accessible, SD sites containing versions
showed a strong stimulation of translation initiation into the range of the natural TIR reporters
(Fig. 5C and 1B). This suggests that EARs are strongly prevented from initiating due to their
general lack of accessibility to ribosomes as well as that SD sites only stimulate initiation if the
EAR region is accessible to ribosomes.

To further investigate how AUG accessibility and SD content coordinate start codon
selection, we analyzed their relationships, compared to their translation efficiencies, across
TIRs in the C. crescentus transcriptome (Fig. 6A). Here, we observed that the proportion of
SD sites in EARs was highest if the EAR had low accessibility, whereas the proportion of SD

FIG 3 SD-AUG pairs are more abundant in EARs than in TIRs. (A) A graphical representation of the optimal alignment of the core
SD sequence “AGGAGGUG” in the mRNA shown in green, with the anti-SD sequence in the rRNA below. The base pairing is
highlighted in the green dotted box. (B) The abundance of SD-AUG pairs across TIRs and EARs. The total number of SD-AUG pairs
across TIRs and EARs is on the top. The pink bar represents the TIRs, whereas the orange bar represents the in-frame EARs and
the red bar represents the out-of-frame EARs. Below is the fraction of SD enrichment in the TIRs and EARs. The random
probability of SD enrichment is shown as a gray horizontal line (estimated from 36,391 random sequences of the 67% genomic
GC% of C. crescentus). *** indicates a P value of #0.001, as calculated from a two-sample z test.
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FIG 4 Strong, optimally spaced SD-sites boost the translation efficiency of a TIR. (A) Distribution of SD site spacing in TIRs (dark magenta) and
EARs (orange) across the C. crescentus transcriptome. Aligned spacing is calculated from the 59 end of the core SD site after alignment to the

(Continued on next page)
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sites dropped in moderately accessible and highly accessible EARs. Interestingly, we observed
a similar decrease in the proportion of SD sites in highly accessible TIRs. To investigate
whether natural TIRs are stimulated by accessibility and SD content, we examined the
translation efficiency (TE), as determined via ribosome profiling (Fig. 6B) (16). Prior analysis
revealed that the C. crescentus TE was stimulated, transcriptome-wide, by approximately
30% by SD sites (22). For our analysis, only TIRs from monocistronic genes or from the first
genes in operons were used so as to avoid the effects of translational coupling on the TE
measurements. Across non-SD mRNAs, we observed that as accessibility increases, the aver-
age TE also increases from 0.75 to 1.0. A similar trend occurs for SD mRNAs, in which the
average TE increases from 0.83 to 1.6. In addition, we observed that as the TIRs became
more accessible, the SD mRNAs had increasing levels of translation efficiency, suggesting
that highly accessible SDs also stimulate the translation initiation efficiency of natural
mRNAs. In the low accessibility TIRs, we observed a small difference in the average TE
between non-SD (0.75) and SD (0.82) mRNAs; however, the P value (0.09) gives a low confi-
dence interval. As we compared the less structured TIRs in the moderate accessibility or
high accessibility bins, we observed larger average TE values and higher confidence intervals
between non-SD and SD mRNAs. The average TE observed for highly accessible mRNAs was
1.0 in non-SD mRNAs and 1.6 in SD mRNAs (P value = 8.2E24). This supports the conclusion
that SD sites do not have significant effects on translation initiation if they are blocked by in-
hibitory secondary structures but supports the conclusion that they can positively influence
translation efficiency if the SD sites are accessible to base pair with the rRNA.

DISCUSSION

AUG accessibility is a major determinant of start codon selection, whereas the
SD can tune the efficiency of initiation. In line with previous observations in other
organisms (1–3, 8), we find that translation initiation on leadered mRNAs is strongly impacted
by the DGunfold in C. crescentus (Fig. 7). A similar observation was also observed in leaderless
mRNAs in C. crescentus (23), suggesting that a low DGunfold may be a universal requirement for
initiation, regardless of the initiation mechanism. Indeed, the large difference in the DGunfold

values that were observed in TIRs and EARs appears to be the major determinant for ribo-
somes to accurately select the start codon. Despite the textbook view that SD sites direct
start codon selection, a larger abundance of SD sites appear in EARs, compared to TIRs
(Fig. 3B), with those in EARs generally being nonfunctional, most likely because they
are blocked from 16S rRNA base pairing due to the higher mRNA secondary structure
contents that are present in EARs (Fig. 6). Indeed, SD sites in EARs also have higher propen-
sities to be nonoptimally spaced, which reduces their abilities to stimulate initiation (Fig. 4).
SD sites in TIRs promote more efficient initiation in C. crescentus (Fig. 1 and 4), suggesting
that while the SD site is not required for initiation, it acts to tune initiation efficiency.
Interestingly, recent ribosome profiling experiments using E. coli ribosomes with a mutated
anti-SD showed that they still initiate at the original start codon, albeit with altered transla-
tion initiation efficiencies (24). This suggests that even in E. coli, in which the SD sequence
was originally proposed to be the major determinant for translation initiation, it is instead
used to tune the translation initiation efficiency. The lack of secondary structure appears
to be a universal feature of bacterial TIRs (3, 8), whereas the SD site contents in TIRs are
highly variable across many clades (6). In the Bacteroidetes clade, in which the SD site con-
tent in TIRs is low (6), the cryo-EM structure of a 70S initiation complex revealed that its anti-
SD is prevented from base pairing with mRNA by the ribosomal proteins bS21 and bS18 (25).
This suggests that the SD site is not universally used to tune initiation efficiency in all bacteria,
even though the anti-SD rRNA sequence is universally conserved. Indeed, many organisms

FIG 4 Legend (Continued)
anti-SD, as shown below. (B) Bar chart showing the average YFP production in the control (empty vector), compared to plasmids with a poly-A 59
UTR and SD sites spaced, relative to the AUG, as indicated below. The poly-A 59 UTR was chosen, as it limits the base pairing of the SD site with
other bases in the TIR. A t test with unequal variances was done to compare all constructs to a non-SD control, with *** indicating a P value of
#0.001, ** indicating a P value of #0.01, and * indicating a P value of #0.05.
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FIG 5 Low EAR accessibility prevents the stimulation of initiation by SD sites. (A) Distribution plot showing the
average YFP levels of nonaccessible wild-type EARs, which are represented by square data points, versus accessible
mutant EARs, which are represented by inverted triangle data points. EAR mutants contain point mutations in the
region upstream of the AUG, and these reduce potential base pairing in the EAR region. Each point represents a
single EAR reporter construct’s in vivo YFP level (Table S2). A Mann-Whitney U test was calculated between low
accessibility and high accessibility constructs to assess significance. (B) Distribution plot showing the average YFP
level of non-SD EARs, which are represented by dark magenta data points, versus SD EARs, which are represented
by green data points. A Mann-Whitney U test between the non-SD and SD EAR initiation reporters was used to
assess significance. (C) Distribution plot showing the average YFP of non-SD and SD TIRs with different degrees of
accessibility. Dark magenta data points represent non-SD TIRs, and green data points represents SD TIRs. Squared
data points represent low accessibility TIRs, and inverted triangle data points represent moderately accessible and
highly accessible TIRs. A Mann-Whitney U test was performed for the non-SD and SD pairs in each accessibility
category to compare the skewed distributions for significance.
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are known to initiate translation with leaderless mRNAs that are completely devoid of a
59 UTR and lack SD sites (7, 12, 23). Intriguingly, the frequency of SD sites in the CDS was
found to be inversely correlated with the growth rate across bacteria (14), suggesting that
the SD sites in EARs may be more detrimental in fast-growing species. Moving forward, it
will be critical to determine the functional importance of both TIR accessibility and SD sites
to translation initiation across diverse species of bacteria.

FIG 6 TIRs with accessible SD-AUG pairs have higher translation efficiencies in natural mRNAs. (A) Plot
showing the distribution of SDs in TIRs and EARs, classified with respect to their accessibility. Non-SD
TIRs/EARs are shown in dark magenta, and SD TIRs/EARs are shown in green. (B) Translation efficiency
values of C. crescentus mRNAs across six categories of accessibility and SD site prevalence, as measured
by ribosome profiling (16). Dark magenta data points represent non-SD TIRs, and green data points
represents SD TIRs. Squared data points represent low accessibility TIRs, and inverted triangle data
points represent moderate accessibility and high accessibility TIRs. The P-values of Mann-Whitney U tests
that were calculated for the non-SD and SD pairs for each accessibility category were used to compare the
skewed distributions for significance.
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MATERIALS ANDMETHODS
Cell growth and media. (i) E. coli culture. For cloning, plasmids with the reporter gene were trans-

formed in E. coli top10 competent cells via the heat shock method for 50 to 55 s at 42°C. Luria-Bertani (LB) liq-
uid medium was used for outgrowth, and the colonies were plated on LB/kanamycin (50mg/mL) agar plates.

For miniprep, the E. coli cultures were inoculated overnight (O/N) in liquid LB/kanamycin (30mg/mL).
(ii) C. crescentus culture. For cloning, plasmids were transformed in NA1000 C. crescentus cells after

sequence verification using electroporation. The C. crescentus NA1000 cells were grown in peptone yeast
extract (PYE) liquid medium. After transformation, for the outgrowth, liquid PYE medium was used
(2 mL), and the cells were then plated on PYE/kanamycin (25 mg/mL) agar plates. For imaging, the C.
crescentus cultures were grown O/N at different dilutions in liquid PYE/kanamycin (5 mg/mL). The next
day, the cultures growing in the log phase were diluted and induced in liquid PYE/kanamycin (5 mg/mL)
with xylose (final concentration of 0.2%) such that the optical density (OD) was around 0.05 to 0.1.

Design and generation of translation reporters. (i) Oligonucleotide and plasmid design. For the
design and generation of the reporter assay, a plasmid with a reporter gene (yellow fluorescent protein [YFP]),
under the control of an inducible xylose promoter, was used. The pBYFPC-2 plasmid containing a kanamycin
resistant gene was originally generated from (26). The list of sequences and oligonucleotides that were used
to generate the plasmids with different TIRs and EARs driving the translation of YFP is attached as a supplemen-
tary table (Table S1).

(ii) Inverse PCR mutagenesis and ligation. The 59UTR region and the start codon of the YFP re-
porter protein were replaced with other TIR sequences. This was done via inverse PCR, in which the lead-
erless TIR was attached to the reverse primer as an overhang. Initial denaturation was done at 98°C for 5 min,
and this was followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 60°C for 10 s, and extension
at 72°C for 7 min and 20 s. After 30 cycles, a final extension was done at 72°C for 5 min. The polymerase used
was Phusion (Thermo Scientific 2 U/mL). The PCR product was DPNI-treated to cut the template DNA using the
DPNI enzyme (Thermo Scientific 10 U/mL). The DPNI treated sample was then purified using a Thermo Fisher
GeneJET PCR Purification Kit. The purified sample (50 ng) was used for blunt end ligation using T4 DNA Ligase
(Thermo Scientific 1 WeissU/mL).

(iii) Transformation in E. coli cells. 5 mL of the ligation reaction were added to 50 mL of E. coli
top10 competent cells. The mixture was incubated in ice for 30 min. The transformation mixture was heat
shocked for 50 to 55 s at 42°C and then immediately kept on ice for 5 min, after which 750 mL of LB liquid
medium were added to the cells for outgrowth and kept for incubation at 37°C for 1 h at 200 rpm. After this,
200 to 250mL of the culture were plated on LB/kanamycin (50mg/mL) agar plates.

(iv) Colony screening and sequence verification. The colonies grown on LB/kanamycin plates
were screened via colony PCR for the presence of the mutant TIR insert. The cloning results in the replacement
of the larger 59UTR region of YFP with a smaller region containing a leaderless TIR. These are easily distin-
guished on an analytical gel. The forward and reverse primers used for the screening result in a product of
approximately 180 bp, whereas the original fragment amplified with the same oligonucleotides is 245 bp. The
forward oligonucleotide used was pxyl-for (cccacatgttagcgctaccaagtgc), and the reverse oligonucleotide was
eGYC1 (gtttacgtcgccgtccagctcgac). Upon verification, a small aliquot (4mL) of the colony saved in Taq polymer-
ase buffer was inoculated in 5 mL of liquid LB/kanamycin (30 mg/mL) and incubated overnight at 37°C
at 200 rpm. The next day, the culture was miniprepped using a Thermo Fisher GeneJET Plasmid Miniprep
Kit. The concentration of DNA in the miniprepped samples were measured using a NanoDrop 2000C from
Thermo Scientific. The DNA samples were sent to Genewiz for Sanger sequencing to verify the correct
insert DNA sequences, using the DNA primer eGYC1 (gtttacgtcgccgtccagctcgac) (26).

FIG 7 AUG accessibility dictates start codon selection, while the SD can boost initiation efficiency. Cartoon
showing that TIRs are more accessible than are EARs, thereby promoting TIR initiation (dark magenta) and
preventing initiation on EARs (red orange). SD-AUG pairs are abundant in both TIRs and EARs, but they
only increase initiation efficiency in TIRs in which the mRNA is highly accessible.
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(v) Transformation in C. crescentus NA1000 cells. After the sequences were verified, the plasmids
were transformed into C. crescentus NA1000 cells. For transformation, the NA1000 cells were grown overnight
at 28°C in PYE liquid medium at 200 rpm. The next day, 5 mL of cells were harvested for each transformation,
centrifuged, and washed three times with autoclaved milliQ water. Then, 1 mL of sequence-verified plasmid
DNA was mixed with the cells and electroporated using a Bio-Rad Micropulser (program Ec1, set at a voltage
of 1.8 kV). The electroporated cells were immediately inoculated into 2 mL of PYE for 3 h at 28°C at 200 rpm.
Then, 10 to 20 mL of culture were plated on PYE/kanamycin agar plates. Kanamycin-resistant colonies were
grown in PYE/kanamycin medium overnight and were then stored as a freezer stock in a280°C freezer.

(vi) Cellular assay of translation reporters. C. crescentus cells harboring reporter plasmids were
serially diluted and grown overnight in liquid PYE/kanamycin medium (5 mg/mL). The next day, cells in the
log phase were diluted with fresh liquid PYE/kanamycin (5 mg/mL) to have an optical density (OD) of 0.05 to
0.1. The inducer (xylose) was then added in the medium such that the final concentration of xylose was 0.2%,
and the cells were grown for 6 h at 28°C at 200 rpm. After this, 2 to 5mL of the cultures were spotted on M2G
1.5% agarose pads on a glass slide. After the spots soaked into the pads, coverslips were placed on the pads,
and the YFP level was measured via fluorescence microscopy, using a Nikon ECLIPSE NI-E with a CoolSNAP
MYO-CCD camera and a 100� Oil CFI Plan Fluor (Nikon) objective. Images were captured using the Nikon
Elements software package with a YFP filter cube, using exposure times of 30 ms for the phase-contrast images
and 300 ms for the YFP images, respectively. For the EAR experiments, a 700 ms exposure time was utilized for
YFP due to the lower YFP levels. The images were then analyzed using a plugin of the ImageJ software pack-
age (27), namely, MicrobeJ (28), to calculate the YFP/cell values. A set of four reporters were also cloned into
an mCherry reporter to test whether the CDS influenced the reporter level. Here, all of the cultures were grown
and induced with the same protocol as was used for the YFP reporters; however, a 1,000 ms exposure was per-
formed using an mCherry filter cube. The data for all of the reporters are presented in Table S2.

Computational predictions of start codon and elongator AUG region accessibility. (i) Retrieving
transcript sequences. All translation initiation region sequences were retrieved from transcription start
site and translation start site data that are available from RNA-seq and ribosome profiling, respectively
(16, 17, 29), using the C. crescentus NA1000 genome sequence (30) and the built-in Python scripts.

For the elongator AUG regions, all of the AUGs within the mRNA sequence were scanned (both in-frame
and out-of-frame AUGs). Then, 50 bases were retrieved (225 from the elongator AUG and125 from the elon-
gator AUG, including the AUG).

DGunfold computation. Start codon accessibility was computed, similar to (31), as DGmRNA – DGInit,
using the DGunfold leaderless package (20). This was done in the following three steps.

(i) Calculation of DGmRNA. The minimum free energy (MFE), labeled as DGmRNA, was calculated using
the RNAfold web server of the Vienna RNA websuite (32) at 28°C by inputting all of the TIR sequences in
a text file (no fasta format required) and using the command line function (RNAfold –temperature 28
,input_sequences.txt .output.txt). The output file was in the default RNAfold format, with each new
sequence being on one line and being followed by dot-bracket notation (Vienna format) in the next
line. The file format was then changed to fasta format so that each sequence and its dot-bracket nota-
tion could be put into RNAstructure (33) to generate ct files for each sequence. Using the ct file data,
all of the base pair indexes for each sequence were retrieved and stored in a list that was assigned for
that sequence. Also, the Vienna format of each sequence was extracted from the RNAfold output file
and printed on each line of a new text file in the same order as the order of the sequences.

(ii) Calculation of DGInit. Using these pairing indexes data and the original Vienna formats, the sequen-
ces were constrained such that all of the base pairs in the ribosome binding site (RBS) (from up to 12 bases
upstream of the start codon to 13 bases downstream of the start codon) were broken and forced to be single-
stranded, while the secondary structures outside the RBS were unchanged. If the 59UTR length was greater
than or equal to 25 bases, then the RBS was selected from 212 to 113 bases (25 bases). If the 59UTR length
was less than 25, then the RBS was comprised of the entire 59UTR to113 bases. This was done to ensure that
the AUG position, relative to the ribosome, remained unchanged for different sequences that had different
59UTR lengths. To calculate the MFE of all of the sequences with the constraints, a new file containing the con-
straint for each sequence, followed by the sequence itself, was then put into the RNAfold program (32). This
MFE was labeled as DGinit.

(iii) Calculation of DGunfold. Lastly, DGunfold was calculated by subtracting DGmRNA (mfe of mRNA in
the native state) from DGInit (mfe of mRNA after ribosome binding) (DGunfold = DGmRNA – DGInit).

Data availability. The plasmids and strains that were generated in this study will be made available
upon request to the corresponding author. The data generated in this study are presented in the figures,
tables, and supplementary information. The deltaG unfold software package is freely available at https://
github.com/schraderlab/dGunfold_program.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TABLE S1, XLSX file, 0.02 MB.
TABLE S2, XLSX file, 0.03 MB.
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