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Abstract  17 

 18 

Shine-Dalgarno (SD) motifs are thought to play an important role in translational initiation in bacteria. 19 

Paradoxically, ribosome profiling studies in E. coli show no correlation between the strength of an 20 

mRNA’s SD motif and how efficiently it is translated. Performing profiling on ribosomes with altered 21 

anti-Shine-Dalgarno sequences, we reveal a genome-wide correlation between SD strength and 22 

ribosome occupancy that was previously masked by other contributing factors. Using the antibiotic 23 

retapamulin to trap initiation complexes at start codons, we find that the mutant ribosomes select 24 

start sites correctly, arguing that start sites are hard-wired for initiation through the action of other 25 

mRNA features. We show that A-rich sequences upstream of start codons promote initiation. Taken 26 

together, our genome-wide study reveals that SD motifs are not necessary for ribosomes to determine 27 

where initiation occurs, though they do affect how efficiently initiation occurs. 28 
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Introduction 36 

 37 

Translational initiation is a critical step in the regulation of gene expression that impacts which proteins 38 

are synthesized and to what extent. Unlike eukaryotic ribosomes, which scan from the 5’-end of 39 

messages and generally initiate at the first start codon, bacterial ribosomes can initiate at any position 40 

along an mRNA; this is a critical requirement because many bacterial mRNAs are polycistronic. 41 

Bacterial ribosomes must select the correct start codons amidst a vast excess of potential sites (AUG, 42 

GUG, and to some extent UUG) that have to be ignored. Not only does initiation determine where 43 

translation occurs (and therefore which proteins are made), in most cases the rate of initiation 44 

determines the level of protein output. In bacteria, a common strategy for regulating translation is to 45 

block ribosome recruitment to an mRNA through the action of small RNAs (Altuvia et al., 1998; 46 

Majdalani et al., 1998; Storz et al., 2004), small-molecule binding riboswitches (Winkler et al., 2002; 47 

Mandal and Breaker, 2004), and regulatory proteins (Moine et al., 1990; Babitzke et al., 2009). 48 

 49 

Initiation rates vary in response to several mRNA features that determine how effectively an mRNA 50 

recruits 30S subunits to the start codon. Thermodynamically stable secondary structures surrounding 51 

the initiation site prevent 30S recruitment (Hall et al., 1982; de Smit and van Duin, 1990). The kinetics 52 

of RNA folding and unfolding are also critical (de Smit and van Duin, 2003; Espah Borujeni and Salis, 53 

2016): some structures exist in an unfolded state for such a short period of time that 30S subunits 54 

cannot find the start codon quickly enough by diffusion alone. In several well-characterized examples, 55 

regions of single-stranded RNA known as standby-sites are found nearby, positioning 30S subunits in 56 

close proximity so that they can efficiently capture the start codon upon unfolding of the mRNA 57 

secondary structure (de Smit and van Duin, 2003; Espah Borujeni et al., 2014). Interactions of 30S 58 

subunits and single-stranded mRNA regions (especially those that are AU-rich) can be mediated 59 

through ribosome protein S1 (Boni et al., 1991; Komarova et al., 2005). Bound on the back of the 30S 60 

subunit, the S1 protein contains multiple RNA-binding domains that can recruit mRNA and melt 61 

secondary structures (Qu et al., 2012), facilitating hybridization of 16S rRNA with complementary 62 

mRNA sequences colloquially known as Shine-Dalgarno motifs.  63 

 64 
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Shine-Dalgarno motifs have the consensus sequence GGAGG and can base pair with as many as 9 nt in 65 

the 3’ terminal sequence of 16S rRNA (ACCUCCUUA in E. coli) referred to as the anti-Shine Dalgarno or 66 

ASD (Shine and Dalgarno, 1974). Pairing of the SD-ASD sequences can recruit 30S subunits to the start 67 

codon 5-10 nt downstream (Steitz and Jakes, 1975). SD motifs that differ significantly from the 68 

consensus or that are positioned too close or too far from the start codon yield lower levels of 69 

initiation. Indeed, many experiments using reporter genes showed that raising the SD-ASD affinity 70 

increases protein output, demonstrating its importance for determining translation levels (Hui and de 71 

Boer, 1987; Jacob et al., 1987; de Smit and van Duin, 1990; Salis et al., 2009). In addition, the SD model 72 

serves as the foundation of practical bioengineering efforts ranging from optimizing expression of 73 

recombinant proteins to expansion of the genetic code (Rackham and Chin, 2005;  Salis et al., 2009). 74 

 75 

On the other hand, even though the ASD in 16S rRNA is almost universally conserved throughout the 76 

bacterial kingdom (Nakagawa et al., 2010), the percentage of genes with SD motifs varies widely 77 

between species. While well-characterized model species such as E. coli and B. subtilis have a high 78 

percentage of genes with SD motifs (54% and 78% respectively), there is little to no enrichment of SD 79 

motifs upstream of start codons in Bacteriodetes and Cyanobacteria (Nakagawa et al., 2010). In 80 

addition, although the majority of species in the phyla Firmicutes, Actinobacteria, and Proteobacteria 81 

have high percentages of SD-containing genes, several species have low percentages, arguing that the 82 

loss of this mechanism has occurred multiple times during evolution (Nakagawa et al., 2010; 83 

Hockenberry et al., 2017). These variations across the bacterial kingdom, despite the high conservation 84 

of the ASD element on the ribosome, raise questions as to how important the SD mechanism is for 85 

ribosome recruitment. 86 

 87 

Ribosome profiling is a method for deep sequencing of ribosome-protected mRNA fragments that 88 

allows us to define the position and number of ribosomes bound across the transcriptome at 89 

nucleotide resolution (Ingolia et al., 2009). This information allows us to calculate the ribosome density 90 

on each mRNA as a proxy for the efficiency of translation initiation. In pioneering ribosome profiling 91 

studies in bacteria, the paradoxical observation was made that there is little or no correlation between 92 

the ribosome occupancy of a gene and the strength of its SD motif (calculated using thermodynamic 93 
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algorithms for RNA pairing), as had been anticipated based on the SD model (Li et al., 2014; Schrader et 94 

al., 2014; Li, 2015; Campo et al., 2015). This surprising observation suggested that other mRNA features 95 

could effectively mask the effects of the SD correlation at the genome-wide level. 96 

 97 

To isolate the effects of SD motifs on the global translational landscape, we expressed 16S rRNA 98 

mutants with altered (non-functional) ASD sequences, purified mutant ribosomes, and used ribosome 99 

profiling to ask how efficiently they translate each mRNA in the cell. Unlike previous studies that vary 100 

the SD motif and other mRNA-specific features, this approach allows us to specifically eliminate the SD-101 

ASD interaction while keeping mRNA sequences and structures intact, so that we can specifically ask 102 

questions about the role the SD-ASD interaction plays in determining mRNA translation rates. Through 103 

this analysis, we observe for the first time the effects of SD motifs at the global level, revealing a linear 104 

correlation between SD strength and ribosome occupancy. We then combined our new profiling 105 

approach with retapamulin treatment to trap ribosomes at start codons (Meydan et al., 2019; Weaver 106 

et al., 2019) in order to study the role of SD motifs in selecting start codons. To our surprise, the ASD-107 

mutant ribosomes selectively recognize the correct initiation sites as well as wild-type ribosomes, 108 

arguing that these sites are hard-wired for initiation independent of their SD-ASD pairing strength. We 109 

show that A-rich sequences recently identified by Fredrick and co-workers (Baez et al., 2019) are 110 

enriched at annotated start sites compared to other AUG codons in the transcriptome where initiation 111 

does not take place; these A-rich sequences are also found upstream of start codons in a wide variety 112 

of species across the bacterial kingdom. In addition, mRNA structure at annotated start sites is lower 113 

than at other AUG codons, facilitating 30S binding. Together, these studies refine our understanding of 114 

the role of SD motifs and other mRNA features in defining the proteomes of bacteria. 115 

 116 

Results 117 

 118 

Selective profiling of ribosomes with mutant ASD sequences 119 

 120 

Studies of the role of SD motifs in promoting translation in their native contexts have been complicated 121 

by the fact that changing the sequence of an mRNA also affects other determinants of translational 122 
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regulation such as its overall structure. To perturb the function of SD motifs at the global level, we 123 

developed a new approach in which we mutate the ASD in 16S rRNA, purify the mutant ribosomes, and 124 

use ribosome profiling to ask how efficiently they translate each mRNA in the cell. This strategy 125 

provides us with a genome-wide view of the function of SD motifs in interactions with the unaltered 126 

transcriptome—all of the features of an mRNA that affects its translation are maintained, thereby 127 

isolating the effects of the SD motif mutation. In this manner, we eliminate the SD-ASD interaction as a 128 

contribution to mRNA translation rates and see how translation changes across the transcriptome. 129 

 130 

We created three 16S rRNA alleles in which the ASD is mutated (Figure 1A). Two of these mutants were 131 

described previously in the literature. The ASD in specialized (S) ribosomes was inverted from CCUCC to 132 

GGAGG in a pioneering study by de Boer who showed that although these S-ribosomes were relatively 133 

inactive on endogenous transcripts, they efficiently translate a reporter gene with a complementary SD 134 

motif (Hui and de Boer, 1987). In later studies, Cunningham and Chin used genetic selections to 135 

characterize additional SD-ASD pairs and improve their selectivity, creating orthogonal (O) ribosomes 136 

where the ASD is mutated to UGGGA (Lee et al., 1996; Rackham and Chin, 2005). Ribosomes with 137 

mutant ASD motifs (like S and O) have been used in numerous studies of protein synthesis where they 138 

selectively translate reporter genes with complementary SD motifs (Rex et al., 1994; Neumann et al., 139 

2010; Orelle et al., 2015). In addition to these two ASD mutants, we constructed a third (A) with the 140 

ASD sequence AAAAA that we anticipated would bind mRNA more weakly than the O- or S-ribosomes 141 

(given that their ASD sequences are G-rich). The MS2 aptamer was inserted into these three ASD 142 

mutants to facilitate their purification as described below (Youngman et al., 2004; Youngman and 143 

Green, 2005); as a control, we also created an MS2-tagged 16S rRNA with the canonical ASD sequence 144 

(C). 145 

 146 

These four 16S rRNA mutants were expressed from plasmids in E. coli MG1655 containing the normal 147 

complement of seven wild-type rRNA operons to sustain growth. Because overexpression of ASD 148 

mutants is toxic (Jacob et al., 1987), we induced expression for only 20-25 min during which growth 149 

rates were not affected (Figure 1-figure supplement 1A). Polysome profiles from the four mutants 150 

were similar (Figure 1-figure supplement 1B) suggesting that translation remains robust during the 151 
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transient expression of MS2-tagged 16S mutants whether the ASD is intact (C) or mutated (S, O, and A). 152 

A previous study of orthogonal ribosomes suggested that altering the ASD in 16S rRNA reduces rRNA 153 

processing efficiency, leading to the accumulation of processing intermediates, but that mature rRNAs 154 

containing ASD mutations have the correct 3’-end (Aleksashin et al., 2019). To look for processing 155 

defects in our system, we performed RNA-seq on affinity-captured MS2-tagged rRNA without nuclease 156 

digestion. As shown in Figure 1-figure supplement 1C, we do not observe the accumulation of 157 

precursors with 3’-extensions or other defects in the processing of the 3’-end of 16S rRNA. This result 158 

indicates that correctly processed rRNA is produced and should be able to form mature 30S subunits.  159 

 160 

RT-PCR with primers that distinguish endogenous 16S rRNA from the MS2-tagged mutants was used to 161 

ask whether the ASD mutants are found in actively translating polysomes (Figure 1-figure supplement 162 

1D). We observed that the signal from C-ribosomes is equally strong in the lysate, light, and heavy 163 

polysome fractions. In contrast, the signal from the three ASD mutants is present but weaker in the 164 

polysome fractions than in the lysate. These data show that although ribosomes with mutant ASDs can 165 

engage in translation, their activity is impaired, consistent with earlier studies. Keeping this in mind, we 166 

focus our analyses not on their absolute activity but on their selectivity, asking which mRNAs they 167 

translate better than other mRNAs. 168 

 169 

To purify mutant ribosomes, we employed a method previously developed for in vitro biochemical 170 

studies of ribosomes with lethal mutations (Youngman et al., 2004; Youngman and Green, 2005): the 171 

MS2 aptamer was fused to helix 6 of 16S rRNA allowing us to capture mutant ribosomes through their 172 

interaction with the MS2 coat protein (Figure 1B). To avoid pulling down wild-type ribosomes bound to 173 

the same mRNA as mutant ribosomes, we first treated cell lysates with RNase T1 to collapse polysomes 174 

to monosomes prior to isolating MS2-tagged ribosomes. RT-PCR reveals how well this purification 175 

strategy works: although signal from the wild-type 16S rRNA predominates in cell lysates (lower band, 176 

Figure 1C), it is nearly undetectable in purified ribosome samples eluted from the MS2-coat protein 177 

column. These data show that MS2-tagged ribosomes can be isolated with high purity for ribosome 178 

profiling studies; we refer to this procedure as MS2RP.  179 

 180 
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Comparison of the translational landscape of the canonical (C) to the orthogonal (O)-mutant confirms 181 

that the MS2RP strategy is effective. For 2217 genes with adequate coverage in each sample, we 182 

computed ribosome occupancy (RO) values by dividing the ribosome profiling density by RNA-seq 183 

density. Although we recognize that RO is not a perfect measure of initiation rates—it may also reflect 184 

differences in elongation in some cases—the number of ribosome footprints correlates strongly with 185 

protein levels in exponentially growing E. coli cultures (Li et al., 2014); RO therefore reports on the 186 

level of protein output per mRNA. We observed compelling differences in RO values for many genes in 187 

the two samples (Figure 1D). An initial straightforward expectation is that genes with SD motifs with 188 

high affinity to orthogonal (O) ASD sequence would have high RO values in MS2RP data from O-189 

ribosomes; indeed, we observe that a complementary SD motif (UCCCG) 5 nt upstream of the start 190 

codon gives the hemA gene 10-fold higher RO with the O-ribosome than with the C-ribosome (Figure 191 

1E). The same phenomenon was observed on rbsK (7-fold higher RO) and mreB (10-fold higher RO) 192 

with the O-ribosome and on sapA (9-fold higher RO) and rsmH (4-fold higher RO) with the S-ribosome 193 

(Figure 1-figure supplement 2). In each of these examples, the increase in RO can be attributed to 194 

higher levels of translation because the mRNA differs by less than two-fold. These examples are quite 195 

rare, however, because endogenous genes have evolved to interact with the canonical ASD and so the 196 

probability of finding a sequence with strong complementarity to the mutant ASD at just the right 197 

position is relatively low. Indeed, our data are most consistent with the conclusion that all three ASD 198 

mutants essentially act as general loss of function mutants.  199 

 200 

The global role of SD motifs on the endogenous translational landscape 201 

 202 

We next used MS2RP to isolate the effect of SD motifs on global translation, asking to what extent they 203 

drive translation under optimal growth conditions. For each gene, we computed the SD strength as the 204 

inverse of the free energy (-∆G) of pairing between the sequence -15 to -6 nt upstream of the start 205 

codon and the wild-type ASD (ACCUCCU). Based on the well-known role of SD motifs in promoting 206 

translational initiation, the expectation is that genes with strong affinity should have high RO values, 207 

and conversely, genes with weak affinity should have low RO values, yielding a strong correlation. 208 

However, our analysis of data from canonical (C) ribosomes showed only a very weak correlation 209 
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(Figure 2A), consistent with previous reports from ribosome profiling studies (Li et al., 2014) showing 210 

that SD strength has little power to predict ribosome occupancy in E. coli. Strikingly, the RO values 211 

from the three ASD mutants (S, O, and A) showed a robust negative correlation with SD affinity for the 212 

wild-type ASD sequence (Figure 2B and Figure 2-figure supplement 1). In other words, ASD mutant 213 

ribosomes translate genes with weak SD motifs better than genes with strong SD motifs. 214 

 215 

Because the ASD mutants are unlikely to participate in SD-ASD interactions, RO values in these samples 216 

reflect the contributions of all the other mRNA elements that promote initiation. The observation that 217 

these other elements yield a negative correlation with SD strength suggests that they in general 218 

counteract the positive correlation contributed by SD-ASD pairing (with wild-type ribosomes). As such, 219 

these contributions effectively mask the effect of SD motifs in Figure 2A. By calculating the difference 220 

in RO (∆logRO) for each gene between the C- and A-ribosomes, we effectively subtract all the mRNA 221 

elements that determine RO independent of SD-ASD pairing, thus isolating the effects of the SD motifs 222 

on mRNA translation rates. The ∆logRO term reflects how much better a message is translated by wild-223 

type ribosomes than by ASD mutants. When ∆logRO values are plotted as a function of SD-ASD affinity 224 

(-∆G) using the wild-type ASD sequence, we observe a strong linear correlation with SD-ASD affinity for 225 

each of the mutants (Figure 2C and Figure 2-figure supplement 1). As expected, genes with strong SD 226 

motifs are translated better by ribosomes with the canonical ASD than by ASD-mutant ribosomes. The 227 

fact that we observe this correlation validates our calculations of SD strength; analysis of the distance 228 

of SD motifs from the start codon confirms that genes with the highest ∆logRO have the strongest SD 229 

affinity in the -15 to -6 region as shown in previous studies (Figure 2-figure supplement 2). These data 230 

obtained with MS2RP reveal for the first time the effect of SD motifs on translation genome-wide, 231 

consistent with their characterized role in promoting initiation.  232 

 233 

SD motifs are not necessary for start codon selection 234 

 235 

SD motifs are also widely held to play a critical role in recognizing and selecting initiation sites (Steitz 236 

and Jakes, 1975). In the analyses described so far, we have used MS2RP to estimate the ribosome 237 

density on each mRNA as a proxy for initiation rates in order to address questions about how much 238 
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translation is occurring on annotated genes. These data are less informative about the degree to which 239 

mutant ribosomes initiate at the wrong sites in the transcriptome. Non-canonical initiation is difficult 240 

to observe in E. coli because 5’- and 3’-untranslated regions of mRNAs are generally quite short and 241 

translation at alternate start codons within ORFs is swamped by the signal of elongating ribosomes 242 

from the canonical start site. In eukaryotes, the antibiotics harringtonine and lactimidomycin have 243 

been used with great success together with ribosome profiling to identify sites where translational 244 

initiation takes place (Ingolia et al., 2011; Lee et al., 2012). These compounds do not interfere with 245 

elongating ribosomes, allowing them to continue translation and terminate normally. In contrast, they 246 

trap newly-initiated ribosomes, providing a way of identifying initiation sites in ribosome profiling 247 

studies. Two antibiotics were recently shown to similarly specifically trap initiation complexes in 248 

bacteria: Onc112 and retapamulin (Meydan et al., 2019; Weaver et al., 2019).  249 

 250 

To study the role of SD motifs on start codon selection, we treated cells with retapamulin for 5 min and 251 

then used MS2RP to identify start sites occupied by ribosomes with the various ASD sequences. For 252 

example, elongating wild-type (C) ribosomes are found all across the lpp gene in untreated cells (Figure 253 

3A, light grey), whereas they are highly enriched at the annotated start codon in retapamulin-treated 254 

cells (dark grey). As expected, ribosome footprints are not seen at three internal AUG codons, since 255 

these do not function as initiation sites. Strikingly, in retapamulin-treated cells, the A-ribosomes also 256 

find the correct start site, ignoring the three other AUG codons (Figure 3A, dark green). In another 257 

example, the gmk gene, both C- and A-ribosomes are enriched at the annotated start codon in 258 

retapamulin-treated cells but not at several internal AUG codons (Figure 3B). In both examples, both 259 

WT and mutant ribosomes select the correct, annotated start site while ignoring other AUG codons. 260 

 261 

To analyze the accuracy of start codon selection by the ASD variants in retapamulin-treated samples 262 

genome-wide, we computed the average number of ribosome footprints across many genes aligned at 263 

their annotated start codons or aligned at all the other AUG triplets in the transcriptome (non-264 

annotated AUGs). Our initial expectation was that in the absence of SD-ASD base pairing, the mutant 265 

ribosomes might fail to recognize the correct start sites and bind more often to other AUG triplets in 266 

the transcriptome. Strikingly, both the C- and A-ribosomes show strong initiation peaks at annotated 267 
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AUGs (Figure 3C), whereas these peaks are absent in both samples at non-annotated AUGs (Figure 3D). 268 

These results provide initial evidence that ribosomes correctly select annotated start sites genome-269 

wide in the absence of the SD-ASD interaction. 270 

 271 

To further explore this surprising finding, we next asked how the affinity of mRNA-rRNA base pairing 272 

influences initiation at annotated start codons. We assumed that for the mutant ribosomes, base 273 

pairing would play little or no role in initiation because they would likely have low affinity for 274 

annotated start sites that evolved to bind the wild-type ASD. To test this assumption, we calculated the 275 

affinity of each mutant ASD for the sequence upstream of the start codon of each gene. We grouped 276 

genes into different sets based on these affinities and plotted the average number of ribosome 277 

footprints at the annotated start sites as in Figure 3C. In the subset of genes with no predicted affinity 278 

for any of the three ASD mutants (ΔG > -1), we still see robust enrichment of A, O, and S ribosomes at 279 

the annotated start sites (Figure 3E). Since all three ASD variants initiate at annotated start sites, these 280 

data argue against the possibility that serendipitous base-pairing between the mRNA and the mutant 281 

ASD sequences explains this enrichment.  282 

 283 

We also analyzed a set of annotated start sites with strong calculated affinity to the wild-type ASD. 284 

These sites are expected to be dependent on the SD-ASD interaction. Yet we again observed robust 285 

start peaks for each ASD variant ribosome, indicating that SD-ASD pairing is dispensable for initiation 286 

even in genes with strong SD motifs (Figure 3-figure supplement 1A). Furthermore, we found that in a 287 

set of sites with predicted high affinity to the ASD of the O-ribosome, there was strong enrichment of 288 

A- and S-ribosomes at start codons, despite the differences in the ASD sequence (Figure 3-figure 289 

supplement 1B). Likewise, in a set of genes with predicted high affinity to the ASD of the S-ribosome, 290 

there was strong enrichment of O- and A-ribosomes at start codons (Figure 3-figure supplement 1C). 291 

(There were too few genes with high affinity to the A-rich ASD sequence to perform an equivalent 292 

analysis for A-ribosomes). Taken together, these analyses show that annotated initiation sites are hard-293 

wired for initiation independent of their potential for base pairing between the mRNA and rRNA. 294 

 295 

SD motifs are not necessary for initiation at non-canonical sites 296 
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 297 

We next asked what role mRNA-rRNA pairing plays in initiation at AUG triplets in the transcriptome 298 

that are not normally used for initiation (non-annotated AUGs). For this purpose, we used data from 299 

retapamulin-treated cells to calculate an initiation score (IS) for each AUG triplet, defined as the 300 

average number of reads mapped within 3 to 21 nt downstream of an AUG (to capture footprints of 301 

various sizes) divided by the average number of reads mapped over a wider spacing (100 nt, Figure 4A). 302 

The first and most general finding is that the log2IS values from the C- and A-ribosomes have a similar 303 

distribution with medians close to 0 (Figure 4B), indicating that footprints from the A-ribosomes are 304 

not enriched at non-annotated AUG codons. This result is consistent with the average gene plot shown 305 

in Figure 3D and with the fact that most of these AUG codons do not serve as initiation sites. To better 306 

characterize the difference between C- and A-ribosomes in initiation at non-annotated AUG codons, 307 

we selected a subset of sites that effectively recruit C-ribosomes and yield strong initiation peaks. 308 

These sites have log2IS values > 1.5 and are highlighted in black in Figure 4B. Surprisingly, this same 309 

subset of AUG codons also shows high IS values for A-ribosomes (Figure 4C), arguing that SD-ASD 310 

pairing is not the feature that explains why initiation takes place at these specific AUG triplets and not 311 

at others.    312 

 313 

To further characterize how SD-ASD pairing affects initiation at non-annotated AUG triplets, we 314 

grouped potential initiation sites by their affinity for wild-type or mutant ASDs as described above for 315 

annotated start sites. For sites with high affinity to the ASD of the S-ribosome, for example, the 316 

distribution of IS values for S-ribosomes closely resembled the other three ribosomes (Figure 4E), with 317 

median values near zero. These data show that the presence of a complementary Shine-Dalgarno-like 318 

sequence near an AUG codon is not sufficient to recruit S-ribosomes and generate a robust start codon 319 

peak. We selected the subset of AUGs with high affinity to S-ribosomes where initiation occurs with S-320 

ribosomes (log2IS > 1.5, dark red in Figure 4E). As expected, these high-IS sites show strong start peaks 321 

with S-ribosomes; however, the other ribosomes with different ASD sequences show robust start 322 

peaks as well (Figure 4F). Similarly, low-IS sites that are not translated by S-ribosomes (light red in 323 

Figure 4E) are also not translated by the other ribosomes (Figure 4G). The observation that SD-ASD 324 

pairing does not contribute to initiation at these sites with high affinity to the S-ribosomes also holds 325 
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true for non-annotated AUGs with high affinity to the wild-type ASD (Figure 4-figure supplement 1). 326 

Once again, these data argue that AUGs that recruit ribosomes and lead to initiation are hard-wired for 327 

this purpose irrespective of the strength of the mRNA-rRNA base pairing interaction. Taken together, 328 

these data on initiating ribosomes show that mRNA-rRNA base pairing is neither necessary nor 329 

sufficient for translational initiation. 330 

 331 

A-rich sequences upstream of start codons promote initiation 332 

 333 

To provide insight into mRNA features other than SD strength that might contribute to ribosome 334 

recruitment, we asked which features are enriched at annotated start sites. To avoid interference from 335 

SD motifs, we selected only annotated start sites with low affinity to the wild-type ASD (∆G > 0) and 336 

compared them to non-annotated AUG codons, most of which do not lead to initiation. We observed 337 

enrichment of adenosines (A) at many sites within 15 nt upstream of the start codon and 5 nt 338 

downstream (Figure 5A).  339 

 340 

To test whether these A’s promote translation, we selected four mRNAs with A-rich initiation sites (and 341 

weak SD motifs) and established a GFP reporter assay to follow their activity (Figure 5B). Of these four 342 

mRNAs (Figure 5C), two contain annotated initiation sites with low ASD-affinity, the start codons from 343 

yhbY and gsk. We also selected two representative non-annotated AUG codons found within the creA 344 

and yeiR genes; these sites have high IS values in both the C-ribosome and O-ribosome MS2RP data 345 

from retapamulin-treated cells. The sequences surrounding these four AUG codons (from 30 nt 346 

upstream to 45 nt downstream) were fused in frame to GFP such that GFP fluorescence reports on the 347 

activity of the AUG of interest. In addition to the wild-type sequence, we constructed mutants in which 348 

all of the A’s 15 nucleotides upstream of AUG were changed to either U’s or C’s (G’s were avoided 349 

because they have high affinity for the ASD). The reference protein mCherry was also expressed from 350 

the same plasmid with a standard ribosome binding site. The GFP/mCherry ratio was then normalized 351 

to a control lacking the GFP sequence (measuring only cellular auto-fluorescence).  352 

 353 

We observed that the GFP/mCherry ratio was higher than background for all four AUG codons, 354 
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showing that all are capable of driving GFP expression (Figure 5D). The two annotated start sites from 355 

yhbY and gsk induced stronger GFP expression than the non-annotated start sites, creA* and yeiR*. 356 

Importantly, however, the fact that fluorescence was observed from these latter examples confirms 357 

the results from the MS2RP data from retapamulin-treated cells showing that they are translated to 358 

some extent by wild-type ribosomes. We observed that replacement of the A’s with U’s lowered GFP 359 

expression in all cases except for yeiR* which showed the weakest GFP expression. A stronger effect 360 

was observed by changing the A’s to C’s, which led to complete loss of GFP fluorescence from all four 361 

AUG contexts tested. These results support our hypothesis that A-rich sequences upstream of start 362 

codons contribute to the identification of translational start sites.  363 

 364 

The ability of A-rich sequences to promote initiation is likely not limited to E. coli: when we compared 365 

the local context of AUG codons in annotated start sites vs. non-annotated AUG codons for a set of 366 

diverse bacteria, we again saw that A-rich sequences were enriched (Figure 5-figure supplement 1). For 367 

E. coli and most other species examined, the enrichment of A’s was weaker than the enrichment of G’s 368 

corresponding to the SD sequence, but for Mycoplasma pneumoniae and Flavobacterium johnsoniae, 369 

the SD signal is not observed and there the enrichment of A’s is particularly striking. A-rich sequences 370 

are highly conserved and may serve as an important mechanism for start site selection in these 371 

species, while contributing broadly to more diverse species. 372 

 373 

mRNA structure is lower at annotated start sites than at non-annotated AUG codons 374 

 375 

In bacteria, mRNA structure surrounding the start codon has been shown in mechanistic studies to 376 

reduce ribosomal occupancy (Lodish, 1970; de Smit and van Duin, 1990; de Smit and van Duin, 2003; 377 

Espah Borujeni and Salis, 2016). Moreover, several transcriptome-wide analyses of mRNA structure in E. 378 

coli show lower levels of structure surrounding initiation sites (Campo et al., 2015; Burkhardt et al., 379 

2017). We asked how mRNA structure differs between annotated start sites and internal AUG codons 380 

that are not annotated as start sites. We used data from a recent study of the structure of mRNAs in vivo 381 

using SHAPE and deep sequencing (Mustoe et al., 2018). From transcripts with sufficient coverage, we 382 

calculated the median SHAPE reactivity over a 120 nt window surrounding 365 annotated start sites and 383 
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compared it to 7,310 non-annotated AUGs (Figure 5E). For annotated initiation sites, the level of mRNA 384 

structure is significantly lower for a region 30 nt in length on both sides of the AUG codon (shown in red) 385 

as previously reported (Campo et al., 2015; Burkhardt et al., 2017). In contrast, except for a sharp dip in 386 

reactivity at the aligned AUG codon due to sequence bias, we see that mRNA structure is consistently 387 

high across this window for the set of non-annotated AUGs (shown in blue). These differences may be 388 

due in part to the ability of ribosomes to melt RNA structure during translation; indeed, initiation leads to 389 

the unfolding of RNA, which facilitates initiation by another 30S subunit (Espah Borujeni and Salis, 2016; 390 

Andreeva et al., 2018). But, given that SHAPE and DMS reactivity of mRNAs in vivo and in vitro are 391 

strongly correlated (Burkhardt et al., 2017; Mustoe et al., 2018), it is also likely that mRNA structure plays 392 

a causal role in setting initiation rates.  393 

 394 

Discussion 395 

 396 

In this study, we performed ribosome profiling on mutant ribosomes purified using an RNA tag, the 397 

MS2 aptamer, a strategy we call MS2RP (Figure 1). Originally developed for in vitro studies of 398 

ribosomes containing lethal rRNA mutations (Youngman et al., 2004; Youngman and Green, 2005), 399 

MS2-tagged ribosomes also have potential to yield insights into the function of key rRNA sequences in 400 

vivo. In addition to the studies of the ASD sequence in 16S rRNA reported here, MS2RP could be 401 

employed to characterize the functions of rRNA domains on initiation, elongation, termination, and 402 

recycling at a genome-wide level in vivo. Because MS2RP can be performed on rRNA mutants 403 

expressed from plasmids, the method can be easily transferred to other bacteria or to eukaryotes 404 

without altering rDNA in the genome. Of particular interest are rRNA variants in bacterial genomes that 405 

are expressed differentially in response to changes in the environment and are proposed to have 406 

different specificities or functions (Kurylo et al., 2018; Song et al., 2019). Variant rRNA alleles have also 407 

been reported for eukaryotic cells (Parks et al., 2018); for example, different small subunit rRNA alleles 408 

are expressed in various developmental stages in Plasmodium (Gunderson et al., 1987). In addition, the 409 

functions of the highly variable rRNA expansion segments in eukaryotes are poorly understood (Spahn 410 

et al., 2001; Anger et al., 2013). MS2RP could be a powerful tool to elucidate the activities of various 411 

subpopulations of variant or mutated rRNAs.  412 
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 413 

Previous genome-wide studies in bacteria have shown little or no correlation between SD strength and 414 

ribosome occupancy (Li et al., 2014; Schrader et al., 2014; Campo et al., 2015). Using MS2RP, we are 415 

able for the first time to reveal the role of SD motifs in promoting initiation across the transcriptome. 416 

In our approach, we mutated the ASD on the ribosomes, thus maintaining mRNA sequence and 417 

structure, thus allowing us to isolate the effects of the SD:ASD interaction on translation. In the 418 

absence of SD:ASD pairing, we observed a strong negative correlation between ribosome occupancy 419 

and the SD strength (calculated by pairing with the wild-type ASD sequence). In other words, the 420 

mutant ribosomes translate genes with strong SD motifs worse than those with weak SD motifs (Figure 421 

2B). There are two possible explanations for this negative correlation. It may be that the binding of 422 

wild-type ribosomes to mRNAs with strong SD motifs occludes their ribosome-binding sites, preventing 423 

mutant ribosomes from initiating and efficiently translating these genes. Alternatively, mRNA structure 424 

and other features may outweigh the impact of SD motifs, masking their effects, explaining why 425 

conventional ribosome profiling studies failed to observe correlations between SD strength and 426 

ribosome occupancy. Regardless of which of these explanations is correct, the MS2RP strategy allows 427 

us to subtract the cumulative contribution to ribosome occupancy of all of such other mRNA features, 428 

and thus to focus exclusively on the contribution to ribosome occupancy of the SD:ASD interaction 429 

genome-wide. In this analysis, we are now able to see a linear correlation between the SD strength of 430 

an mRNA and protein output (Figure 2C).  431 

 432 

Given that the SD motif functions through a well-defined mechanism and is widely conserved 433 

throughout bacteria, it has been thought to provide an important mechanism for start codon selection 434 

and translational output. Consistent with such a view, SD motifs are underrepresented within ORFs in 435 

order to avoid spurious initiation at internal start codons (Hockenberry et al., 2018). Strikingly, 436 

however, we find that ribosomes with altered ASDs still find the correct start codons about as 437 

efficiently as wild-type ribosomes (Figure 3). Start peaks for all four ribosome types are observed at 438 

annotated start sites regardless of the affinity of the ribosome binding site for the ASD. This shows that 439 

initiation sites are hard-wired for initiation based on mRNA features separate from the potential for 440 

SD-ASD pairing. These observations also hold true at the occasional non-annotated AUG codons where 441 
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some initiation occurs (Figure 4). These data are consistent with the conclusion that SD motifs are not 442 

essential for determining where translation starts on mRNAs genome-wide. 443 

 444 

What, then, are other mechanisms that could be used for start codon selection? Local mRNA structure 445 

and RNA folding kinetics clearly must play a critical role in allowing ribosomes to find the start codon. A 446 

number of mechanistic studies have demonstrated that RNA structure around the start codon lowers 447 

translation levels (Hall et al., 1982; de Smit and van Duin, 1990; Osterman et al., 2013; Espah Borujeni 448 

et al., 2014). Studies of factors that alter the expression of simplified reporter genes (involving 449 

randomization of the 5’-UTR or coding sequences) show that lack of secondary structure surrounding 450 

the initiation site has the most significant correlation with protein output (Salis et al., 2009; Kudla et 451 

al., 2009; Goodman et al., 2013). Recent transcriptome-wide analyses of mRNA structure in E. coli 452 

confirm that annotated start sites have lower levels of mRNA structure, as seen by PARS on purified 453 

mRNA and DMS-seq in vivo (Campo et al., 2015; Burkhardt et al., 2017). mRNA structure is likely an 454 

important factor in start site selection: using high-resolution SHAPE-MaPseq data (Mustoe et al., 2018), 455 

we showed that annotated AUGs have lower levels of RNA structure 30 nt upstream and downstream 456 

whereas internal AUG are not surrounded by regions of lower structure (Figure 5E). 457 

 458 

Interestingly, in comparing the sequence context of AUG codons that are annotated as initiation sites 459 

with those that are not, we found that A’s are enriched both upstream and downstream of annotated 460 

initiation sites (Figure 5A) and we confirmed their importance in reporter assays (Figures 5B-D). These 461 

results from endogenous initiation sites are reminiscent of observations of the over-representation of 462 

A’s in 5’-UTR sequences selected for strong affinity to the ribosome in vitro (Gao et al., 2016) and in 5’-463 

UTRs selected from random sequences upstream of a reporter gene for high levels of translation in 464 

vivo (Evfratov et al., 2017). Comparison of annotated start sites and non-annotated AUGs across 465 

several bacterial genomes shows that this mechanism is widespread (Figure 5-figure supplement 1). 466 

Although enrichment of A’s is more subtle than enrichment of G’s in E. coli and B. subtilis, in organisms 467 

that lack SD motifs, such as Mycoplasma pneumoniae and Flavobacterium johnsoniae, A-rich motifs 468 

may play an important role in initiation. Indeed, in a recent study, Fredrick and co-workers used 469 

ribosome profiling in F. johnsoniae and observed enrichment of A’s upstream of start codons in mRNAs 470 
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with high ribosome occupancy in comparison to genes with are translated less efficiently (Baez et al., 471 

2019). We envision that this sequence, like the Shine-Dalgarno motif, acts as a translational enhancer, 472 

fine-tuning the efficiency of initiation.  473 

 474 

The mechanism by which A-rich sequences enhance initiation is not clear. The prevalence of A’s may 475 

alter the mRNA dynamics; A-rich sequences tend to have less secondary structure than GC-rich 476 

sequences. We note however that replacing A’s with U’s in several reporters reduced translation levels 477 

even though the U’s are similarly not expected to yield strong structures. A second possibility is that 478 

ribosomal components may interact specifically with A’s close to the start codon that are bound inside 479 

the ribosome during initiation. Fredrick and co-workers used reporter assays to show that mutation of 480 

a particular A at the -3 position reduces expression; this result is intriguing because the classic Kozak 481 

sequence (GCC(A/G)CCAUG) that promotes high levels of translation in eukaryotes also contains a 482 

purine at position -3. A-rich sequences have been reported to enhance translation in a variety of 483 

eukaryotic contexts including Drosophila and wheat germ and reticulocyte lysates (Ranjan and Hasnain, 484 

1995; Sano et al., 2002; Suzuki et al., 2006; Pfeiffer et al., 2012). It may be that A-rich sequences 485 

interact with conserved elements of the ribosome across the domains of life. A’s further from the start 486 

codon (10-20 nt upstream) may interact with bacteria-specific ribosomal protein S1. bS1 preferably 487 

binds to A/U-rich sequence elements upstream of SD sequences (Boni et al., 1991;  Komarova et al., 488 

2005) and is thought to unwind mRNA structure to induce initiation (Qu et al., 2012; Duval et al., 2013).  489 

 490 

Our findings have broad implications for the evolution of translational mechanisms in bacteria. Not all 491 

bacteria utilize SD motifs to promote translational initiation—SD motifs are notably lacking in 492 

Bacteroidetes and Cyanobacteria. Because the prevalence of SD motifs is a feature of the genome in 493 

general and not of a single gene, it makes sense that evolutionary selective pressure for or against SD 494 

usage would act at the level of the transcriptome. The nature of these selective pressures remains 495 

unclear, although Hockenberry recently argued that bacteria with high levels of SD usage tend to have 496 

higher maximal growth rates (Hockenberry et al., 2017). Future studies will clarify the evolutionary 497 

relationship between the growth environment, levels of SD usage among bacterial species, and their 498 

transcriptome-wide effects.  499 



 19 

 500 

Acknowledgments  501 

The authors thank Daniel Goldman, Colin Wu, and Boris Zinshteyn for critical reading of the 502 

manuscript, as well as David Mohr at the Genetics Resources Core Facility, Johns Hopkins Institute of 503 

Genetic Medicine, for sequencing assistance. This study was funded by a JSPS fellowship (K.S.), NIH 504 

grant GM110113 (A.R.B.), and HHMI (R.G.). 505 

 506 

Declaration of Interests 507 

The authors declare no competing interests. 508 

 509 

Data availability 510 

The sequencing data are available in processed WIG format at the GEO using accession number 511 

GSE135906 and as the raw FASTQ files at the SRA. Custom python scripts used to analyze the 512 

sequencing data are freely available at https://github.com/greenlabjhmi/2019_SDASD. 513 

 514 
Materials & Methods 515 

Growth conditions 516 

Unless otherwise specified, cells were cultured at 37 °C in 500 mL of LB + ampicillin (50 mg/L). IPTG was 517 

added (0.3 mM final) when the culture reached OD600 = 0.3 and cells were harvested by filtration at 518 

OD600 = 0.5. For profiling with retapamulin, cells were grown at 37 °C in 500 mL of LB + ampicillin to 519 

OD600 = 0.3, induced with IPTG, grown to OD600 = 0.45, and then harvested by filtration 5 min after the 520 

addition of retapamulin (100 µg/mL final). 521 

 522 

Cell harvest and lysis  523 

Cells were harvested by filtration using a Kontes 99 mm filtration apparatus and 0.45 um nitrocellulose 524 

filter (Whatman) and then flash frozen in liquid nitrogen. Cells were lysed in lysis buffer (20 mM Tris pH 525 

8.0, 10 mM MgCl2, 100 mM NH4Cl, 5 mM CaCl2, 100 U/mL DNase I, and 1 mM chloramphenicol) using a 526 

Spex 6870 freezer mill with 5 cycles of 1 min grinding at 5 Hz and 1 min cooling. Lysates were 527 

centrifuged at 20,000 g for 30 min at 4 °C to pellet cell debris.  528 

 529 
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Overexpression and purification of MBP-MS2-His protein 530 

BL21(DE3) cells were transformed with the plasmid pMal-c2G-MBP-MS2-His, cultured at 37 °C in LB + 531 

ampicillin (50 mg/L) to OD600 = 0.7, and induced with 0.3 mM final IPTG for 4 h at 37 °C. Cells were 532 

harvested by centrifugation and lysed on a french press in the binding buffer (50 mM NaH2PO4 pH 8.0, 533 

300 mM NaCl, 10 mM imidazole, 6 mM BME). The MBP-MS2 protein was purified by FPLC (Atka, GE); 534 

after washes with the binding buffer, it was elution with the binding buffer supplemented with 200 535 

mM imidazole.  536 

 537 

Affinity purification of MS2-tagged ribosomes  538 

3 mL of amylose resin (NEB) were transferred to a Poly-Prep Chromatography Column (Bio-Rad) and 539 

washed 3 times with 10 mL of lysis buffer. 2.5 mg of MBP-MS2-His protein were loaded onto the 540 

amylose resin, incubated at 4 °C for 1 h, and washed twice with 10 mL of lysis buffer. For MS2RP, 1.5 541 

mL of cell lysate and 15 µL of RNase T1 (1000 U/µL, Thermo) were loaded onto the MBP-MS2 resin, 542 

incubated at 4 °C for 2 h, and washed 3 times with 10 mL of lysis buffer. The resin was re-suspended in 543 

1 mL of lysis buffer and 360 µg MNase was added to digest mRNA and remove the MS2 hairpin in 544 

rRNA, releasing the ribosomes from the column. Following a 2 h incubation at 25 °C, the flow-through 545 

was collected. Another 2 mL of lysis buffer was passed through the resin and collected. The flow-546 

through fractions were then combined.  547 

 548 

Sucrose density gradient centrifugation 549 

10-54% sucrose density gradients were prepared using the Gradient Master 108 (Biocomp) in the 550 

gradient buffer (20 mM Tris pH 8.0, 10 mM MgCl2, 100 mM NH4Cl, 2 mM DTT). 5-20 AU of E. coli lysate 551 

was loaded on top of sucrose gradient and centrifuged in a SW41 rotor at 35,000 rpm for 2.5 h at 4 °C. 552 

Fractionation was performed on a Piston Gradient Fractionator (Biocomp). 553 

 554 

Library preparation  555 

Libraries for MS2RP and standard ribosome profiling are prepared as in (Woolstenhulme et al., 2015; 556 

Mohammad et al., 2016). At least two biological replicates were performed for each MS2RP library as 557 

detailed in the GEO database entry. RNA-seq libraries were prepared with TruSeq Stranded Total RNA 558 
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Gold from 250 ng of total RNA following depletion of rRNA by RiboZero rRNA Removal Kit for bacteria 559 

(Illumina). Libraries were analyzed by BioAnalyzer high sensitivity DNA kit (Agilent) then sequenced on 560 

the HiSeq2500 (Illumina).  561 

 562 

Analysis of rRNA purity by RT-PCR 563 

RNA was purified by hot-phenol extraction. The first strand synthesis was performed with 500 ng of 564 

total RNA, primer MS2check_R (5’-AGACATTACTCACCCGTCCGCCACTC-3’) and SuperScript III 565 

(Invitrogen). 15 cycles of PCR amplification were performed with primer MS2check_F70 (5’-566 

TGCAAGTCGAACGGTAACAGGAAG-3’), primer MS2check_R, and Phusion polymerase (NEB). PCR 567 

products were resolved by 8% TEB gel and analyzed by Typhoon FLA 9500 (GE). 568 

 569 

GFP/mCherry assay 570 

MG1655 cells carrying the reporter plasmid were cultured in LB + ampicillin (50 mg/L) to early log 571 

phase. Cells were diluted 50-fold in TBS. GFP and mCherry fluorescence were measured on a Guava 572 

easyCyte flow cytometer (Millipore Sigma). 573 

 574 

General processing of sequencing data 575 

For libraries prepared by linker with UMI (rAppNNNNNNCACTCGGGCACCAAGGAC), perfectly matching 576 

reads (including 5’-end and 3’-end UMI) were converted to a single read by Tally (Davis et al., 2013). 3’-577 

linker sequences were removed by Skewer (Jiang et al., 2014). The 5’ end UMI added by the RT primer 578 

were removed by seqtk. Reads were aligned using bowtie version 1.1.2 (Langmead et al., 2009), first to 579 

the tRNAs, rRNAs, and the ssrA, ssrS, lacI and ffs genes. Reads that failed to align to those sequences 580 

were aligned to E. coli MG1655 NC_000913.2. Ribosome position was assigned by the 3’-end of aligned 581 

reads. RNA-seq data were assigned by the 5’-end of aligned reads. 582 

 583 

Calculation of ∆G 584 

The affinity (∆G) of the ASD and the sequence of a start codon was calculated for each mRNA using 585 

free_scan with “-l 0 –b 0” option to disallow internal loop and internal bulge (Nakagawa et al., 2010). 586 

The input sequences were -15 and -6 nt upstream of AUG and the reverse sequence of wild-type ASD 587 
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(UCCUCCA) or the mutant ASD where appropriate.  588 

 589 

Analyses of genome-wide mRNA structural data 590 

Average SHAPE reactivity was based on the SHAPE-MaP data (Mustoe et al., 2018). A median of the 591 

SHAPE reactivity from the region -25 to +25 upstream and downstream of the start codon was used as 592 

degree on RNA structure.  593 

 594 

Analyses of initiation peaks in samples treated with retapamulin 595 

AUG codons were only included in the analysis of average ribosome density and initiation scores if they 596 

had more than 10 mapped reads in the window of -50 upstream and +50 downstream of the AUG. To 597 

calculate average ribosome density, for each AUG we took the rpm at each position across this 598 

window, divided it by the total rpm in the window, and then computed the mean of these values for all 599 

AUGs included in the calculation. Initiation scores were computed by taking the mean of reads mapped 600 

within +3 to +21 nt downstream of the A in AUG and dividing it by the mean of reads mapped on the 601 

region -50 to +50 of the AUG.  602 

 603 

Probability logo  604 

Probability logos were generated by kpLogo (Wu and Bartel, 2017) using its default settings. For Figure 605 

7A and B, input and background sequences are described in the figure legend. For Figure 4-figure 606 

supplement 1, the set of input sequences consisted of annotated AUGs from the GFF file available at 607 

NCBI and the set of background sequences consisted of all AUGs in the genome that were not 608 

annotated as initiation sites. 609 

 610 
  611 
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Figure Captions 797 
 798 
Figure 1. Capturing the role of SD motifs by MS2RP. (A) ASD mutations at the 3’-end of 16S rRNA are 799 
highlighted in color. (B) Schematic of MS2RP: polysomes are collapsed to monosomes by RNase T1 800 
digestion, MS2-tagged monosomes are pulled down with the MS2 coat-protein, and mRNA is fully 801 
digested to yield ribosome footprints that are subjected to deep sequencing. (C) RT-PCR of 16S rRNA 802 
from cell lysates (L) and the eluate (E) from the MS2 coat-protein column. (D) Scatter plot of ribosome 803 
occupancy (RO), the ratio of ribosome profiling to RNA-seq reads, from MS2RP of O-ribosomes vs. C-804 
ribosomes. The red line indicates a 10-fold enrichment and the Pearson correlation is given. (E) 805 
Ribosome footprints (in reads per million mapped reads) from MS2RP of O-ribosomes and C-ribosomes 806 
on the hemA gene. The sequence upstream of the start codon is predicted to pair with the ASD of O-807 
ribosomes. 808 
 809 
Figure 1-figure supplement 1. (A) Growth of E. coli MG1655 cells expressing MS2-tagged 16S rRNA 810 
from a promoter induced by IPTG. (B) Polysome profiles after 25 min of induction of MS2-tagged 811 
ribosomes. (C) RNA-seq analysis of rRNA affinity-purified by the MS2 protein in the absence of nuclease 812 
treatment. This procedure should capture all MS2-containing rRNA including processing intermediates. 813 
The 16S rRNA ends at 1895 in the mutants as well as in the wild-type, suggesting that there are not 814 
gross defects in the processing of the 3’-end of 16S rRNA. (D) position of MS2-tagged ribosomes across 815 
the sucrose gradient in cell lysates (L) and light (P1) and heavy (P2) polysomes as detected by RT-PCR of 816 
the 16S rRNA. 817 
 818 
Figure 1-figure supplement 2. Enhanced translation of genes with ribosome-binding sites 819 
complementary to ASD-mutant ribosomes. (A,B) Ribosome density (in reads per million mapped reads) 820 
from MS2RP of O- and C-ribosomes on the rbsK and mreB genes. (C,D) Ribosome density from MS2RP 821 
of S- and C-ribosomes on the sapA and rsmH genes. 822 
 823 
Figure 2. MS2RP reveals that SD motifs enhance translation genome-wide. Ribosome occupancy (RO) is 824 
the ratio of ribosome profiling to RNA-seq reads per gene. Log10RO values are plotted against the SD 825 
strength (-∆G of pairing to the wild-type ASD) for each gene with MS2RP data for C-ribosomes (A) and 826 
A-ribosomes (B). (C) Scatter plot of ∆logRO (C-ribosomes minus A-ribosomes) and -∆G where r values 827 
indicate Pearson correlations. 828 
 829 
Figure 2-figure supplement 1. MS2RP reveals that SD motifs enhance ribosome occupancy. Scatter 830 
plots of log10RO and SD strength (-∆G of pairing to the wild-type ASD) for O-ribosomes (A) and S-831 
ribosomes (B). (B,D) Scatter plot of ∆logRO (C-ribosomes minus O- or S-ribosomes) and -∆G where the r 832 
values indicate Pearson correlations. 833 
 834 
Figure 2-figure supplement 2. Genes translated better by wild-type ribosomes than by ASD mutants 835 
have sequences between -15 and -6 nt upstream of the start codon with high affinity to the ASD. (A) 836 
Genes with the top 15% of ∆logRO values are translated better by the wild-type ribosomes than by ASD 837 
mutants and are therefore SD dependent. In contrast, those in the bottom 15% are SD independent. 838 
(B) We computed the free energy of base pairing to the wild-type ASD for a tiled set of nine 10 nt 839 
windows. (C) Histograms showing the window with the strongest affinity to the wild-type ASD for each 840 
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mRNA in the set of SD-dependent (left) and SD-independent genes (right) for each of the three ASD 841 
mutant datasets. (D) Plots of ∆G of pairing to the WT ASD for individual genes; the thick line indicates 842 
the mean of the group. Taken together, these results confirm that we captured the role of SD motifs by 843 
MS2RP and justify the use of pairing energies from the -15 to -6 window in this report.   844 
 845 
Figure 3. Loss of SD-ASD pairing has little effect on start codon selection. (A,B) Ribosome footprints on 846 
lpp and gmk from MS2RP data obtained with and without retapamulin, an antibiotic that traps 847 
ribosomes at start codons. Annotated AUGs are indicated by a red bar, non-annotated AUGs are 848 
indicated by blue bars. (C, D) Average ribosome protected fragments (RPFs) at annotated AUGs and 849 
non-annotated AUGs (where AUG starts at 1). (E) Average RPFs at the start codon of genes whose 850 
ribosome-binding sites have little or no affinity to all three mutant ASD sequences. 851 
 852 
Figure 3-figure supplement 1. Ribosome density at annotated start sites does not depend on SD-ASD 853 
base pairing. Average ribosome footprints aligned at annotated start sites that have high affinity to the 854 
wild-type (A), O-ribosomes (B), and S-ribosomes (C). There were not enough start sites with high 855 
affinity to the A-ribosomes for a similar analysis.  856 
 857 
Figure 4. The effects of SD-ASD pairing on initiation at non-canonical sites. (A) Evaluation of initiation 858 
score, IS. (B) Initiation scores on non-annotated AUG triplets. For C-ribosomes, the fraction with IS > 859 
1.5 is colored black. (C) Initiation scores for C- and A-ribosomes for the set of sites with IS > 1.5 for C-860 
ribosomes (High, colored black in Figure 4B) and those with IS < 1.5 (Low). (D,E) IS values for all four 861 
ribosome types on the subset of sites with high affinity for the ASD of the S-ribosome (CCUCC). 862 
Average RPFs at the AUG triplets with high IS scores (F) or low IS scores (G) from the S-ribosome data.  863 
 864 
Figure 4-figure supplement 1. The effects of SD-ASD pairing on initiation at non-canonical sites. (A) 865 
Initiation score (IS) values for all four ribosome types on the subset of non-annotated AUGs in the 866 
transcriptome with high affinity for wild-type ASD. (B,C) Average RPFs at AUGs with high IS scores or 867 
low IS scores at sites with high affinity for the wild-type ASD (black and grey in panel A, respectively).  868 
 869 
Figure 5. A-rich sequences as a signal for start codon selection. (A) Probability logo of the region 870 
surrounding annotated AUGs with low affinity to the wild-type ASD sequence (∆G > 0) as compared 871 
with all non-annotated AUGs in the transcriptome. Enriched nucleotides are shown above the axis and 872 
depleted nucleotides below the axis. The height of the letter represents the binomial P-value. (B) 873 
Design of the reporter assay. The reporter plasmid encodes mCherry with a strong ribosome binding 874 
site (RBS) and separately GFP downstream of a region containing a start site of interest (30 nt 875 
upstream of AUG and 42 nt downstream). (C) Initiation sites used in the reporter assay; the number 876 
indicates the genomic position of AUG. In the T- and C-mutants, the A’s upstream of AUG (highlighted 877 
in green) were substituted by T or C.  (D) Results of the reporter assay. Each dot is the median of 878 
GFP/mCherry from an independent run of flow cytometry. The bar graph indicates the mean and SD 879 
from 4 independent tests. NoGFP (a plasmid that encodes mCherry but not GFP) serves as a control 880 
showing the baseline signal from cellular autofluorescence; the other data are normalized to this ratio. 881 
(E) Median (solid line) and interquartile range (shaded) of mRNA structure in SHAPE-MaPseq data for 882 
365 annotated start sites (red) and 7,310 non-annotated AUGs within coding sequences (blue).  883 
 884 



 30 

Figure 5-figure supplement 1. A-rich sequences near start codons throughout the Bacterial kingdom. 885 
Probability logo showing sequences enriched (above the x-axis) in annotated AUGs compared with 886 
non-annotated AUGs in ORFs.  887 
 888 
 889 
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Treponema denticola (Spirochaetes)

Sorangium cellulosum (Proteobacteria)

Prochlorococcus marinus (Cyanobacteria)

Lactococcus lactis (Firmicutes)

Gloeobacter violaceus (Cyanobacteria)

Flavobacterium johnsoniae (Bacteroidetes)

Escherichia coli (Proteobacteria)

Bacillus subtilis (Firmicutes)

Bifidobacterium longum (Actinobacteria)

Leptospira interrogans (Spirochaetes)

Mycobacterium leprae (Actinobacteria)Mycoplasma mycoides  (Tenericutes)

Mycoplasma pneumoniae (Tenericutes)

Chlamydophila pneumoniae (Chlamydiae)
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