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ABSTRACT

Bacterial translation is thought to initiate by base
pairing of the 16S rRNA and the Shine-Dalgarno se-
quence in the mRNA’s 5’ untranslated region (UTR).
However, transcriptomics has revealed that leader-
less mRNAs, which completely lack any 5’ UTR, are
broadly distributed across bacteria and can initiate
translation in the absence of the Shine-Dalgarno se-
quence. To investigate the mechanism of leaderless
mRNA translation initiation, synthetic in vivo trans-
lation reporters were designed that systematically
tested the effects of start codon accessibility, leader
length, and start codon identity on leaderless mRNA
translation initiation. Using these data, a simple com-
putational model was built based on the combinato-
rial relationship of these mRNA features that can ac-
curately classify leaderless mRNAs and predict the
translation initiation efficiency of leaderless mRNAs.
Thus, start codon accessibility, leader length, and
start codon identity combine to define leaderless
mRNA translation initiation in bacteria.

INTRODUCTION

Translation initiation is a critical step for fidelity of gene ex-
pression in which the ribosome initiation complex is formed
on the start codon of the mRNA. Since the canonical start
codon, AUG, complements both initiator and elongator
methionyl-tRNAs, the ribosome must distinguish the start
AUG codon from elongator AUG codons. Incorrect initia-
tion at an elongator AUG can lead to non-functional prod-
ucts that can be detrimental to cellular fitness (1-3). Canon-
ical start codon selection is thought to occur by the base
pairing of the 16S rRNA with a Shine-Dalgarno (SD) se-
quence in the mRNA located 5 nt upstream of the start
codon (4-6). The base pairing between the 16S rRNA and
mRNA was shown to be critical for initiation since muta-
tion of the anti-SD (aSD) in the 16S rRNA is lethal (7),
and translation of a gene lacking a canonical SD sequence
could be restored when the 16S of the rRNA was mutated
to a complementary sequence (8). While the SD-aSD pair-

ing clearly impacts translation initiation efficiency (TIE) in
Escherichia coli, other studies have found that the SD:aSD
interaction is not essential for correct selection of the start
codon (9,10). Indeed, ‘orthogonal’ ribosomes with altered
16S rRNA aSD sequences were found to initiate at the nor-
mal start codons throughout the transcriptome (11). Inter-
estingly, E. colilacks SD sites within its genome in ~30% of
its translation initiation regions (TIRs) with other species
of bacteria containing SD sites in as few as 8% of their
TIRs (12,13). Indeed, RNA-seq-based transcription map-
ping experiments have found that many bacterial mRNAs
are ‘leaderless’ and begin directly at the AUG start codon
(14-16), and that these mRNAs are abundant in pathogens
such as Mycobacterium tuberculosis and in the mammalian
mitochondria (17).

To account for the lack of essentiality of the SD site, a
‘unique accessibility model” was proposed that posited that
start codon selection occurs due to the TIR being accessi-
ble to initiating ribosomes, while elongator AUGs are phys-
ically inaccessible due to RNA secondary structures (18).
This model was based upon a strong negative correlation
observed between mRNA secondary structure content in
the TIR and TIE (19-21). This model is further supported
by genomic analysis of RNA secondary structure predic-
tion of mRNA TIRs in which there is a lower amount of
secondary structure in the TIR compared to elongator re-
gions, which is conserved across all domains of life (22).
While the unique accessibility model is overly simplistic,
more advanced computational approaches have been able
to combine TIR accessibility with SD strength, spacing and
standby sites to more accurately predict TIE of leadered
mRNAs (23). While TIR accessibility has been shown to
be critical in many leadered mRNAs, it has not yet been
systematically tested for leaderless mRNAs.

Genome-wide RNA-seq transcript mapping experiments
have revealed that leaderless mRNAs are widespread across
bacteria (14), yet little is known about their mechanism
of translation initiation. While very few leaderless mRNAs
have been identified in E. coli [0.7% leaderless mRNAs
(24)], other bacteria and archaea contain a large majority of
their transcripts as leaderless mRNAs [up to 72% leaderless
mRNAs (14,25)]. Additionally, sizable proportions of lead-
erless mRNAs have been identified in bacteria of clinical
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significance, such as M. tuberculosis, and of industrial sig-
nificance, such as Corynebacterium glutamicum (15,26). In
the model bacterium Caulobacter crescentus, ~17% of mR-
NAs are leaderless (27), with the fastest doubling time
known of any bacterium with large numbers of leaderless
mRNAs. In addition, C. crescentus has good genetic tools,
making it an ideal model to study translation initiation of
leaderless mRNAs.

Importantly, the role of TIR accessibility has not been
systematically tested for leaderless mRNAs; however, some
aspects of their initiation have been identified that are dis-
tinct from leadered mRNAs. Mitochondrial leaderless mR-
NAs have been found to lack 5 secondary structure (28),
in support of a TIR accessibility model. Additionally, mu-
tagenesis of the Mycobacterium smegmatis pafA leaderless
mRNA to perturb its secondary structure showed that sec-
ondary structure content negatively correlated with these
translation levels (29). However, the changes in codon usage
across the mutants make the relative impact of secondary
structure and codon usage unknown for this mRNA. In
opposition to the canonical initiation mechanism, leader-
less mRNAs can initiate with 70S ribosomes where 1F2
is known to stimulate their translation, and IF3 can in-
hibit leaderless translation (30,31). Additionally, AUG is
the most efficient start codon in leaderless mRNAs in E.
colior Haloarchaea (32-36), while AUG and GUG are both
efficient leaderless mRNA start codons in M. smegmatis
(16). In E. coli, suppressor tRNAs could restore initiation
on non-AUG codons for leadered RNAs, but not for lead-
erless RNAs (32), suggesting that for leaderless mRNAs an
AUG start codon has unique initiation properties indepen-
dent of perfect codon—anticodon base pairing. Indeed, ge-
nomic prediction of leaderless mRNAs suggests a very high
preference of AUG (79%) at the 5" end of leaderless mR-
NAs, with a smaller percentage of GUG (10%), UUG (6%)
and others (3%) (13). In addition to the start codon iden-
tity, TIE of mRNAs with short leaders (<5 nt) is signifi-
cantly lower as compared to their fully leaderless counter-
parts (34,35,37-39). Altogether, this suggests that leaderless
mRNAs strongly prefer AUG and are inhibited by having
short leaders.

In order to understand the mRNA sequence features
needed for leaderless translation initiation, we systemati-
cally measured the effect of TIR accessibility, start codon
identity and leader length on leaderless mRNA translation
initiation in C. crescentus. Using synthetic in vivo trans-
lation initiation reporters, we show that TIR accessibility,
start codon identity and leader length all dramatically affect
leaderless mRNA TIE. The dependences of each mRNA
feature on TIE were then built into a simple computational
model (TIEjqertess model) that accurately predicts which
RNAs in the C. crescentus transcriptome would be initiated
as leaderless RNAs with an area under the curve (AUC)
of a receiver operator characteristic (ROC) curve of 0.99.
The TIE aqderiess model also accurately predicts the TIE of
in vivo leaderless mRNA reporters (R* = 0.87). This there-
fore provides the first systematic analysis of mRNA fea-
tures required for leaderless initiation and the C. crescen-
tus TIEjeaderiess model will likely provide a foundation for
our understanding of leaderless mRNA translation initia-
tion across bacteria.

MATERIALS AND METHODS
Computational predictions of start codon accessibility

Retrieving transcript sequences. All the RNA sequences
were retrieved from transcription start site and transla-
tion start site data available from RNA-seq and ribo-
some profiling, respectively (27,40), using the C. crescentus
NA1000 genome sequence (41). For M. smegmatis, RNA-
seq and ribosome profiling data were downloaded from
the European Nucleotide Archive (https://www.ebi.ac.uk/
arrayexpress/experiments/E-MTAB-2929/), and for M. tu-
berculosis, RNA-seq data were obtained from Gene Ex-
pression Omnibus accession number GSE62152 and ana-
lyzed using the CP000480.1 and NC_000962 genome se-
quences, respectively (16). For Haloferax volcanii, RNA-seq
and ribosome profiling data were provided by the DiRug-
giero Lab, and analyzed with the H. volcanii NCBI Ref-
Seq genome (taxonomy identification 2246; one chromo-
some, four plasmids) (42). For Mus musculus mitochondria,
RNA-seq and ribosome profiling data were downloaded
from (43) and analyzed with the NC_005089 genome se-
quence. The TIR sequences were then extracted from all
open reading frames (ORFs) using 50 nt (25 nt upstream of
start codon and 25 nt downstream from start codon). If the
5" upstream untranslated region (UTR) was <25 nt, then 50
nt from transcription start site was used for all TIR calcula-
tions. Classification of mRNA type (leaderless, non-SD or
SD) was obtained from (27).

Translation efficiency data. Ribosome profiling and
RNA-seq translation efficiency (TE) data for C. crescentus
were obtained from (27). Ribosome profiling and RNA-seq
TE data for H. volcanii were obtained from the group
of Prof. Jocelyn DiRuggiero (44). Ribosome profiling
and RNA-seq sequencing data for M. smegmatis were
obtained from the European Nucleotide Archive (https://
www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-2929/)
(16). For both ribosome profiling and RNA-seq data, the
sequencing reads were downloaded as fastq files and the
adapter polyA sequences were trimmed using a custom
python script. Trimmed reads were then depleted of rRNA
and tRNA reads by alignment with bowtie (45), and the
remaining non-rRNA/tRNA reads were then aligned to
the M. smegmatis MC2 155 genome. RPKM values were
then calculated based upon the CP009494.1 annotation.
To avoid confounding effects from initiating or terminating
ribosomes, the first 15 nt and last 15 nt of ORFs were
omitted from the RPKM calculations. ORFs with <50
reads in a given sample were omitted from the RPKM
calculation. The TE was then calculated as the ratio of the
RPKMribosome proﬁling/ RPKMRNA—seq-

Calculation of AGy,pi.  Start codon accessibility was
computed similar to (46) by comparing the native TIR
RNA structure (AGprna) to that of the same TIR bound
by an initiating ribosome (A Giyi). Since ribosome binding
requires a single-stranded region of the mRNA, we approx-
imated this by forcing the TIR to be single stranded. The
overall calculation was performed in three steps:
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1. Calculation of AGurna: The minimum free energy
(mfe) labeled as A G,rna Was calculated using RNAfold
web server of the Vienna RNA websuite (47) at the
growth temperature of each organism by inputting all
the TIR sequences in a text file using command line
function ‘RNAfold —temp “temp” <input_sequences.txt
>output.txt’. The output file was in the default RNAfold
format with each new sequence on one line followed by
dot-bracket notation (Vienna format) in the next line.
RNAstructure (48) was used to generate ct files for each
of the mfe structures predicted in RNAfold that con-
tained all the base-pair indexes for each sequence.

2. Calculation of AGiyii: The base pairs in the TIR (from up
to 12 nt upstream of the start codon to 13 nt downstream
of the start codon) were broken and forced to be single
stranded, including any pairs formed from the TIR and
outside. If the 5 UTR length was >25 nt, then the RBS
was selected from —12 to +13 nt (25 nt). If the 5 UTR
length was <25 nt, then the TIR comprised of the en-
tire 5" UTR to +13 nt. A new dot—bracket file with these
base-pairing constraints was then used in the RNAfold
program (47) with the same RNA sequence to calculate
the AGin.

3. Calculation of AGyppoiq: Lastly, AGypplq Was calculated
by subtracting AGprna (mfe of mMRNA in native state)
from AGjy; (mfe of mRNA after ribosome binding):

AGunfold = AGinit — AGmRNA. (1)

Cell growth and media

E. coli culture. For cloning, plasmids with the reporter
gene were transformed in E. coli top 10 competent cells
using the heat shock method for 50-55 s at 42°C. Luria—
Bertani (LB) liquid medium was used for outgrowth and the
colonies were plated on LB/kanamycin (50 pg/mL) agar
plates. For miniprep, the E. coli cultures were inoculated
overnight (O/N) in liquid LB/kanamycin (30 pg/mL).

C. crescentus culture. For cloning, plasmids were trans-
formed in NA1000 C. crescentus cells after sequence ver-
ification using electroporation. The C. crescentus NA1000
cells were grown in peptone yeast extract (PYE) lig-
uid medium. After transformation, for the outgrowth lig-
uid PYE medium was used (2 mL) and then plated on
PYE/kanamycin (25 p.g/mL) agar plates. For imaging, the
C. crescentus cultures were grown O/N at different dilu-
tions in liquid PYE/kanamycin (5 pg/mL). Next day, the
cultures growing in log phase were diluted and induced in
liquid PYE with kanamycin (5 pg/mL) and xylose (final
concentration of 0.2%) such that the optical density (OD)
was ~0.05-0.1.

Design and generation of translation reporters

Oligos and plasmid design. For the design and generation
of reporter assay, a plasmid with a reporter gene [yellow flu-
orescent protein (YFP)], under the control of an inducible
xylose promoter, was used. The pBYFPC-2 plasmid con-
taining the kanamycin-resistant gene was originally gener-
ated from (49). A list of oligos used for generating plasmids
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with different 5 UTRs of YFP is provided in Supplemen-
tary Table S6.

Inverse PCR mutagenesis and ligation. The 5 UTR region
and start codon of the YFP reporter protein were replaced
with other TIR sequences. This was done by inverse PCR,
in which the leaderless TIR is attached to the reverse primer
as an overhang. Initial denaturation was done at 98°C for 5
min, 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, final extension was done at 72°C
for 5 min. The polymerase used was Phusion (Thermo Sci-
entific, 2 U/pL). The PCR product was then DPNI treated
to cut the template DNA using DPNI enzyme (Thermo Sci-
entific, 10 U/pl). The DPNI-treated sample was then puri-
fied using Thermo Fisher GeneJET PCR Purification Kit.
The purified sample (50 ng) was then used for blunt-end
ligation using T4 DNA Ligase (Thermo Scientific, 1 Weiss
U/wL).

Transcription reporter design.  For the design of transcrip-
tion reporter assay, a plasmid with a 28 nt mutant version of
5" UTR (CCNA_03971) in front of reporter gene (YFP) was
used. This reporter gene had the nucleotide A at its +1 po-
sition and the reporter gene was under the control of an in-
ducible xylose promoter. The pBYFPC-2 plasmid contain-
ing the kanamycin-resistant gene was originally generated
from (49). The +1 nucleotide was mutated to all other nu-
cleotides (G, C or T) and these three mutant plasmids were
synthesized into DNA oligos and cloned by Genscript.

The insertion sequence from the +1 nt (underlined) to 28
nt including start codon (atg) to the RBS for each construct
is shown below:

. accgattaacgatggtggttgttctggce
. cccgattaacgatggtggttgttctggc
. gccgattaacgatggtggttgttctgge
. tccgattaacgatggtggttgttctgge

HQ AP

Transformation in E. coli cells.  Five microliters of the lig-
ation reaction was then added to 50 pL of E. coli top 10
competent cells. Then, the mixture was incubated in ice for
30 min, heat shocked for 50-55 s in the water bath at 42°C
and immediately kept in ice for 5 min, after which 750 WL of
LB liquid medium was added to the cells for outgrowth and
kept for incubation at 37°C for 1 h at 200 rpm. After this,
200-250 p.L of the culture was plated on LB/kanamycin (50
pg/mL) agar plates.

Colony screening and sequence verification. The colonies
grown on LB/kanamycin plates were screened by colony
PCR to first screen for the presence of the new TIR in-
sert. The cloning results in the replacement of the larger
5" UTR region of YFP with a smaller region containing a
leaderless TIR, thus distinguished easily on an analytical
gel. The forward and reverse primers used for the screen-
ing result in ~180 bp, whereas the original fragment ampli-
fied with the same oligos is 245 bp. The forward oligo used
was pxyl-for: cccacatgttagegetaccaagtge and reverse oligo
was eGYCl: gtttacgtcgecgtccagetegac. Upon verification, a
small aliquot (4 1) of the colony saved in Taq polymerase
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buffer was inoculated in 5 mL of liquid LB/kanamycin (30
wg/mL) and incubated O/N at 37°C at 200 rpm. Next day,
the culture was miniprepped using Thermo Fisher Gene-
JET Plasmid Miniprep Kit. The concentration of DNA in
the miniprepped samples was measured using Nanodrop
2000C from Thermo Scientific. DNA samples were sent
to Genewiz for Sanger sequencing to verify the correct in-
sert DNA sequences using the DNA primer eGYCl: gtt-
tacgtcgecgtecagetegac (49).

Transformation in C. crescentus NAI000 cells. After the
sequences were verified, the plasmids were transformed
in C. crescentus NA1000 cells. For transformation, the
NA1000 cells were grown O/N at 28°C in PYE liquid
medium at 200 rpm. The next day, 5 mL of cells were har-
vested for each transformation, centrifuged and washed
three times with autoclaved Milli-Q water. Then, 1 wL of
sequence verified plasmid DNA was mixed with the cells
and electroporated using Bio-Rad Micropulser (program
Ecl set at voltage of 1.8 kV). Then, the electroporated cells
were immediately inoculated in 2 mL of PYE for 3 h at
28°C at 200 rpm. Then, 10-20 wL of culture was plated on
PYE/kanamycin agar plates. Kanamycin-resistant colonies
were grown in PYE/kanamycin media O/N and then stored
as a freezer stock in the —80°C freezer.

Cellular assay of translation reporters

C. crescentus cells harboring reporter plasmids were serially
diluted and grown O/N in liquid PYE/kanamycin medium
(5 pg/mL). The next day, cells in the log phase were di-
luted with fresh liquid PYE/kanamycin (5 pg/ml) to have
an OD of 0.05-0.1. The inducer xylose was then added in
the medium such that the final concentration of xylose is
0.2%. The cells were grown for 6 h at 28°C at 200 rpm. Af-
ter this, 2-5 L of the culture was spotted on M2G 1.5%
agarose pads on a glass slide. After the spots soaked into
the pad, a coverslip was placed on the pads and the YFP
level was measured using fluorescence microscopy using a
Nikon eclipse NI-E with CoolSNAP MYO-CCD camera
and 100x Oil CFI Plan Fluor (Nikon) objective. Image was
captured using Nikon Elements software with a YFP filter
cube with exposure times of 30 ms for phase-contrast im-
ages and 300 ms for YFP images. The images were then an-
alyzed using a plug-in of software ImageJ (50) called Mi-
crobeJ (51).

Three-component model calculations and leader

length/identity analysis

For all RNA transcripts in the C. crescentus genome iden-
tified in (27,40), we computed their capacity to initiate as a
leaderless mRNA using the following equation:

TIEleaderlesstNA(k) = MaxTIE (1) - (1 - TIEAGUnfn]d)
_(1 - TIEstartcodonidentity(j)) - (1 - TIE]eaderlength(i)), (2)

where k is a given RNA transcript, j is start codon iden-
tity and i is leader length (nt). To identify putative leader-
less mRNA TIRs, we first asked whether the 5" end con-
tained an AUG or near-cognate start codon, and if not,

we scanned successively from the 5 end for AUG trinu-
cleotides within the first 8 nt. Near-cognate start codons
were omitted from positions containing leader nucleotides
since AUG codons yielded higher TIE values even in the
presence of a leader. We next asked whether there isan AUG
or near-cognate start codon further downstream by scan-
ning 5’ to 3’ through the first 18 nt. If found, we calculated
T1E eaderless mkNa With all different possible cognate/near-
cognate start codons along the TIR. Then, of all the dif-
ferent possibilities, the one having the highest TIE e deriess
score was selected for further analysis (Figure 7A).

To utilize TIEcaderiess mrNa fOr classification, each RNA
was then categorized into two different classes based on 5’
end sequencing data and ribosome profiling-based global
assays (27,40): true leaderless, RNAs that are known to ini-
tiate directly at a 5 start codon [judged by a complete lack
ofa 5 UTR and a ribosome density >1/20 the downstream
CDS (27)]; and false leaderless, RNAs that are not initiated
at a 5 start codon. A small subset was classified as “un-
known’, as they contain very short leaders and lack SD sites,
making their mode of translation initiation ambiguous. Us-
ing these TIE caderiess mrNA Values, an ROC curve was plotted
using scikit-learn library in python (52) with the ‘true lead-
erless’ and ‘false leaderless’ RNAS (TIE caderiess mrna Values
for the C. crescentus transcriptome can be found in Supple-
mentary Table S1).

To utilize TIEjeaderiess mrNa fOr prediction of translation
initiation reporter levels, we first converted all negative
T1E eaderless mRNA Scores to zero. Next, we compared the
TIE caderless mrNA Scores to the YFP levels of the translation
initiation and performed a linear regression calculation us-
ing the linest function in Microsoft Excel and LibreOffice
Calc. For prediction of native leaderless mRNA translation
levels, TE measurements from ribosome profiling experi-
ments (27) were compared to the TIEeaderless mrRNA SCOTES.

RESULTS

Computational prediction of C. crescentus start codon acces-
sibility

To assess the role of mRNA accessibility across mRNA
types, AGunfold calculations were performed on all C. cres-
centus TIRs. AGynpoiq represents the amount of energy re-
quired by the ribosome to unfold the mRNA at the TIR and
has been identified as a metric that correlates with TE in E.
coli (46). AGynrolq Was calculated for all TIRs by first pre-
dicting the mfe of the 50 nt region of the mRNA (A GyurNA)
around the start codon using RNAfold (47). AGi,; was
then calculated in which the TIR (25 nt surround the start
codon), roughly equivalent to a ribosome footprint, was
constrained to be single stranded to approximate accessi-
bility for the ribosome to initiation. A Gynpolq Was then cal-
culated using Equation (1), which represents the energy re-
quired to open the TIR to facilitate translation initiation
(Figure 1A). AGunoa calculations were performed on all
the CDSs in the genome (Figure 1B) and classified into
mRNA types based on transcriptome and ribosome profil-
ing maps of the C. crescentus genome (27). The transcripts
were categorized into two major classes: leaderless (no 5
UTR) and leadered (those containing a 5 UTR). Lead-
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Figure 1. Leaderless mRNA TIRs are more accessible than leadered mRNAs. (A) Predicted unfolding energy of mRNAs. The predicted mRNA mfe
(AGmrNa) s represented on the left. The orange TIR indicates a ribosome footprint surrounding the start codon (pink). The image on the right represents
the mRNA upon initiation (A Gjyj;) where the orange initiation region is unfolded. The A Gyuo1d represents the amount of energy required by the ribosome
to unfold the TIR of the mRNA. (B) Violin plots of AGypfoig (right) calculated for all the mRNAs of each class (left) in the C. crescentus genome based
on the transcript architecture (27,40). P-values were calculated based on a r-test (two-tailed, unequal variance). (C) Violin plots of AGypfolg calculated for
leaderless (green) and leadered (gray) mR NAs for various organisms with ribosome profiling data. A Gynrolq values were calculated using the optimal growth
temperature of each microorganism and 37°C for M. musculus mitochondria. P-values were calculated based on a z-test (two-tailed, unequal variance).

ered mRNAs were further categorized into subclasses based
upon the presence of the SD sequence (27): SD (containing
an SD sequence in the 5 UTR) and non-SD (lacking an
SD sequence in the 5 UTR). Since it is also known that
some polycistronic operons reinitiate translation between
CDSs without dissociation of the ribosomal subunits, we
also examined the A Gynpoiq of TIRS occurring downstream

of the first CDS in polycistronic mRNAs (operons). The av-
erage AGunplg value of leaderless mRNAs (5.6 kcal/mol)
was significantly lower than those of SD (11.9 kcal/mol, P
= 1.5E—105), non-SD (10.3 kcal/mol, P = 6.9E—71) and
internal operon TIRs (13.2 kcal/mol, P =1.1E—143) as cal-
culated by pairwise two-sided 7-tests with unequal variance
(Figure 1B). The lower A Gyppoiq values of non-SD TIR s may
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be due to the loss of stabilization of TIRs from base pairing
between the anti-SD site in the 16S rRNA and the SD site in
the mRNA. We also observed that average A Gygo1q of non-
SD TIRs was significantly lower than those of SD TIRs (P
= 1.8E—14) and operon TIRs (P = 1.4E—44). The differ-
ence between the average A Gyupig of SD and operon genes
was also significant (P = 2.1E—09). Because the ribosome
is an efficient RNA helicase, it is possible that the increased
A Gynfold of operon TIRs may be tolerated by the ribosome’s
ability to unwind such structures when terminating on the
previous CDSs. We hypothesized that the low A Gyppolq 0b-
served for leaderless mRNAs was due to an intrinsic re-
quirement for their initiation; however, because the size of
the leaderless mRNA footprint is significantly smaller than
a leadered mRNA footprint, the low A Gy Observed for
leaderless mRNAs could potentially be explained by the
smaller ribosome footprint size. To explore this possibility,
we analyzed the A Gyupoiq of leadered mRNA TIRs using the
same footprint size and region as leaderless mRNAs (13 nt)
in the A Gypolq calculation (Supplementary Figure S1). We
observed that the AGyugig Was still significantly lower for
leaderless mRNA TIRs, suggesting that the low A Gungold
for leaderless mRNA TIRs is not simply an artifact of the
smaller mRNA footprint size.

To explore whether low AGynpig for leaderless mRNA
TIRs is a species-specific property of C. crescentus, or a
general property of leaderless mRNA TIRs, we calculated
A Gyniold for TIRs in other organisms identified to contain
a significant number of leaderless mRNAs. We identified
two additional bacteria (M. smegmatis and M. tuberculo-
sis) (16), one archaeal species (H. volcanii) (25,44) and one
mitochondrial genome (M. musculus) (43) that had tran-
scriptome information and ribosome profiling or mass spec
data supporting a significant number of leaderless mRNAs.
Across bacteria and archaea, the leaderless mRNA A Gunold
remained quite low as compared to their leadered mRNAs
counterparts (leaderless average 5.6-7.6 kcal/mol, leadered
average 12.0-12.9 kcal/mol) (Figure 1C). In M. musculus
mitochondria, however, leaderless mRNAs and leadered
mRNAs were both observed to have low AGynpia (Figure
1C), perhaps in part due to the relatively low GC percent-
age. Since leaderless mRNAs showed a rather low A Gypgold,
and lack complexities associated with leadered mRNAs,
such as SD or standby sites that are important for lead-
ered initiation (23), we further explored the functional role
of AGunfolg In C. crescentus leaderless mRNAs.

Systematic analysis of C. crescentus leaderless mRNA TIR
determinants using in vivo translation reporters

Leaderless mRNA initiation is known to be strongly influ-
enced by addition of nucleotides prior to the start codon
(leader nts) and by start codon identity (32-39); however,
the role of TIR accessibility has been poorly described in
this class of mRNAs. To understand the role of these three
mRNA features, we systematically tested each feature us-
ing in vivo leaderless mRNA translation initiation reporters.
Translation initiation reporters were designed in which the
start codon of plasmid pBXYFPC-2 was replaced with an
AUG fused directly to the +1 nt of the xylose promoter (49).
The xylose promoter was chosen because it is one of the
best characterized promoters in Caulobacter and its TSS

was mapped to the same nt by two independent methods
(40). An additional 15-24 nt after the 5" AUG was added to
allow complete replacement of the 5’ leader and start codon
in pPBXYFPC-2 with a leaderless TIR. Since only the first
six to nine codons are altered across leaderless mRNA mu-
tants, and the vast majority of the YFP CDS is unaltered,
this allows a sensitive system to measure changes in transla-
tion initiation. As leaderless TIR mutants may also alter the
amino acid sequence, additional care was also taken to en-
sure that mutations would not alter the N-end rule amino
acid preferences of the resulting proteins (53). Using this
in vivo translation initiation system, we generated three dif-
ferent sets of leaderless TIR reporters to test the effect of
A Gunfold, start codon identity and additional leader length
on C. crescentus translation initiation.

As leaderless mRNAs were predicted to have TIRs with
low AGunfoia Values, we engineered several RNA hairpins
in the TIR to assess the role of AGyngig On translation ini-
tiation (Figure 2A). Since very few natural C. crescentus
mRNAs contained RNA structure content in their TIRs
(Figure 1B), six synthetic hairpins were designed, vary-
ing in stem and loop sizes (Supplementary Table S2). Into
each construct, we also introduced synonymous codon mu-
tations designed to alter the secondary structure content,
yielding a range of AGunpig values without altering the
amino acid sequence within a given hairpin (Supplementary
Table S2). Importantly, the entire range of AGyugo1a Values
across the synthetic hairpins spans the entire range calcu-
lated for natural leaderless mRNAs (Figure 1, Supplemen-
tary Table S2). For all hairpins, we observed that lowering
A Gunfold and thereby increasing the accessibility of the start
AUG led to an increase in the level of YFP production (Fig-
ure 2B). Since six of the seven hairpin mutant sets showed a
relationship in which hairpin codon usage frequency posi-
tively correlated with A Gyupola (Supplementary Table S2), it
is most likely that the observed reduction in YFP reporter
levels is a result of increased structure content and is not
likely to be caused by faster elongation of common codons
in the TIR. Additionally, across all mutant hairpin sets gen-
erated, we observed a strong negative correlation between
the YFP reporter level and the A Gyygo1q across a vast range
of values with a linear correlation R? value of 0.84 (Figure
2B). These data suggest that accessibility of the start codon
is a critical feature for leaderless mRINA translation initia-
tion.

Next, we systematically tested the effect of the start codon
identity on the in vivo translation initiation reporters. In C.
crescentus, natural leaderless mRNAs initiate with an AUG,
GUG or UUG start codon (27,40). Since it is well estab-
lished that start codon identity can affect leaderless mRNA
translation initiation (32-36), we generated variants with
different start codon identities. Here, AUG was mutated to
other near-cognate start codons GUG, CUG, UUG, AUC,
AUU and AUA that are known to be the start codons of
other leadered mRNAs in C. crescentus (27). We also in-
cluded a non-cognate GGG codon as a negative control
since no GGG start codons are known to occur in C. cres-
centus. The results showed that replacing the original AUG
codon with any of the other near-cognate codons drastically
decreased the translation initiation reporter levels, while
the GGG codon yielded the lowest translation initiation
reporter levels (Figure 3). To examine whether the mutation
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with an R? value of 0.84 and a slope of —0.3.

in +1 nt resulted from lower transcription or from lower
translation, we generated leadered mRNA reporters with
all four possible +1 nucleotides and tested their in vivo re-
porter levels similarly to that in M. smegmatis (16). A +1 G
led to a mild reduction in reporter activity compared to a
+1 A (Supplementary Figure S5), suggesting that most of
the observed changes in the leaderless mRNA reporter lev-
els likely come from translation; however, it remains possi-

ble that mutants containing 5" YTG could have an altered
TSS due to the favored +2 pyrimidine. A TSS shift up-
stream would introduce a leader reducing translation, while
a shift downstream would cause a loss of the start codon.
These data show that the AUG triplet is by far the pre-
ferred start codon for C. crescentus leaderless mRNAs and
this may be due to factors affecting both transcription and
translation.
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Finally, we systematically tested the role of additional
leader length in C. crescentus leaderless mRNAs. In E. coli,
even a single nucleotide before the AUG is known to in-
hibit initiation of leaderless mRNAs (37). To test whether C.
crescentus leaderless mRNAs were negatively impacted by
leader nucleotides, we generated a set of reporters with 0, 1,
2, 3,5, 10 or 20 5’ adenosines before the AUG start codon
(Figure 4). An A-rich sequence was chosen as it lacks any
possible SD sites and is unlikely to form secondary struc-
ture, and A Gypgolq Values were not altered upon addition of
these 5 bases to the leaderless translation initiation reporter
(Supplementary Table S1). Across this set of mutants, addi-
tional nucleotides showed a strong decrease in translation
initiation reporter levels with increasing leader length (Fig-
ure 4). The translation initiation reporter levels dropped by
~2-fold for each additional A that was added to the 5" end

[TIEcader tlength = 0.45 x i %1, R? = 0.92, i = leader length
(nt)]. This confirms that even a short leader can lead to
a significant reduction in translation initiation of C. cres-
centus leaderless mRNAs. Importantly, it is possible that
the addition of extra A nucleotides may lead a downstream
shift in the TSS position; in such a case, this would imply
that additional leader nucleotides may be even more potent
inhibitors of leaderless initiation than indicated by the re-
porter assay.

Leaderless mRNA TIR determinants affect TE of natural
leaderless mRNAs

Because the in vivo translation initiation reporters were all
synthetic constructs, we explored the extent to which each
mRNA feature (AGypfod, start codon identity and leader
length) occurs in natural C. crescentus leaderless mRNAs.
As noted previously, A Gyprolq 18 significantly lower for lead-
erless mRNAs than for other mRNA types (Figure 1B). To
analyze the role of start codon selection, we calculated the
fraction of AUGS at the 5" end of all C. crescentus leader-
less mRNAs and of the random chance of finding each start
codon based on the genomes’ GC percentage. This analysis
revealed a strong enrichment of AUGS at the 5’ end of C.
crescentus leaderless mRNAs as compared to random, and
a slight enrichment of the GUG near-cognate start codons
(Figure SA). While GUG TIR reporters yielded similar TIR
reporter levels to UUG and CUG, it is possible that the lack
of U and C at the +1 of C. crescentus leaderless mRNAs is
due to their low abundance in TSSs (40). Of all the lead-
erless mRNAs, only 4.4% (17/385) are initiating with non-
AUG start codons as compared to the leadered mRNAs of
which 27.23% (989/3632) of genes initiate with non-AUG
start codons (Supplementary Table S3). Since these near-
cognate start codons were translated much more poorly
than AUG in our translation initiation reporters, it is pos-
sible that for leaderless mRNAs there is a positive selection
for the AUG start codon and a negative selection for near-
cognate start codons. Additionally, by exploring the length
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of mRNAs, we noticed that there was a much greater occur-
rence of leaderless mRNAs than mRNAs with short lead-
ers <10 nt (Figure 5B). Additional leader nucleotides were
strongly inhibitory of leaderless translation, and only eight
contain SD motifs, suggesting some of these short-leadered
mRNAs may be poorly initiated.

To estimate the effects of each mRNA feature (A Gunfold,
start codon identity and leader length) on natural leader-
less mRNA translation, we next analyzed ribosome profil-
ing data of the C. crescentus mRNAs (27). Here, we uti-
lized TE measurements that approximate the relative num-
ber of ribosome footprints to mRNA fragments from the
same cell samples (54). In total, TE data for 191 leader-
less mRNAs and 38 short-leadered mRNAs (1-10 leader
length) were obtained for cells grown in PYE media (27).
We separated leaderless mRNAs into three groups based
upon their AGyypoia values (0-5, 5-10 and >10 kcal/mol)
and compared their TE. The median TE was reduced as
the AGynplq increased (Figure 5C) (median = 1.2 for 0-
5 kcal/mol, median = 0.89 for 5-10 kcal/mol, median =
0.54 for >10 kcal/mol), similar to the dependence observed
in the synthetic translation reporters (Figure 2B). For start
codon identity, we noticed that a majority of leaderless mR-
NAs with near-cognate start codons had translation effi-
ciencies that were not measurable because their genes con-
tained an additional upstream TSS. However, for the seven
GUG mRNAs whose TE was measured, the median (0.70)
was lower than that of the AUG initiated leaderless mRINAs
(0.97) (Figure 5D), in line with the findings of the synthetic
reporters (Figure 3). Finally, we compared the TE of lead-
erless mRNAs with those with very short leaders (Figure
SE). Since eight of these mRNAs with short leaders contain
SD sequences in the leader, we removed these RNAs from
the analysis because we expect them to initiate translation
by the canonical mechanism. As leader length increases, we
generally observed that the TE tends to decrease (Figure
5E), again in line with the synthetic reporters (Figure 4).
Overall, these data suggest that the effects of A Gyufora, start
codon identity and leader length observed in the synthetic
translation initiation reporters are also observed across nat-
ural C. crescentus leaderless mRNAs.

Many RNAs present in the C. crescentus transcriptome
are not initiated as leaderless mRNAs, so we explored the
relative fraction of 5" AUG trinucleotides in all classes of
RNAs (Figure 6A). As noted previously, leaderless mR-
NAs are highly enriched in AUG codons (Figure 5A). Sur-
prisingly, leadered mRNAs contain a similar fraction of 5’
AUGs as would be predicted from the genome’s GC per-
centage, which is also observed in small non-coding RNAs
(sRNAs) and antisense RNAs (asRNAs). Conversely, tR-
NAs and rRNAs contain zero cases with a 5 AUG. To
explore why these RNAs are not initiated as leaderless mR-
NAs, we calculated the AGyuugoq Of each class of 5 AUG
containing RNA (Figure 6B). If these 5 AUGs found in
non-leaderless RNAs were inaccessible to ribosomes, it
would be permissible for this sequence to be present at the
5" end without causing aberrant initiation. Indeed, for the
RNAs with 5" AUGs, we observe that leaderless mRNAs
have a low AGunfid (median = 5.0), while leadered mR-
NAs (median = 9.5), sSRNAs (median = 14) and asRNAs
(median = 9.0) all contain significantly higher A Gy val-

ues. This suggests that RNAs with inaccessible 5 AUGs are
blocked from leaderless mRNA initiation.

Due to the strong involvement of AGypgolq, Start codon
identity and leader length in C. crescentus leaderless mRNA
TIRs, we also explored these features across organisms.
As already shown in Figure 1C, the AGyygoiq for leaderless
mRNAs is markedly lower than leadered mRNAs in all
species analyzed with the exception of M. musculus mito-
chondria. The low AGynpie in the mitochondria may be
due to alterations in the translation initiation mechanism
of leadered mRNAs by their highly proteinaceous ribo-
somes (55). Across these organisms, ribosome profiling and
total RNA-seq were performed in M. smegmatis (16) and
H. volcanii (44), allowing the comparison of how A Gyupola
tracks with TE. As observed for C. crescentus, as AGynfold
increases, a drop is observed in the TE in leaderless mR-
NAs in both M. smegmatis and H. volcanii (Supplementary
Figure S4). We hypothesize that the low overall A Gypgoiq Ob-
served for leaderless mRNAs across all species suggests that
ribosome accessibility is a key feature for leaderless mR-
NAs across organisms. In M. smegmatis and H. volcanii,
the observed drop in TE from the 0-5 and 5-10 bins was
smaller than that observed for C. crescentus, which may be
due to the higher growth temperatures of these organisms.
Next, we explored the distributions of leader lengths across
species (Supplementary Table S4). As observed in C. cres-
centus, mRNAs with short leaders have a highly skewed
distribution across species, with leaderless mRNAs show-
ing the largest peak, with a small fraction of mRNAs con-
taining a 1 nt leader, and a much smaller population of
mRNAs observed with a >2 nt leader (Supplementary Ta-
ble S4). The lower abundance of mRNAs with very short
leaders is likely to be due to their poorer translation lev-
els observed across organisms (Supplementary Figure S4)
as this has even been observed with E. coli leaderless TIR
reporters (37). To explore this possibility, we compared TE
across organisms. As observed in C. crescentus, M. smegma-
tis and H. volcanii, TE is also markedly decreased in mR-
NAs containing short leaders (Supplementary Figure S4).
While C. crescentus leaderless mRNA TE was not signifi-
cantly lower than the 1-5 nt bin, both M. smegmatis and
H. volcanii showed sharper drops in TE. While C. crescen-
tus mRNAs with 6-10 nt leaders showed a significant drop
in TE, neither M. smegmatis nor H. volcanii showed a sig-
nificant decrease. This discrepancy may be explained by a
low sample size in M. smegmatis, where only three mRNAs
were identified in the 5-10 nt bin, while in H. volcanii the 5—
10 nt bin distribution contained a single outliner whose TE
was measured to be >30. Finally, we examined start codon
identities for leaderless mR NAs across species (Supplemen-
tary Table S5). Here, only H. volcanii was similar to C. cres-
centus with a strong bias in the AUG start codon for lead-
erless mRNAs (Supplementary Table S5). M. tuberculosis
and M. smegmatis both contained GUG start codons in
leaderless mRNAs with similar abundance to AUG (Sup-
plementary Table S5). In the M. musculus mitochondria,
AUG is the most common start codon across mRNAs; how-
ever, AUG is less common in leaderless mRNAs, and the
summed use of GUG, AUC, AUU and AUA makes near-
cognate start codons more abundant than AUG initiated
leaderless mRINAs (Supplementary Table S5). Interestingly,
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mitochondrial RNAP has been found to initiate transcrip-
tion efficiently with NAD™ and NADH (56), which has the
potential to alter start codon selection by the translation
machinery. As observed in C. crescentus, M. smegmatis and
H. volcanii both showed a lower TE for leaderless mRNAs
starting with GUG as compared to AUG (Supplementary
Figure S4). The magnitude of the reduced TE for GUG ini-
tiated leaderless mR NAs is significantly smaller in M. smeg-
matis (1.1 AUG, 0.91 GUG) as compared to H. volcanii (2.5
AUG, 0.82 GUG), which is in line with previous data show-
ing that GUG initiates with similar efficiency to AUG in
leaderless mRNAs in mycobacteria (16). Overall, these data
suggest that A Gy, Start codon identity and leader length
have similar effects on leaderless mRNA translation across
species. However, minor idiosyncratic differences in the fre-
quency and magnitude of each leaderless mRNA feature on
TE were observed across species, likely arising from differ-
ences in the translation machinery.

Three-component model describes leaderless mRNA start
codon selection

In order to understand how the mRNA determinants
combine to dictate leaderless mRNA translation, we built
a computational model based upon the three features
(A Gynfold, start codon identity and leader length) and ex-
plored its ability to describe leaderless mRNA start codon
selection and efficiency of leaderless mRNA translation ini-
tiation. From our synthetic in vivo translation initiation re-
porters, we performed curve fitting to assess the relative ef-
fect of each feature on TIE. For each feature (A Gynfold, Start

codon identity and leader length), the highest reporter level
measured in each mutant set was normalized to | before
curve fitting. A Gyunpolq data were fit to an exponential equa-
tion [TIEaG, ., = €~ *"¥*, where 7 is AGynpia (kcal/mol)
and R? = 0.78], leader length data were fit to a power equa-
tion (TIEcader tength = 0.45 x i %2, where i is leader length
>0, R*>=0.92and TIEeader length = 1 for i = 0), TIEgart codon
was based directly on reporter levels for each near-cognate
start codon (Figure 3) and all other codons were given a
value of 0 (Supplementary Table S1). For each mRNA fea-
ture, we therefore generated a function that could calculate
the relative TIE of any RNA in C. crescentus based upon
the mRNA sequence. We then built a computational model
in which the three features were assumed to be indepen-
dent from each other to calculate a summed TIE. In this
model, we set the maximum TIE to 1, and then subtracted
the effects of the sequence feature as measured from the in
vivo translation reporters in Equation (2). Using Equation
(2), we predicted the TIE for each RNA in the C. crescen-
tus transcriptome (Figure 7A). For all RNAs, we succes-
sively scanned for the closest AUG or near-cognate start
codon to the 5 end and used this for the TIE calculation.
RNAs known to be initiated as leaderless mRNAs (27,40)
yielded higher TIE scores (median = 0.15, o0 = 0.35), while
TIE scores for all other RNAs were typically lower (median
= —0.95, 0 = 0.45). To estimate the utility of this model
at classifying leaderless mRNAs, we used an ROC analy-
sis (Figure 7B). The ROC AUC for the TIEjeageriess model
was equal to 0.99, which significantly outperforms identify-
ing RNAs with 5 AUGs (ROC AUC 0.68) suggesting the
TIE caderiess model can accurately classify those RNAs that
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are initiated as leaderless mRNAs with high accuracy and
precision. The success of this simple TIEeaderess model to
classify leaderless mRNAs based on the combinations of
A Gunfold, Start codon identity and leader length suggests
that these mRINA features combinatorically control trans-
lation initiation on leaderless mRNAs.

In addition to the classification of RNAs as leader-
less mRNAs, we also explored how well the TIEjeuqeriess
model predicted TIE. Here, the translation initiation re-
porters generated were all scored with the TIE ¢,deriess model
and compared to their YFP fluorescence. Since TIE e qeriess
scores below zero are not physically possible, those with
negative TIEjaderless Values were set to zero to signify
they are not predicted to be translated. As expected, the
TIEjeadertess Score correlates strongly to the YFP reporter
levels (R*> = 0.87) with a slope of 2050 A.U. (Supplemen-
tary Figure S6). We then compared the TIEc,deriess SCOTES
to the TE as measured by ribosome profiling of the natu-
ral leaderless mRNAs. Since natural leaderless mRNAs en-
code many genes with diverse codon usages, a poorer cor-
relation was obtained with TE (R> = 0.06, slope = 0.71
A.U.) than with the TIE reporters (Figure 7C). The corre-
lation of the TIEjeyderiess model at predicting ribosome pro-
filing TE (R = 0.25) is the same as observed for the RBS
calculator model of initiation and E. coli ribosome profil-
ing data (R = 0.25) (57). Since the TIE reporters all code
for YFP with near-identical codon usage, and the natural
mRNAs have variable codon usage frequencies, it is possi-
ble that translation elongation differences between natural
ORFs also impact TE. Indeed, translation elongation rates
have been estimated to be rate limiting in vivo in other bac-
teria (58,59). In addition, ribosome occupancy of stalled ri-
bosomes can complicate the analysis of ribosome profiling
data, making the interpretation rather difficult. While it is
objectively harder to quantitatively predict translation lev-
els, the TTEeadertess model performs rather well.

DISCUSSION

Here, we provide the first systematic analysis of mRNA
structure content, start codon identity and leader length
on the initiation of leaderless mRNAs (Figure 7D). Im-
portantly, this study was performed using the bacterium
C. crescentus that is adapted to efficient leaderless mRNA
initiation (27). As has been observed for leadered mR-
NAs (19,46), mRNA structure content at the leaderless TIR
hinders leaderless mRNA translation initiation, suggesting
that ribosome accessibility is a key feature for leaderless
mRNAs. As previously observed in E. coli, changes in start
codon identity from the preferred ‘AUG’ and presence of
leader nucleotides lead to a significant reduction of TIE
for C. crescentus leaderless mRNAs. Using these quantita-
tive data, we generated a combinatorial TIE ,geress model
that predicts the ability of an RNA to initiate as a leader-
less mRNA from the individual effects of these features that
can be computed for any RNA in the transcriptome. This
TIE cadertess model both accurately and sensitively predicts
the ability of all RNAs in the C. crescentus transcriptome
to initiate as leaderless mRNAs. While a 5 AUG is highly
enriched in leaderless mRNAs and only rarely observed in
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non-coding RNAs (Figure 6A), non-coding RNAs contain-
ing 5 AUGs utilize a high AGyga to prevent aberrant
translation initiation (Figure 6B). Additionally, very short
leaders that were found to inhibit leaderless mRNA initia-
tion are selected against in leaderless mRNAs and are com-
mon in 5 regions of non-coding RNAs containing non-
initiating AUGs. Finally, leaderless mRNAs are much more
selective for AUG start codons than are leadered mRNAs,
suggesting that the additional stabilization of the transla-
tion initiation complex provided by the SD-aSD base pair-
ing helps facilitate initiation on near-cognate start codons.

Leaderless mRNAs have been found to initiate transla-
tion in bacterial, archaeal, and both cytoplasmic and mito-
chondrial eukaryotic ribosomes (17,28,60) suggesting that
leaderless initiation is an ancestral initiation mechanism. It
is therefore possible that the TIEjeaderless model generated
here in C. crescentus may also perform well across organ-
isms. Indeed, even a few nucleotides preceding the AUG
inhibit leaderless mRNA translation initiation in C. cres-
centus, E. coli and mammalian mitochondria (37,39). The
strong inhibition of leaderless mRNA translation by TIR
secondary structure is likely why leaderless mRNAs in mi-
tochondria have been found to lack 5’ secondary structures
(28). C. crescentus shares a similar preference for 5 AUGs to
E. coli for leaderless mRNA initiation (33). Interestingly, in
the mycobacteria, GUG start codons are much more abun-
dant in leaderless mRNAs and tend to be initiated more
similarly to AUG codons in this organism (16). Mycobac-
terium GUG initiated leaderless mRNAs tend to code for
short regulatory ORFs (16), as opposed to ORFs encoding
functional genes in C. crescentus. This suggests that there
are likely to be some species-specific differences in lead-
erless mRNA features arising from the differences in the
translation initiation machinery. Indeed, across prokary-
otes, 79% of predicted leaderless genes contain AUG as the
start codon, whereas GUG, UUG and others are found
with an average of 10%, 6% and 3%, respectively (13). Sur-
prisingly, leaderless mRNAs across organisms appear to ini-
tiate with assembled 70S/80S ribosomes (31,61-63), fur-
ther suggesting a conserved mechanism of initiation. There-
fore, an important goal moving forward will be to deter-
mine how broadly across organisms this TIEeageriess model
might apply. Based upon the observations described here,
it is likely that these features (A Gypgold, Start codon identity
and leader length) will combine similarly across species to
define leaderless mRNA TIRs. However, due to differences
in the translation initiation machinery across organisms, the
specific hierarchy of mRNA features will need to be experi-
mentally determined for a given species in order to generate
a TIE eaderless model that accurately classifies leaderless mR-
NAs.
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