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ABSTRACT  7 

Bacterial translation is thought to initiate by base-pairing of the 16S rRNA and the Shine-Dalgarno 8 

sequence in the mRNA’s 5′UTR. However, transcriptomics has revealed that leaderless mRNAs, 9 

which completely lack any 5′UTR, are broadly distributed across bacteria and can initiate translation 10 

in the absence of the Shine-Dalgarno sequence. To investigate the mechanism of leaderless mRNA 11 

translation initiation, synthetic in vivo translation reporters were designed that systematically tested 12 

the effects of start codon accessibility, leader length, and start codon identity on leaderless mRNA 13 

translation initiation. Using this data, a simple computational model was built based on the 14 

combinatorial relationship of these mRNA features which can accurately classify leaderless mRNAs 15 

and predict the translation initiation efficiency of leaderless mRNAs. Thus, start codon accessibility, 16 

leader length, and start codon identity combine to define leaderless mRNA translation initiation in 17 

bacteria.   18 

INTRODUCTION 19 

Translation initiation is a critical step for fidelity of gene expression in which the ribosome 20 

initiation complex is formed on the start codon of the mRNA. Since the canonical start codon, AUG, 21 

compliments both initiator and elongator methionyl-tRNAs, the ribosome must distinguish the start 22 

AUG codon from elongator AUG codons. Incorrect initiation at an elongator AUG can lead to non-23 

functional products that can be detrimental to cellular fitness (1-3). Canonical start codon selection is 24 

thought to occur by the base-pairing of the 16S rRNA with a Shine-Dalgarno (SD) sequence in the 25 

mRNA located 5nt upstream of the start codon (4-6). The base pairing between the 16S rRNA and 26 

mRNA was shown to be critical for initiation since mutation of the anti-SD (aSD) in the 16S rRNA is 27 

lethal (7), and translation of a gene lacking a canonical SD sequence could be restored when the 16S 28 

of the rRNA were mutated to a complimentary sequence (8). While the SD-aSD pairing clearly 29 

impacts translation initiation efficiency (TIE) in E. coli, other studies have found that the SD:aSD 30 

interaction is not essential for correct selection of the start codon (9,10). Indeed, “orthogonal” 31 

ribosomes with altered 16S rRNA aSD sequences were found to initiate at the normal start codons 32 

throughout the transcriptome (11). Interestingly, E. coli lacks SD sites within its genome in 33 

approximately 30% of its translation initiation regions (TIRs) with other species of bacteria containing 34 

SD sites in as few as 8% of their TIRs (12,13). Indeed, RNA-seq based transcription mapping 35 

experiments have found that many bacterial mRNAs are “leaderless” and begin directly at the AUG 36 

start codon (14-16), and that these mRNAs are abundant in pathogens such as M. tuberculosis and in 37 

the mammalian mitochondria (17). 38 
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To account for the lack of essentiality of the SD site, a “Unique accessibility model” was 39 

proposed which posited that start codon selection occurs due to the TIR being accessible to initiating 40 

ribosomes, while elongator AUGs are physically inaccessible due to RNA secondary structures (18). 41 

This model was based upon a strong negative correlation observed between mRNA secondary 42 

structure content in the TIR and TIE (19-21). This model is further supported by genomic analysis of 43 

RNA secondary structure prediction of mRNA TIRs in which there’s a lower amount of secondary 44 

structure in the TIR compared to elongator regions, which is conserved across all domains of life (22). 45 

While the unique accessibility model is overly simplistic, more advanced computational approaches 46 

have been able to combine TIR accessibility with SD strength, spacing, and standby sites to more 47 

accurately predict TIE of leadered mRNAs (23). While TIR accessibility has been shown to be critical 48 

in many leadered mRNAs, it has not yet been systematically tested for leaderless mRNAs. 49 

 Genome-wide RNA-seq transcript mapping experiments have revealed that leaderless 50 

mRNAs are widespread across bacteria (14), yet little is known about their mechanism of translation 51 

initiation. While very few leaderless mRNAs has been identified in E. coli (0.7% leaderless mRNAs 52 

(24)), other bacteria and archaea contain a large majority of their transcripts as leaderless mRNAs (up 53 

to 72% leaderless mRNAs (14,25)). Additionally, sizeable proportions of leaderless mRNAs have 54 

been identified in bacteria of clinical significance, such as Mycobacterium tuberculosis, and of 55 

industrial significance like Corynebacterium glutamicum (15,26). In the model bacterium Caulobacter 56 

crescentus approximately 17% of mRNAs are leaderless (27), with the fastest doubling time known of 57 

any bacterium with large numbers of leaderless mRNAs. In addition, C. crescentus has good genetic 58 

tools, making it an ideal model to study translation initiation of leaderless mRNAs.  59 

Importantly, the role of TIR accessibility has not been systematically tested for leaderless 60 

mRNAs, however, some aspects of their initiation have been identified which are distinct from 61 

leadered mRNAs. Mitochondrial leaderless mRNAs have been found to lack 5′ secondary structure 62 

(28), in support of a TIR accessibility model. Additionally, mutagenesis of the Mycobacterium 63 

smegmatis pafA leaderless mRNA to perturb its secondary structure showed that secondary structure 64 

content negatively correlated with this translation levels (29). However, the changes in codon usage 65 

across the mutants make the relative impact of secondary structure and codon usage unknown for 66 

this mRNA. In opposition to the canonical initiation mechanism, leaderless mRNAs can initiate with 67 

70S ribosomes where IF2 is known to stimulate their translation, and IF3 can inhibit leaderless 68 

translation (30,31). Additionally, AUG is the most efficient start codon in leaderless mRNAs in E. coli 69 

or Haloarchaea, (32-36), while AUG or GUG are both efficient leaderless mRNA start codons in M. 70 

smegmatis (16). In E. coli, suppressor tRNAs could restore initiation on non-AUG codons for leadered 71 

RNAs, but not for leaderless RNAs (32), suggesting that for leaderless mRNAs an AUG start codon 72 

has unique initiation properties independent of perfect codon-anticodon base-pairing. Indeed, 73 

genomic prediction of leaderless mRNAs suggests a very high preference of AUG (79%) at the 5′ end 74 

of leaderless mRNAs; with a smaller percentage of GUG (10%), UUG (6%) and others (3%) (13). In 75 

addition to the start codon identity, TIE of mRNAs with short leaders (<5nt) is significantly lower as 76 
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compared to their fully leaderless counterparts (34,35,37-39). Altogether, this suggests that leaderless 77 

mRNAs strongly prefer AUG and are inhibited by having short leaders. 78 

In order to understand the mRNA sequence features needed for leaderless translation 79 

initiation, we systematically measured the effect of TIR accessibility, start codon identity, and leader 80 

length on leaderless mRNA translation initiation in C. crescentus. Using synthetic in vivo translation 81 

initiation reporters, we show that TIR accessibility, start codon identity, and leader length all 82 

dramatically affect leaderless mRNA TIE. The dependencies of each mRNA feature on TIE were then 83 

built into a simple computational model (TIEleaderless model) that accurately predicts which RNAs in the 84 

C. crescentus transcriptome would be initiated as leaderless RNAs with an area under the curve 85 

(A.U.C.) of a Receiver Operator Characteristic (ROC) curve of 0.99. The TIEleaderless model also 86 

accurately predicts the translation initiation efficiency of in vivo leaderless mRNA reporters (R2=0.87). 87 

This therefore provides the first systematic analysis of mRNA features required for leaderless initiation 88 

and the C. crescentus TIEleaderless model will likely provide a foundation for our understanding of 89 

leaderless mRNA translation initiation across bacteria. 90 

MATERIAL AND METHODS 91 

Computational predictions of start codon accessibility 92 

Retrieving transcript sequences 93 

All the RNA sequences were retrieved from transcription start sites and translation start site 94 

data available from RNA-seq and ribosome profiling respectively (27,40) using the C. crescentus 95 

NA1000 genome sequence (41). For M. smegmatis, RNA-seq and ribosome profiling data were 96 

downloaded from the European Nucleotide Archive 97 

(https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-2929/) and for M. tuberculosis, RNA-seq 98 

data was obtained from Gene Expression Omnibus (GEO) accession number GSE62152 and 99 

analyzed using the CP000480.1 and NC_000962 genome sequences respectively (16).  For H. 100 

volcanii, RNA-seq and ribosome profiling were provided by The DiRuggerio lab, and analyzed with the 101 

H. volcanii NCBI RefSeq genome (taxonomy identification [taxid] 2246; 1 chromosome, 4 plasmids) 102 

(42).  For M. musculus mitochondria, RNA-seq and ribosome profiling data were downloaded from (43) 103 

and analyzed with the NC_005089 genome sequence. The TIR sequences were then extracted from 104 

all open reading frames (ORFs) using 50 nt (25 nt upstream of start codon and 25 nt downstream 105 

from start codon). If the 5′ upstream untranslated region (UTR) was less than 25 nt, then 50 nt from 106 

transcription start site was used for all TIR calculations.  Classification of mRNA type (leaderless, non-107 

SD, or SD) were obtained from Schrader et al. PLOS Genetics 2014. 108 

 109 

Translation Efficiency Data 110 

Ribosome profiling and RNA-seq Translation efficiency data were obtained for C. crescentus 111 

from (27). Ribosome profiling and RNA-seq Translation efficiency data were obtained for H. volcanii 112 

from the group of Prof. Jocelyn DiRuggerio (44).  Ribosome profiling and RNA-seq sequencing data 113 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 15, 2021. ; https://doi.org/10.1101/2020.05.06.081141doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.06.081141
http://creativecommons.org/licenses/by-nc-nd/4.0/


4 

 

were obtained for M. smegmatis from the European Nucleotide Archive 114 

(https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-2929/)(16).  For both ribosome profiling 115 

and RNA-seq data the sequencing reads were downloaded as fastq files and the adapter poly-A 116 

sequences were trimmed using a custom python script.  Trimmed reads were then depleted of rRNA 117 

and tRNA reads by alignment with bowtie (45), and the remaining non-rRNA/tRNA reads were then 118 

aligned to the M. smegmatis MC2 155 genome.  RPKM values were then calculated based upon the 119 

CP009494.1 annotation.  To avoid confounding effects from initiating or terminating ribosomes, the 120 

first 15nt and last 15nt of ORFs were omitted from the RPKM calculations.  ORFs with less than 50 121 

reads in a given sample were omitted from the RPKM calculation.  The Translation Efficiency (TE) 122 

was then calculated as the ratio of the RPKMRibosome profiling/RPKMRNA-seq. 123 

Calculation of ΔGunfold 124 

Start codon accessibility was computed similar to (46) by comparing the native TIR RNA 125 

structure ( ΔGmRNA ) to that of the same TIR bound by an initiating ribosome ( ΔGinit ). Since ribosome 126 

binding requires a single-stranded region of the mRNA we approximated this by forcing the TIR to be 127 

single stranded. The overall calculation was performed in three steps: 128 

1. Calculation of ΔGmRNA: 129 

The minimum free energy (mfe) labelled as ΔGmRNA was calculated using RNAfold web server 130 

of the Vienna RNA websuite (47) at the growth temperature of each organism by inputting all 131 

the TIR sequences in a text file using command line function ‘RNAfold --temp “temp” 132 

<input_sequences.txt >output.txt’. The output file was in the default RNAfold format with each 133 

new sequence on one line followed by dot-bracket notation (Vienna format) in the next line. 134 

RNAstructure (48) was used to generate ct files for each of the mfe structures predicted in 135 

RNAfold which contained all the base pair indexes for each sequence.  136 

2. Calculation of ΔGinit: 137 

The base pairs in the TIR (from up to 12 nt upstream of the start codon to 13 nt downstream 138 

of the start codon) were broken and forced to be single stranded including any pairs formed 139 

from the TIR and outside. If the 5′UTR length was more than or equal to 25 nt, then the RBS 140 

was selected from -12 to +13 nt (25 nt). If the 5′UTR length was less than 25, then the TIR 141 

comprised of the entire 5′UTR to +13 nt. A new dot bracket file with these base-pairing 142 

constraints was then used in the RNAfold program (47) with the same RNA sequence to 143 

calculate the ΔGinit.  144 

3. Calculation of ΔGunfold: 145 

Lastly, ΔGunfold was calculated by subtracting ΔGmRNA (mfe of mRNA in native state) from 146 

ΔGinit (mfe of mRNA after ribosome binding) (eq 1. ΔGunfold = ΔGinit – ΔGmRNA). 147 

Cell growth and media  148 

E. coli culture 149 

For cloning, plasmids with the reporter gene were transformed in E. coli top10 competent 150 

cells using heat shock method for 50-55 secs at 42oC. Luria-Bertani (LB) liquid media was used for 151 
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outgrowth and the colonies were plated on LB/kanamycin (50 μg/mL) agar plates. For miniprep, the E. 152 

coli cultures were inoculated overnight(O/N) in liquid LB/kanamycin (30 μg/mL). 153 

C. crescentus culture 154 

For cloning, plasmids were transformed in NA1000 C. crescentus cells after sequence 155 

verification using electroporation. The C. crescentus NA1000 cells were grown in Peptone Yeast 156 

Extract (PYE) liquid medium. After transformation, for the outgrowth liquid PYE medium was used 157 

(2mL) and then plated on PYE/kanamycin (25 μg/mL) agar plates. For imaging, the C. crescentus 158 

culture were grown O/N at different dilutions in liquid PYE/kanamycin (5 μg/mL). Next day, the 159 

cultures growing in log phase were diluted and induced in liquid PYE with kanamycin (5 μg/mL) and 160 

Xylose (final concentration of 0.2%) such that the optical density (OD) was around 0.05 to 0.1. 161 

Design and generation of translation reporters 162 

Oligos and plasmid design  163 

For the design and generation of reporter assay, a plasmid with a reporter gene (yellow 164 

fluorescent protein (YFP)), under the control of an inducible xylose promoter was used. The pBYFPC-165 

2 plasmid containing the kanamycin resistant gene was originally generated from (49). A list of oligos 166 

used for generating plasmids with different 5′ UTRs of YFP is attached as a supplementary table 167 

(Table S6). 168 

Inverse PCR mutagenesis and Ligation 169 

The 5′UTR region and start codon of the YFP reporter protein was replaced with other TIR 170 

sequences. This was done by inverse PCR, in which the leaderless TIR is attached to the reverse 171 

primer as an overhang. Initial denaturation was done at 98oC for 5 mins. Followed by 30 cycles of 172 

denaturation at 98oC for 10 secs, annealing at 60oC for 10 secs and extension at 72oC for 7 mins and 173 

20 secs. After 30 cycles, final extension was done at 72oC for 5 mins. The polymerase used was 174 

Phusion (Thermoscientific 2 U/μL). The PCR product was then DPNI treated to cut the template DNA 175 

using DPNI enzyme (Thermoscientific 10 U/μL). The DPNI treated sample was then purified using 176 

Thermo fisher GeneJET PCR Purification kit. The purified sample (50 ng) was then used for blunt end 177 

ligation using T4 DNA Ligase (Thermoscientific 1 WeissU/μL). 178 

Transcription reporter design 179 

For the design of transcription reporter assay, a plasmid with a 28 nt mutant version of 5’ UTR 180 
(CCNA_03971) in front of reporter gene (yellow fluorescent protein (YFP)) was used. This reporter 181 
gene had the nucleotide A at its +1 position and the reporter gene was under the control of an 182 
inducible xylose promoter. The pBYFPC-2 plasmid containing the kanamycin resistant gene was 183 
originally generated from (49). The +1 nucleotide was mutated to all other nucleotides (G, C or T) and 184 
these 3 mutant plasmids were synthesized into DNA oligos and cloned by Genscript. 185 
 186 
The insertion sequence from the +1 nt (underlined) to 28 nt including start codon (atg) to the RBS for 187 
each construct is shown below: 188 
A.) accgattaacgatggtggttgttctggc 189 
C.) cccgattaacgatggtggttgttctggc 190 
G.) gccgattaacgatggtggttgttctggc 191 
T.) tccgattaacgatggtggttgttctggc 192 
 193 

Transformation in E. coli cells 194 
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5 μL of the ligation reaction was then added to 50 μL of E. coli top10 competent cells. Then 195 

the mixture was incubated in ice for 30 mins. Then heat shocked for 50-55 secs in the water bath at 196 

42oC. Then immediately kept in ice for 5 mins, after which 750 μL of LB liquid medium was added to 197 

the cells for outgrowth and kept for incubation at 37oC for 1 hr at 200 rpm. After this, 200-250 μL of 198 

the culture was plated on LB/kanamycin (50 μg/mL) agar plates.  199 

Colony screening and sequence verification 200 

The colonies grown on LB/kanamycin plates were screened by colony PCR to first screen for 201 

the presence of the new TIR insert. The cloning results in the replacement of the larger 5′UTR region 202 

of YFP with a smaller region containing a leaderless TIR, thus distinguished easily on an analytical 203 

gel. The forward and reverse primer used for the screening results in approximately 180 base pairs, 204 

whereas the original fragment amplified with the same oligos is 245 base pairs. The forward oligo 205 

used was pxyl-for: cccacatgttagcgctaccaagtgc and reverse oligo is eGYC1: gtttacgtcgccgtccagctcgac. 206 

Upon verification, a small aliquot (4 μL) of the colony saved in Taq polymerase buffer was inoculated 207 

in 5 mL of liquid LB/kanamycin (30 µg/mL) and incubated overnight at 37oC at 200 rpm. Next day, the 208 

culture was miniprepped using Thermo fisher GeneJET Plasmid Miniprep kit. The concentration of 209 

DNA in the miniprepped samples were measured using Nanodrop 2000C from Thermoscientific. DNA 210 

samples were sent to Genewiz for sanger sequencing to verify the correct insert DNA sequences 211 

using the DNA primer eGYC1: gtttacgtcgccgtccagctcgac (49). 212 

Transformation in C. crescentus NA1000 cells 213 

After the sequences were verified, the plasmids were transformed in C. crescentus NA1000 214 

cells. For transformation, the NA1000 cells were grown overnight at 28oC in PYE liquid medium at 215 

200rpm. The next day, 5 mL of cells were harvested for each transformation, centrifuged and washed 216 

three times with autoclaved milliQ water. Then, 1 μL of sequence verified plasmid DNA was mixed 217 

with the cells and electroporated using Bio-Rad Micropulser (program Ec1 set at voltage of 1.8 kV). 218 

Then, the electroporated cells were immediately inoculated in 2 mL of PYE for 3 hours at 28oC at 219 

200rpm. Then 10-20 μL of culture was plated on PYE/ kanamycin agar plates. Kanamycin-resistant 220 

colonies were grown in PYE/kanamycin media overnight and then stored as a freezer stock in the -221 

80oC freezer 222 

Cellular assay of translation reporters 223 

C. crescentus cells harboring reporter plasmids were serially diluted and grown overnight in 224 

liquid PYE/kanamycin medium (5 μg/mL). The next day, cells in the log phase were diluted with fresh 225 

liquid PYE/kanamycin (5 μg/mL) to have an optical density (OD) of 0.05-0.1. The inducer xylose was 226 

then added in the medium such that the final concentration of xylose is 0.2%. The cells were grown 227 

for 6 hours at 28oC at 200 rpm. After this, 2-5 μL of the cultures were spotted on M2G 1.5% agarose 228 

pads on a glass slide. After the spots soaked into the pad, a coverslip was placed on the pads and the 229 

YFP level was measured using fluorescence microscopy using a Nikon eclipse NI-E with CoolSNAP 230 

MYO-CCD camera and 100x Oil CFI Plan Fluor (Nikon) objective. Image was captured using Nikon 231 

elements software with a YFP filter cube with exposure times of 30ms for phase-contrast images and 232 
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300 ms for YFP images respectively. The images were then analyzed using a plugin of software 233 

ImageJ (50) called MicrobeJ (51).  234 

Three component model calculations and leader length/identity analysis 235 

For all RNA transcripts in the C. crescentus genome identified in (27,40), we computed their 236 

capacity to initiate as a leaderless mRNA using equation 2: (TIELeaderless mRNA(k) = Max TIE (1) - (1-237 

TIEΔGunfold) - (1-TIEstart codon identity(j)) – (1-TIEleader length(i)) where k= a given RNA transcript, j=start codon 238 

identity, and i=leader length(nt). To identify putative leaderless mRNA TIRs, we first asked if the 5′ 239 

end contained an AUG or near cognate start codon, and if not we scanned successively from the 5′ 240 

end for AUG trinucleotides within the first 8 nt. Near cognate start codons were omitted from positions 241 

containing leader nucleotides since AUG codons yielded higher TIE values even in the presence of a 242 

leader. We next asked if there is an AUG or near cognate start codon further downstream by 243 

scanning 5′ to 3’ through the first 18 nt. If found, we calculated TIEleaderless mRNA with all different 244 

possible cognate/near-cognate start codons along the TIR. Then of all the different possibilities, the 245 

one having the highest TIEleaderless score was selected for further analysis (Fig 7A).  246 

To utilize TIEleaderless mRNA for classification, each RNA was then categorized into two different 247 

classes based on 5′ end sequencing data and ribosome profiling based global assays ((27,40)): true 248 

leaderless – RNAs that are known to initiate directly at a 5′ start codon (judged by a complete lack of 249 

a 5’ UTR and a ribosome density >1/20 the downstream CDS (27)), and false leaderless – RNAs that 250 

are not initiated at a 5′ start codon. A small subset was classified as “unknown”, as they contain very 251 

short leaders and lack SD sites, making their mode of translation initiation ambiguous. Using these 252 

TIEleaderless mRNA values, a ROC curve was plotted using scikit-learn library in python (52) with the “true 253 

leaderless” and “false leaderless” RNAs (TIEleaderless mRNA values for the C. crescentus transcriptome 254 

can be found in Table S1).  255 

To utilize TIEleaderless mRNA for prediction of translation initiation reporter levels, we first 256 

converted all negative TIEleaderless mRNA scores to zero. Next, we compared the TIEleaderless mRNA scores 257 

to the YFP levels of the translation initiation and performed a linear regression calculation using the 258 

linest function in microsoft excel and libreoffice calc.  For prediction of native leaderless mRNA 259 

translation levels, TE measurements from ribosome profiling experiments (27) were compared to the 260 

TIEleaderless mRNA scores.  261 

RESULTS 262 

Computational prediction of C. crescentus start codon accessibility 263 

To assess the role of mRNA accessibility across mRNA types, ΔGunfold calculations were 264 

performed on all C. crescentus translation initiation regions (TIRs). ΔGunfold represents the amount of 265 

energy required by the ribosome to unfold the mRNA at the translation initiation region (TIR) and has 266 

been identified as a metric that correlates with translation efficiency in E. coli (46). ΔGunfold was 267 

calculated for all TIRs by first predicting the minimum free energy of the 50 nt region of the mRNA 268 

(ΔGmRNA) around the start codon using RNAfold (47). ΔGinit was then calculated in which the TIR (25nt 269 

surround the start codon), roughly equivalent to a ribosome footprint, was constrained to be single 270 
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stranded to approximate accessibility for the ribosome to initiation. ΔGunfold was then calculated using 271 

equation 1 (eq 1. ΔGunfold = ΔGinit – ΔGmRNA) which represents the energy required to open the TIR to 272 

facilitate translation initiation (Fig 1A). ΔGunfold calculations were performed on all the CDSs in the 273 

genome (Fig 1B) and classified into mRNA types based on transcriptome and ribosome profiling 274 

maps of the C. crescentus genome (27). The transcripts were categorized into two major classes: 275 

leaderless (no 5′ UTR) and leadered (those containing a 5′ UTR). Leadered mRNAs were further 276 

categorized into subclasses based upon the presence of the Shine-Dalgarno (SD) sequence (27). 277 

Shine-Dalgarno (SD) (containing a SD sequence in the 5′ UTR) and nonSD (lacking an SD sequence 278 

in the 5′ UTR). Since it is also known that some polycistronic operons reinitiate translation between 279 

CDSs without dissociation of the ribosomal subunits, we also examined the ΔGunfold of TIRs occurring 280 

downstream of the first CDS in polycistronic mRNAs (Operons). The average ΔGunfold value of 281 

leaderless mRNAs (5.6 kcal/mol) was significantly lower than SD (11.9 kcal/mol, p= 1.5E-105), nonSD 282 

(10.3 kcal/mol, p= 6.9E-71) and internal operon TIRs (13.2 kcal/mol,p= 1.1E-143) as calculated by 283 

pairwise 2-sided T-tests with unequal variance (Fig 1B). The lower ΔGunfold values of nonSD TIRs may 284 

be due to the loss of stabilization of TIRs from base pairing between the anti-SD site in the 16S rRNA 285 

and the SD site in the mRNA. We also observed that average ΔGunfold of nonSD TIRs was significantly 286 

lower than SD TIRs (p= 1.8E-14) and operon TIRs (p=1.4E-44). The difference between the average 287 

ΔGunfold of SD and operon genes was also significant (p=2.1E-09). Because the ribosome is an 288 

efficient RNA helicase, it is possible that the increased ΔGunfold of operon TIRs may be tolerated by the 289 

ribosome’s ability to unwind such structures when terminating on the previous CDSs. We 290 

hypothesized that the low ΔGunfold observed for leaderless mRNAs was due to an intrinsic requirement 291 

for their initiation, however, because the size of the leaderless mRNA footprint is significantly smaller 292 

than a leadered mRNA footprint, the low ΔGunfold observed for leaderless mRNAs could potentially be 293 

explained by the smaller ribosome footprint size.  To explore this possibility, we analyzed the ΔGunfold 294 

of leadered mRNA TIRs using the same footprint size and region as leaderless mRNAs (13nt) in the 295 

ΔGunfold calculation (Fig S1).  We observed that the ΔGunfold was still significantly lower for leaderless 296 

mRNA TIRs, suggesting that the low ΔGunfold for leaderless mRNA TIRs is not simply an artifact of the 297 

smaller mRNA footprint size.  298 

To explore whether low ΔGunfold for leaderless mRNA TIRs a species-specific property of C. 299 

crescentus, or a general property of leaderless mRNA TIRs, we calculated ΔGunfold for TIRs in other 300 

organisms identified to contain a significant number of leaderless mRNAs.  We identified two 301 

additional bacteria (Mycobacterium smegmatis and Mycobacterium tuberculosis) (16), one archaeal 302 

species (Haloferax volcanii) (25,44), and one mitochondrial genome (Mus musculus) (43) which had 303 

transcriptome information and ribosome profiling or mass spec data supporting a significant number 304 

of leaderless mRNAs. Across bacteria and archaea, the leaderless mRNA ΔGunfold remained quite low 305 

as compared to their leadered mRNAs counterparts (leaderless average 5.6 to 7.6 kcal/mol, leadered 306 

average 12.0-12.9 kcal/mol) (Fig 1C). In M. musculus mitochondria however, leaderless mRNAs and 307 

leadered mRNAs were both observed to have low ΔGunfold (Fig 1C), perhaps in part due to the 308 

relatively low GC%.   Since leaderless mRNAs showed a rather low ΔGunfold, and lack complexities 309 
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associated with leadered mRNAs, such as SD or standby sites which are important for leadered 310 

initiation (23), we further explored the functional role of ΔGunfold in C. crescentus leaderless mRNAs.311 

  312 

Systematic analysis of C. crescentus leaderless mRNA TIR determinants using in vivo 313 

translation reporters 314 

Leaderless mRNAs initiation is known to be strongly influenced by addition of nucleotides 315 

prior to the start codon (leader nts) and by start codon identity (32-39); however, the role of TIR 316 

accessibility has been poorly described in this class of mRNAs. To understand the role of these three 317 

mRNA features we systematically tested each feature using in vivo leaderless mRNA translation 318 

initiation reporters. Translation initiation reporters were designed in which the start codon of plasmid 319 

pBXYFPC-2 was replaced with an AUG fused directly to the +1 nt of the xylose promoter(49). The 320 

xylose promoter was chosen because it is one of the best characterized promoters in Caulobacter 321 

and its TSS was mapped to the same nt by two independent methods(40).  An additional 15-24 nt 322 

after the 5′ AUG was added to allow complete replacement of the 5′ leader and start codon in 323 

pBXYFPC-2 with a leaderless TIR. Since only the first 6-9 codons are altered across leaderless 324 

mRNA mutants, and the vast majority of the YFP CDS is unaltered, this allows a sensitive system to 325 

measure changes in translation initiation. As leaderless TIR mutants may also alter the amino acid 326 

sequence, additional care was also taken to ensure that mutations would not alter the N-end rule 327 

amino acid preferences of the resulting proteins (53). Using this in vivo translation initiation system, 328 

we generated three different sets of leaderless TIR reporters to test the effect of ΔGunfold, start codon 329 

identity, and additional leader length on C. crescentus translation initiation. 330 

As leaderless mRNAs were predicted to have TIRs with low ΔGunfold values, we engineered 331 

several RNA hairpins in the TIR to assess the role of ΔGunfold on translation initiation (Fig 2A). Since 332 

very few natural C. crescentus mRNAs contained RNA structure content in their TIRs (Fig 1B), six 333 

synthetic hairpins were designed, varying in stem and loop sizes (Table S2). Into each construct, we 334 

also introduced synonymous codon mutations designed to alter the secondary structure content, 335 

yielding a range of ΔGunfold values without altering the amino acid sequence within a given hairpin 336 

(Table S2). Importantly, the entire range of ΔGunfold values across the synthetic hairpins spans the 337 

entire range calculated for natural leaderless mRNAs (Fig 1, Table S2).  For all hairpins, we observed 338 

that lowering ΔGunfold and thereby increasing the accessibility of the start AUG led to an increase in 339 

the level of YFP production (Fig 2B). Since, 6/7 of the hairpin mutant sets showed a relationship in 340 

which hairpin codon usage frequency positively correlated with ΔGunfold (Table S2), it is most likely that 341 

the observed reduction in YFP reporter levels is a result of increased structure content and is not 342 

likely to be caused by faster elongation of common codons in the TIR. Additionally, across all mutant 343 

hairpins sets generated, we observed a strong negative correlation between the YFP reporter level 344 

and the ΔGunfold across a vast range of values with a linear correlation R2 value of 0.84 (Fig 2B). 345 

These data suggest that accessibility of the start codon is a critical feature for leaderless mRNA 346 

translation initiation.  347 
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Next, we systematically tested the effect of the start codon identity on the in vivo translation 348 

initiation reporters. In C. crescentus, natural leaderless mRNAs initiate with an AUG, GUG, or UUG 349 

start codon (27,40). Since it is well established that start codon identity can affect leaderless mRNA 350 

translation initiation (32-36) we generated variants with different start codon identities. Here, AUG was 351 

mutated to other near cognate start codons GUG, CUG, UUG, AUC, AUU, AUA which are known to 352 

be the start codons of other leadered mRNAs in C. crescentus (27). We also included a non-cognate 353 

GGG codon as a negative control since no GGG start codons are known to occur in C. crescentus. 354 

The results showed that replacing the original AUG codon with any of the other near cognate codons 355 

drastically decreased the translation initiation reporter levels, while the GGG codon yielded the lowest 356 

translation initiation reporter levels (Fig 3). To examine whether the mutation in +1 nt resulted from 357 

lower transcription or from lower translation, we generated leadered mRNA reporters with all 4 358 

possible +1 nts and tested their in vivo reporter levels as similarly has been performed in M. 359 

smegmatis (16).  A +1 G led to a mild reduction in reporter activity compared to a +1 A (Fig S5), 360 

suggesting that most of the observed changes in the leaderless mRNA reporter levels likely come 361 

from translation.  These data show that the AUG triplet is by far the preferred start codon for C. 362 

crescentus leaderless mRNAs.  363 

Finally, we systematically tested the role of additional leader length on C. crescentus 364 

leaderless mRNAs. In E. coli, even a single nucleotide before the AUG is known to inhibit initiation of 365 

leaderless mRNAs (37). To test if C. crescentus leaderless mRNAs were negatively impacted by 366 

leader nucleotides we generated a set of reporters with 0, 1, 2, 3, 5, 10, or 20 5′ Adenosines before 367 

the AUG start codon (Fig 4). An A-rich sequence was chosen as it lacks any possible SD sites and is 368 

unlikely to form secondary structure, and ΔGunfold values were not altered upon addition of these 5′ 369 

bases to the leaderless translation initiation reporter (Table S1). Across this set of mutants, additional 370 

nucleotides showed a strong decrease in translation initiation reporter levels with increasing leader 371 

length (Fig 4). The translation initiation reporter levels dropped by approximately 2-fold for each 372 

additional A that was added to the 5′ end (TIEleader length = 0.45×i-0.91, R2=0.92, i=leader length (nt)). This 373 

confirms that even a short leader can lead to a significant reduction in translation initiation of C. 374 

crescentus leaderless mRNAs. 375 

Leaderless mRNA TIR determinants affect translation efficiency of natural leaderless mRNAs 376 

Because the in vivo translation initiation reporters were all synthetic constructs, we explored 377 

the extent to which each mRNA feature (ΔGunfold, start codon identity, and leader length) occur in 378 

natural C. crescentus leaderless mRNAs. As noted previously, ΔGunfold is significantly lower for 379 

leaderless mRNAs than for other mRNA types (Fig 1B). To analyze the role of start codon selection, 380 

we calculated the fraction of AUGs at the 5′ end of all C. crescentus leaderless mRNAs and of the 381 

random chance of finding each start codon based on the genomes’ GC percentage. This analysis 382 

revealed a strong enrichment of AUGs at the 5′ end of C. crescentus leaderless mRNAs as compared 383 

to random, and a slight enrichment of the GUG near cognate start codons (Fig 5A). While GUG TIR 384 

reporters yielded similar TIR reporter levels to UUG and CUG, it is possible that the lack of U and C at 385 

the +1 of C. crescentus leaderless mRNAs is due to their low abundance in TSSs (40). Of all the 386 
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leaderless mRNAs, only 4.4% (17/385) are initiating with non-AUG start codons as compared to the 387 

leadered mRNAs of which 27.23% (989/3632) of genes initiate with non-AUG start codons (Table S3). 388 

Since these near cognate start codons were translated much more poorly than AUG in our translation 389 

initiation reporters, it’s possible that for leaderless mRNAs there’s a positive selection for the AUG 390 

start codon and a negative selection for near-cognate start codons. Additionally, by exploring the 391 

length of mRNAs, we noticed that there was a much greater occurrence of leaderless mRNAs than 392 

mRNAs with short leaders <10nt (Fig 5B). Additional leader nucleotides were strongly inhibitory of 393 

leaderless translation, and only 8 contain SD motifs, suggesting some of these short-leadered 394 

mRNAs may be poorly initiated.  395 

To estimate the effects of each mRNA feature (ΔGunfold, start codon identity, and leader length) 396 

on natural leaderless mRNA translation, we next analyzed ribosome profiling data of the C. 397 

crescentus mRNAs (27). Here, we utilized translation efficiency measurements which approximate the 398 

relative number of ribosome footprints to mRNA fragments from the same cell samples (54). In total, 399 

translation efficiency data for 191 leaderless mRNAs and 38 short leadered mRNAs (1-10 leader 400 

length) were obtained for cells grown in PYE media (27). We separated leaderless mRNAs into three 401 

groups based upon their ΔGunfold values (0-5, 5-10, and >10 kcal/mol) and compared their translation 402 

efficiency. The median translation efficiency was reduced as the ΔGunfold increased (Fig 5C) (median= 403 

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 404 

dependence observed in the synthetic translation reporters (Fig 2B). For start codon identity, we 405 

noticed that a majority of leaderless mRNAs with near-cognate start codons had translation 406 

efficiencies that were not measurable because their genes contained an additional upstream TSS. 407 

However, for the 7 GUG mRNAs whose translation efficiency was measured, the median (0.70) was 408 

lower than that of the AUG initiated leaderless mRNAs median (0.97) (Fig 5D), in line with the findings 409 

of the synthetic reporters (Fig 3). Finally, we compared the translation efficiency of leaderless mRNAs 410 

with those with very short leaders (Fig 5E). Since 8 of these mRNAs with short leaders contain SD 411 

sequences in the leader, we removed these RNAs from the analysis because we expect them to 412 

initiate translation by the canonical mechanism. As leader length increases, we generally observed 413 

that the TE tends to decrease (Fig 5E), again in line with the synthetic reporters (Fig 4). Overall these 414 

data suggest that the effects of ΔGunfold, start codon identity, and leader length observed in the 415 

synthetic translation initiation reporters are also observed across natural C. crescentus leaderless 416 

mRNAs.  417 

Many RNAs present in the C. crescentus transcriptome are not initiated as leaderless mRNAs, 418 

so we explored the relative fraction of 5′ AUG trinucleotides in all classes of RNAs (Fig 6A). As noted 419 

previously, leaderless mRNAs are highly enriched in AUG codons (Fig 5A). Surprisingly, leadered 420 

mRNAs contain a similar fraction of 5′ AUGs as would be predicted from the genome’s GC%, which is 421 

also observed in small non-coding RNAs (sRNAs), and anti-sense RNAs (asRNAs). Conversely, 422 

tRNAs and rRNAs contain zero cases with a 5′ AUG. To explore why these RNAs are not initiated as 423 

leaderless mRNAs, we calculated the ΔGunfold of each class of 5′ AUG containing RNA (Fig 6B). If 424 

these 5′ AUGs found in non-leaderless RNAs were inaccessible to ribosomes, it would be permissible 425 
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for this sequence to be present at the 5′ end without causing aberrant initiation. Indeed, for the RNAs 426 

with 5′ AUGs, we observe that leaderless mRNAs have a low ΔGunfold (median= 5.0), while leadered 427 

mRNAs (median= 9.5), sRNAs (median = 14), and asRNAs (median = 9.0) all contain a significantly 428 

higher ΔGunfold values. This suggests that RNAs with inaccessible 5′ AUGs are blocked from 429 

leaderless mRNA initiation. 430 

Due to the strong involvement of ΔGunfold, start codon identity, and leader length in C. 431 

crescentus leaderless mRNA TIRs, we also explored these features across organisms.  As already 432 

shown in figure 1C, the ΔGunfold for leaderless mRNAs is markedly lower than leadered mRNAs in all 433 

species analyzed with the exception of M. musculus mitochondria.  The low  ΔGunfold in the 434 

mitochondria may be due to alterations in the translation initiation mechanism of leadered mRNAs by 435 

their highly proteinaceous ribosomes (55).  Across these organisms, ribosome profiling and total-436 

RNA-seq performed in M. smegmatis (16) and H. volcanii (44), allowing the comparison of how 437 

ΔGunfold tracks with translation efficiency.  As observed for C. crescentus, as ΔGunfold increases, a drop 438 

in the TE in leaderless mRNAs in both M. smegmatis and H. volcanii (Fig S4).  We hypothesize that 439 

the low overall ΔGunfold observed for leaderless mRNAs across all species suggests that ribosome 440 

accessibility is a key feature for leaderless mRNAs across organisms.  In M. smegmatis and H. 441 

volcanii the observed drop in TE from the 0-5 bin and 5-10 bins were smaller than observed for C. 442 

crescentus, which may be due to the higher growth temperatures of these organisms.  Next, we 443 

explored the distributions of leader lengths across species (Table S4).  As observed in C. crescentus, 444 

mRNAs with short leaders have a highly skewed distribution across species, with leaderless mRNAs 445 

showing the largest peak, with a small fraction of mRNAs containing a 1nt leader, and a much smaller 446 

population of mRNAs observed with a ≥2nt leader (Table S4). The lower abundance of mRNAs with 447 

very short leaders is likely to be due to their poorer translation levels observed across organisms 448 

(FigS4) as this has even been observed with E. coli leaderless TIR reporters (37). To explore this 449 

possibility, we compared TE across organisms.  As observed in C. crescentus, M. smegmatis and H. 450 

volcanii TE is also markedly decreased in mRNAs containing short leaders (Fig S4).  While C. 451 

crescentus leaderless mRNA TE was not significantly lower than the 1-5nt bin, both M. smegmatis 452 

and H. volcanii showed sharper drops in TE.  While C. crescentus mRNAs with 6-10nt leaders 453 

showed a significant drop in TE, neither M. smegmatis or H. volcanii showed a significant decrease. 454 

This discrepancy may be explained by a low sample size in M. smegmatis, where only 3 mRNAs were 455 

identified in the 5-10nt bin, while in H. volcanii the 5-10nt bin distribution contained a single outliner 456 

whose TE was measured to be >30. Finally, we examined start codon identities for leaderless mRNAs 457 

across species (Table S5).  Here only H. volcanii was similar to C. crescentus with a strong bias in the 458 

AUG start codon for leaderless mRNAs (Table S5).  M. tuberculosis and M. smegmatis both 459 

contained GUG start codons in leaderless mRNAs with similar abundance to AUG (Table S5).  In the 460 

M. musculus mitochondria, AUG is the most common start codon across mRNAs, however, AUG is 461 

less common in leaderless mRNAs, and the summed use of GUG, AUC, AUU, and AUA makes near-462 

cognate start codons more abundant than AUG initiated leaderless mRNAs (Table S5).  Interestingly, 463 

mitochondrial RNAP has been found to initiate transcription efficiently with NAD+ and NADH (56), 464 
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which has the potential to alter start codon selection by the translation machinery.  As observed in C. 465 

crescentus, M. smegmatis and H. volcanii both showed a lower TE for leaderless mRNAs starting with 466 

GUG as compared to AUG (Fig S4).  The magnitude of the reduced TE for GUG initiated leaderless 467 

mRNAs is significantly smaller in M. smegmatis (1.1 AUG, 0.91 GUG) as compared to H. volcanii (2.5 468 

AUG, 0.82 GUG), which is in line with previous data showing that GUG initiates with similar efficiency 469 

to AUG in leaderless mRNAs in Mycobacteria (16).  Overall, these data suggest that the effects of 470 

ΔGunfold, start codon identity, and leader length have similar effects on leaderless mRNA translation 471 

across species.  However, minor idiosyncratic differences in the frequency and magnitude of each 472 

leaderless mRNA feature on TE were observed across species, likely arising from differences in the 473 

translation machinery. 474 

Three component model describes leaderless mRNA start codon selection 475 

 In order to understand how the mRNA determinants combine to dictate leaderless mRNA 476 

translation, we built a computational model based upon the three features (ΔGunfold, start codon 477 

identity, and leader length) and explored its ability to describe leaderless mRNA start codon selection 478 

and efficiency of leaderless mRNA translation initiation. From our synthetic in vivo translation initiation 479 

reporters, we performed curve fitting to assess the relative effect of each feature on TIE. For each 480 

feature (ΔGunfold, start codon identity, and leader length) the highest reporter level measured in each 481 

mutant set was normalized to 1 before curve fitting. ΔGunfold data was fit to an exponential equation 482 

(TIEΔGunfold = e(-t*0.354)) where t is ΔGunfold(kcal/mol), R² = 0.78), leader length data was fit to a power 483 

equation (TIEleader length = 0.45×(i-0.92) where i is leader length >0, R² = 0.92, and TIEleader length=1 for i=0), 484 

and TIEstart codon was based directly on reporter levels for each near-cognate start codon (Fig 3) and all 485 

other codons were given a value of 0 (Table S1).  For each mRNA feature, we therefore generated a 486 

function that could calculate the relative TIE of any RNA in C. crescentus based upon the mRNA 487 

sequence. We then built a computational model in which the three features were assumed to be 488 

independent from each other to calculate a summed TIE. In this model, we set the maximum TIE to 1, 489 

and then subtracted the effects of the sequence feature as measured from the in vivo translation 490 

reporters in equation 2 (TIELeaderless mRNA(k) = Max TIE (1) - (1-TIEΔGunfold) - (1-TIEstart codon identity(j)) – (1-491 

TIEleader length(i)) where k= a given RNA transcript, j=start codon identity, and i=leader length(nt). Using 492 

equation 2 we predicted the TIE for each RNA in the C. crescentus transcriptome (Fig 7A). For all 493 

RNAs, we successively scanned for the closest AUG or near cognate start codon to the 5′ end and 494 

used this for the TIE calculation. RNAs known to be initiated as leaderless mRNAs (27,40) yielded 495 

higher TIE scores (median = 0.15, σ = 0.35), while TIE scores for all other RNAs were typically lower 496 

(median = -0.95, σ = 0.45). To estimate the utility of this model at classifying leaderless mRNAs, we 497 

used a ROC analysis (Fig 7B). The ROC area under the curve for the TIEleaderless model was equal to 498 

0.99, which significantly outperforms identifying RNAs with 5’ AUGs (ROC A.U.C. 0.68) suggesting 499 

the TIEleaderless model can accurately classify those RNAs that are initiated as leaderless mRNAs with 500 

high accuracy and precision. The success of this simple TIEleaderless model to classify leaderless 501 

mRNAs based on the combinations of ΔGunfold, start codon identity, and leader length suggests that 502 

these mRNA features combinatorically control translation initiation on leaderless mRNAs. 503 
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 In addition to the classification of RNAs as leaderless mRNAs we also explored how well the 504 

TIEleaderless model predicted translation initiation efficiency. Here, the translation initiation reporters 505 

generated were all scored with the TIEleaderless model and compared to their YFP fluorescence. Since 506 

TIEleaderless scores below zero are not physically possible, those with negative TIEleaderless values were 507 

set to zero to signify they are not predicted to be translated. As expected, the TIEleaderless score 508 

correlates strongly to the YFP reporter levels (R2=0.87) with a slope of 2050 A.U. We then compared 509 

the TIEleaderless scores to the TE as measured by ribosome profiling of the natural leaderless mRNAs. 510 

Since natural leaderless mRNAs encode many genes with diverse codon usages, a poorer correlation 511 

was obtained with TE (R2=0.06, slope=0.71 A.U.) than with the TIE reporters (Fig 7D). The correlation 512 

of the TIEleaderless model at predicting ribosome profiling TE (R=0.25) is the same as observed for the 513 

RBS calculator model of initiation and E. coli ribosome profiling data (R=0.25) (57). Since the TIE 514 

reporters all code for YFP with near-identical codon usage, and the natural mRNAs have variable 515 

codon usage frequencies, it is possible that translation elongation differences between natural ORFs 516 

also impact translation efficiency. Indeed, translation elongation rates have been estimated to be rate 517 

limiting in vivo in other bacteria (58,59). In addition, ribosome occupancy of stalled ribosomes can 518 

complicate the analysis of ribosome profiling data, making the interpretation rather difficult.  While it is 519 

objectively harder to quantitatively predict translation levels, the TIEleaderless model performs rather well. 520 

DISCUSSION 521 

Here we provide the first systematic analysis of mRNA structure content, start codon identity, 522 

and leader length on the initiation of leaderless mRNAs (Fig 7E). Importantly, this study was 523 

performed using the bacterium C. crescentus which is adapted to efficient leaderless mRNA initiation 524 

(27). As has been observed for leadered mRNAs (19,46), mRNA structure content at the leaderless 525 

TIR hinders leaderless mRNA translation initiation, suggesting that ribosome accessibility is a key 526 

feature for leaderless mRNAs. As previously observed in E. coli, changes in start codon identity from 527 

the preferred “AUG” and presence of leader nucleotides leads to a significant reduction of TIE for C. 528 

crescentus leaderless mRNAs. Using these quantitative data, we generated a combinatorial 529 

TIEleaderless model that predicts the ability of an RNA to initiate as a leaderless mRNA from the 530 

individual effects of these features which can be computed for any RNA in the transcriptome. This 531 

TIEleaderless model both accurately and sensitively predicts the ability of all RNAs in the C. crescentus 532 

transcriptome to initiate as leaderless mRNAs. While a 5′ AUG is highly enriched in leaderless 533 

mRNAs and only rarely observed in non-coding RNAs (Fig 6A), non-coding RNAs containing 5′ AUGs 534 

utilize a high ΔGunfold to prevent aberrant translation initiation (Fig 6B). Additionally, very short leaders 535 

which were found to inhibit leaderless mRNA initiation, are selected against in leaderless mRNAs and 536 

are common in 5′ regions of non-coding RNAs containing non-initiating AUGs.  Finally, leaderless 537 

mRNAs are much more selective for AUG start codons than are leadered mRNAs, suggesting that the 538 

additional stabilization of the translation initiation complex provided by the SD-aSD base pairing helps 539 

facilitate initiation on near-cognate start codons. 540 
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Leaderless mRNAs have been found to initiate translation in bacterial, archaeal, and both 541 

cytoplasmic and mitochondrial eukaryotic ribosomes (17,28,60) suggesting that leaderless initiation is 542 

an ancestral initiation mechanism. It is therefore possible that the TIEleaderless model generated here in 543 

C. crescentus may also perform well across organisms. Indeed, even a few nucleotides preceding the 544 

AUG inhibit leaderless mRNA translation initiation in C. crescentus, E. coli, and mammalian 545 

mitochondria (37,39). The strong inhibition of leaderless mRNA translation by TIR secondary structure 546 

is likely why leaderless mRNAs in mitochondria have been found to lack 5′ secondary structures (28). 547 

C. crescentus shares a similar preference for 5′ AUGs to E. coli for leaderless mRNA initiation (33). 548 

Interestingly, in the Mycobacteria, GUG start codons are much more abundant in leaderless mRNAs 549 

and tend to be initiated more similarly to AUG codons in this organism (16). Mycobacterium GUG 550 

initiated leaderless mRNAs tend to code for short regulatory ORFs (16), as opposed to ORFs 551 

encoding functional genes in C. crescentus . This suggests that there are likely to be some species-552 

specific differences in leaderless mRNA features arising from the differences in the translation 553 

initiation machinery. Indeed, across prokaryotes, 79% of predicted leaderless genes contain AUG as 554 

the start codon, whereas GUG, UUG and others are found with an average of 10%, 6% and 3% 555 

respectively (13). Surprisingly, leaderless mRNAs across organisms appear to initiate with assembled 556 

70S/80S ribosomes (31,61-63), further suggesting a conserved mechanism of initiation. Therefore, an 557 

important goal moving forward will be to determine how broadly across organisms this TIEleaderless 558 

model might apply.  Based upon the observations described here, it is likely that these features 559 

(ΔGunfold, start codon identity, and leader length) will combine similarly across species to define 560 

leaderless mRNA TIRs.  However, due to differences in the translation initiation machinery across 561 

organisms, the specific hierarchy of mRNA features will need to be experimentally determined for a 562 

given species in order to generate a TIEleaderless model that accurately classifies leaderless mRNAs.   563 
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TABLE AND FIGURES LEGENDS 752 

Figure 1. Leaderless mRNA translation initiation regions are more accessible than leadered 753 

mRNAs. A.) Predicted unfolding energy of mRNAs. The predicted mRNA minimum free energy 754 

(ΔGmRNA) is represented on the left. The orange translation initiation region indicates a ribosome 755 

footprint surrounding the start codon (pink). The image on the right represents the mRNA upon 756 

initiation (ΔGinit) where the orange initiation region is unfolded. The ΔGunfold represents the amount of 757 

energy required by the ribosome to unfold the translation initiation region of the mRNA. B.) Violin plots 758 

of ΔGunfold (right) calculated for all the mRNAs of each class (left) in the Caulobacter crescentus 759 

genome based on the transcript architecture(27,40). P-values were calculated based on t-test (two 760 

tailed, unequal variance).,, 761 
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Figure 2. ΔGunfold strongly influences leaderless mRNA translation. A.) A representative TIR 762 

synthetic stem loop synonymous mutation set with varying ΔGunfold values.  The bases in the start 763 

codon are colored pink, red bases highlight where mutations were introduced to disrupt base pairing. 764 

B.) In vivo translation reporter levels the various leaderless RNA mutants. Each hairpin and its 765 

synonymous codon mutant set are shown with the same color (Raw data can be found in Table S1). 766 

Black points = leaderless set 1, grey points = leaderless set 2, dark blue points = leaderless set 3, 767 

purple points = leaderless set 4, light blue points = leaderless set 5, red points = leaderless set 6, and 768 

teal points = leaderless set 7.  The natural log of the average YFP intensity per cell is shown and error 769 

bars represent the standard deviation of three biological replicates. The dotted blue line represents a 770 

linear curve fit with an R2 value of 0.84 and a slope of -0.3.  771 

Figure 3. Leaderless mRNAs have a strong preference for AUG start codons. Leaderless mRNA 772 

in vivo translation reporters were generated with the start codons listed on the X-axis and their 773 

average YFP intensity per cell were measured. On the right, is a zoomed in view of all non-AUG 774 

codons tested. Error bars represent the standard deviation from three biological replicates. 775 

Figure 4. Leaderless mRNAs are inhibited by additional upstream nucleotides. Leaderless 776 

mRNA in vivo translation reporters were generated with variable number of leading nucleotides on the 777 

X-axis and their average YFP intensity per cell were measured (Raw data can be found in Table S1). 778 

Error bars represent three biological replicates. 779 

Figure 5. ΔGunfold, start codon identity, and leader length correlate with translation efficiency 780 

(TE) across native leaderless mRNAs. A.) Bar graph showing the fraction of leaderless mRNAs 781 

starting with AUG, GUG, UUG and CUG start codons. Also shown are the random chances of 782 

trinucleotides being AUG, GUG, UUG and CUG calculated based on GC content (67%) of C. 783 

crescentus genome. P-values were calculated based on a two-tailed Z-test. B.) Bar graph showing 784 

the fraction of leaderless mRNAs and mRNAs with 5′ untranslated region (UTR) of length 1 to 10 (as 785 

determined in (40)). mRNAs containing Shine-Dalagarno sites were excluded from this analysis. P-786 

values were calculated based on a two-tailed Z-test of each leader length compared to leader length 0. 787 

C.) Violin plot of translation efficiency (TE) as measured by ribosome profiling(54) of natural 788 

leaderless mRNAs binned in three groups depending on ΔGunfold values (0-5, 5-10, and >10 kcal/mol). 789 

P-values based on t-test (two tailed, unequal variances). D.) Violin plot of TE as measured by 790 

ribosome profiling(54) of natural leaderless mRNAs starting with AUG and GUG. P-values were 791 

calculated based on a t-test (2-tailed, unequal variance). E.) Violin plot showing the TE as measured 792 

by ribosome profiling(54) on the Y-axis of leaderless mRNAs (green) and with leaders of varying 793 

length (1-10) shown in grey. P-values were calculated based on t-test (2-tailed, unequal variance). 794 

Figure 6. Non-coding RNAs with 5′ AUGs are rare and have higher ΔGunfold. A.) Bar graph 795 

showing the fraction of natural leaderless mRNAs starting with trinucleotide AUG and other types of 796 

RNAs starting with trinucleotide AUG, but not initiated at that AUG (leadered mRNAs, sRNAs, rRNAs, 797 

tRNAs and asRNAs). Also shown is the random chance of trinucleotide being AUG out of 10000 798 
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nucleotides; calculated based on GC content of C. crescentus genome. P-values were calculated 799 

using a two-tailed Z-test with each RNA class compared to the random probability of 5′ AUG. B.) 800 

Violin plot showing ΔGunfold of natural leaderless mRNAs starting with AUG (green) and other types of 801 

RNAs starting with AUG, but not initiated at that AUG (leadered mRNAs, RNAs and asRNAs) (shown 802 

in grey). P-values were calculated based on a T-test (2-tailed, unequal variance). 803 

Figure 7. A combinatorial model accurately predicts translation of leaderless mRNAs. A.) Line 804 

graph showing the predicted TIEleaderless scores on the X-axis and the number of RNAs on the Y axis. 805 

The solid blue line represents natural leaderless mRNAs. The orange line represents the RNAs that 806 

are not leaderless RNAs. The black dotted line represents all RNAs. RNAs with short leaders are 807 

shown in Fig S2. B.) ROC curve (shown in solid blue, with “random” shown as a dotted line) with true 808 

positive rate on Y-axis and false positive rate on X-axis. The area under curve (A.U.C.) was 809 

calculated to be 0.99 for classification based on the TIEleaderless score and 0.68 for classification based 810 

solely on presence of a 5’ AUG (Fig S3). C.) TIE reporter levels compared to TIEleaderless scores. For 811 

the leaderless TIE reporters tested (Table S1) the YFP reporter level (Y-axis) is plotted compared to 812 

the TIEleaderless (X-axis). The trendline is the result of a least-squares fit yielding a slope of 2050 A.U. 813 

with R2=0.87. Error bars represent the standard deviation of at least three biological replicates. D.) 814 

Translation efficiency (TE) of leaderless mRNAs (Y-axis) is plotted compared to TIEleaderless (X-axis). 815 

The trendline is the result of a least-squares fit yielding a slope of 0.71 and R2=0.06. E.) Model design 816 

showing ribosome binding to the AUG trinucleotide (pink triangle) at the 5′ end when it is highly 817 

accessible as shown in the left. The ribosome binding is prevented when the region becomes more 818 

structured and the accessibility decreases.  819 

 820 
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