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ABSTRACT 
 

Understanding nucleotide distribution patterns is key to improving mRNA translation efficiency, 

which can serve many functions, such as understanding cell function and mRNA vaccine 

optimization. In the Escherichia coli genome, a preference for lysine in the second codon 

position (P1’) is observed. One hypothesis state that lysine is abundant due it is protecting the N-

terminal methionine from N-terminal methionine excision. The second hypothesis is that lysine 

is only occurring incidentally because a poly(A) stretch is favoured in the sequence surrounding 

the start codon due to it easing ribosome binding by reducing messenger RNA secondary 

structures. To determine the function of this lysine, the codon frequencies of lysine and alanine 

were calculated, as well as the nucleotide frequencies of E. coli genes and other bacteria. AAA 

was more common than AAG, however, GCA and GCU was preferred over other codons for 

alanine. E. coli was found to have an A-rich sequence downstream of the start codon, especially 

when compared to slow reproducing bacteria. These results suggest that mRNA secondary 

structure is responsible for lysine abundance in the second codon position for E. coli.  
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INTRODUCTION 
 

 A genome’s major patterns can reveal information about strategies the organism uses on a 

molecular level. Deoxyribonucleic acid (DNA) is comprised in part by adenine (A), cytosine (C), 

guanine (G), and thymine (T) nitrogenous bases, and in ribonucleic acid (RNA), thymine is 

replaced by uracil (U). In general, during transcription, segments of DNA called promoters 

recruit RNA polymerase, which transcribes the DNA into messenger RNA (mRNA). This mRNA 

contains the start codon, a set of 3 nucleotides AUG, and a stop codon, which can take the form 

of multiple codons and is specific depending on species such as Escherichia coli (See 

Supplementary Figure 1). The mRNA is then taken up by a ribosome, which, with the help of 

transfer RNA (tRNA), synthesizes a polypeptide chain. Each set of three nucleotides in the 

mRNA corresponds to an amino acid, with the specific correspondent being dependent on the 

species. This polypeptide is a polymer of amino acids joined by peptide bonds, with one end 

being the ⍺-amino group of the amino acid backbone, called the N-terminus, and the other end is 

the ⍺-carboxyl	group	called	the	C-terminus.		

In bacteria like E. coli, as well as eukaryotic symbionts, the start codon AUG adds a form 

of methionine called N-formylmethionine at the N-terminus, making it the most frequent N-

terminal amino acid [1] before processing. This modified amino acid is made by adding formyl 

to the amino acid attached to its tRNA, methionyl-tRNA, by a methionyl-tRNA 

formyltransferase (FMT), this enzyme has long been isolated, initially referred to as N10-

formyltetrahydrofolate:methionyl soluble ribonucleic acid transformylase thanks to its use of 10-

formyltetrahydrofolate as a formyl donor [1,2]. For prokaryotes like E. coli, this amino acid is 	
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Figure 1. Schematic of co-translational processing of methionine before excision  
(a) Methionyl-tRNA is turned into N-formylmethionyl-tRNA and tetrahydrofolate 
(b) Ribosome adds N-formylmethionine as N-terminal amino acid (translation) 
(c) Formylmethionine is changed by peptide deformylase, leaving N-terminal methionine, 

formyl group is removed, allowing further processing 
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often processed by a peptide deformylase, leaving N-terminal methionine for further processing 

[3] if needed, since not all methionine amino acids are excised in E. coli due to some genes 

needing one at the N-terminal position. Figure 1 presents this process. Once the formyl group is 

no longer attached to the ⍺-amino	group,	the	methionine	may	undergo	N-terminal	

methionine	excision	(NME).	In	the	context	of	methionine	excision,	the	amino	acid	chain	P1-

P1’-P2’,	etc.	can	be	designated	as	the	substrate.	The	site	of	cleavage	would	be	between	P1	

and	P1’,	where	P1	is	the	methionine	to	be	excised.	This	terminology	was	initially	introduced	

by	Schecter	&	Berger	in	1967	[4,5].	The	amino	acid	at	the	second	position	after	the	start	

codon	is	therefore	referred	to	as	P1’,	and	its	corresponding	amino	acid	in	the	active	site	of	

the	enzyme	can	be	referred	to	as	S1’.	

	 A	transcription	unit	is	a	sequence	in	DNA	that	codes	for	a	single	RNA,	normally	

containing	a	promoter,	RNA	code	and	a	terminator.	It	is	the	more	general	DNA	segment	

representing	a	polycistronic	operon	that	would	have	many	genes	transcribed	onto	a	single	

mRNA.	For	example,	on	a	single	strand	of	mRNA,	there	could	be	multiple	co-regulated	genes	

with	a	single	promoter.	The	ribosomes	would	take	up	the	mRNA	containing	multiple	genes	

and	there	would	be	a	better	stoichiometric	balance	in	the	number	of	each	protein	

translated.	Assuming	ribosomes	need	a	predictable	number	of	subunits	for	every	gene	

translated,	it	would	make	sense	for	them	to	be	clustered	in	a	transcription	unit. 

Among gram-negative bacteria, E. coli genomes are some of the most studied in genetics, 

their structure and patterns can provide insights into many genetic mechanisms used by 

organisms. The circular genome of a particular strain, Escherichia coli str. K-12 substr. MG1655, 

is about 4.6 million base pairs long, and has many studies done for annotation [6,7]. MG1655 

was first isolated in 1922 and was eventually chosen as a representative for the K-12 wild-type 
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due to having fewer point mutations and chromosome segment inversions compared to 

alternative strains [8,9]. Despite these annotations, the function of nucleotide patterns in the 

genome is not yet fully understood. In E. coli, the most common amino acid at the P1’ position is 

lysine at 16.7%, and it has been suggested that this preference for lysine changes to serine in 

lower eukaryotes to alanine in higher plants and animals [10]. There is a strong likelihood that 

lysine is preferred at this position, since among 20 basic amino acids, a random distribution 

would be closer to 5%. Another study by Bivona et al. in 2010 suggested that the codon in the 

P1’ position greatly affected protein expression [11]. The same investigation showed that the 

preference at this position was for amino acids rather than codon usage due to many amino acids 

in the second position for highly expressed genes showing no preference for specific codons 

among synonymous codons; however, a clear preference among codons for lysine at this position 

was observed. 

E. coli can double every 20 minutes under ideal aerobic and nutrient-rich conditions in 

the laboratory [12], making it a fast-growing bacterium. Such rates of reproduction would 

presumably require an equally efficient translation process. A study by Xia in 2026 demonstrated 

that slow-growing and fast-growing bacteria differ in translational machinery in the number of 

tRNA and ribosome RNA operons [13]. If there are patterns of nucleotide distribution that can be 

attributed to translation efficiency, such a pattern should be detectable on the E. coli genome. 

Similarly, bacteria that reproduce more slowly should not have this nucleotide distribution 

pattern. Translation efficiency is divided into initiation, elongation, and termination efficiency, 

with a progressively decreasing contribution to overall translation efficiency. There are many 

possible mechanisms of modulating translation efficiencies, among them are mRNA secondary 

structure contributions and affinity to the Shine-Dalgarno sequence [14]. More complex 
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mechanisms, such as certain amino acid sequences interacting with ribosomes to stall their own 

elongation, frameshifting for different termination efficiency, tRNA and ribosome availability 

and many more [13,15,16]. All these factors can contribute to the patterns observed, the question 

is what causes the abundance of lysine at the P1’ position? 

A) The methionine preservation hypothesis 

 

 There are multiple competing hypotheses explaining lysine abundance after the N-

terminal methionine. One of the leading hypotheses is regarding NME in E. coli. As previously 

discussed, N-formylmethionyl-tRNAfMet is formed by the activity of FMT on methionyl-

tRNAfMet. After translation, by the activity of peptide deformylase, the formyl is removed and 

methionine residue remains in place as presented in Figure 1. For any given proteome, up to 80% 

of proteins undergo NME [17,18], including prokaryotes. Generally, NME can use two types of 

methionine aminopeptidase (MAP), however, for most prokaryotic organisms such as E. coli, 

only one form of MAP is used after peptide deformylase has removed formyl from the N-

terminal amino acid [17,19]. Since NME is such a prevalent occurrence in organisms, genome-

wide trends are easier to observe. In addition, the fact that E. coli only has one form of MAP, 

meaning it a simpler model to study compared to eukaryotic organisms.  

  For the MAP enzyme, the portion corresponding to the P1’ of the protein called the S1’ 

binding pocket seems to work better with the smaller and less bulky amino acid side chains of 

alanine, cysteine, glycine, proline, etc. at the P1’ position, while the ones with larger side chains 

like lysine and arginine seemed to prevent NME activity [17,19–21]. In addition, charged amino 

acids are more likely to hinder NME [22], making small and non-polar amino acids at the P1’ 

position a good indicator of methionine excision. Therefore, having a lysine at the P1’ position 
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would exclude the protein from NME, this N-terminal methionine may be important for the 

function of many proteins. One example of proteins that would not require a smaller amino acid 

to cleave N-terminal methionine are secretory proteins. They generally do not undergo NME, 

instead their precursor signal peptide is removed by leader peptidase I during the secretion 

process [23]. In fact, in a study by Zalucki et al. in 2007, the link between NME and lysine 

abundance at the P1’ position was explored, due to the change in charge and the change in amino 

acid on the P1’ position not affecting protein export, and the fact that the AAA codon is preferred 

among lysine codons, they concluded that high translation initiation efficiency caused the 

abundance of lysine at the P1’ position. For the purpose of this report, we can generalize their N-

terminal methionine preservation hypothesis. 

 The hypothesis is as follows: lysine abundance at the P1’ position is caused by the need 

to preserve some N-terminal methionine in proteins, since having lysine at that position prevents 

NME from occurring. This hypothesis is more general than the previously mentioned study, as it 

doesn’t inquire the reason why methionine needs to be shielded from MAP activity.  

 The precise catalytic mechanism of NME is also worth looking at, especially since the 

actual mechanism is newly being discussed. During NME, N-terminal methionine is still 

attached to the peptide chain, the polypeptide acts as a substrate for MAP, since it is a 

metalloprotease, metal ions (Co2+, Mn2+, Fe2+) and water would turn into a reactive hydroxide, 

allowing for peptide bond cleavage [24–27]. A simplified version of the mechanism is shown in 

Figure 2. Essentially, the length and the charge of the amino acid at P1’ control the activity of 

MAP. 
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Figure 2. Representation of methionine aminopeptidase activity with different P1’ amino acids 
 

(a) Longer amino acids like lysine prevent excision of methionine, S1-S2’ represent the 
active site 

(b) Shorter amino acids like glycine allow excision of methionine, S1-S2’ represent the 
active site 
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B) The ribosome binding hypothesis 

 

On the other hand, the distribution of nucleotides within protein-coding sequences may be 

related to the secondary structure of mRNA [28]. When it comes to the 5’UTR region of mRNA, 

complex secondary structures can impede the function of ribosome binding to the cap, reducing 

translation efficiency [29]. Due to the guanine and cytosine pairs having 3 hydrogen bonds, they 

can form more stable and complex secondary structures compared to the adenine and uracil pair, 

which only have 2 hydrogen bonds [30]. This means that GC-rich protein coding sequences 

would form more secondary structures compared to AU-rich sequences. 

Considering the Shine-Dalgarno sequence is required for more efficient ribosomal 

binding, the 5’ UTR region of mRNA cannot be mutated excessively. This sequence is highly 

conserved, especially in highly expressed genes. However, many of the nucleotides in the 

sequence surrounding it can mutate without disrupting the Shine-Dalgarno sequence. Only 

looking at the sequence immediately downstream of the start codon, there is no such sequence or 

promoter, meaning the likelihood that mutations don’t disrupt gene function is higher than those 

highly conserved segments. Although more evidence later accumulated, even in early studies, 

such as one by Hall et al. in 1982, the role of the secondary structure of mRNA in translation 

initiation was being discussed [31]. It wasn’t until Zalucki et al. did their paper in 2007 that 

lysine abundance at the P1’ position was specifically linked to mRNA secondary structure [23]. 

Nevertheless, this initial study did not explore this dimension of the topic in as much detail. After 

seeing that AAA was responsible for a strong bias in lysine residues at the P1’ position, they 

postulated that there was a non-coding aspect to this bias. There are multiple forms secondary 

structures can take in mRNA, for example, G-quadruplex, hairpin, etc. [32]. However, it has 

been observed that there is an increase in secondary structure formation for G and C-rich mRNA 
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[33], and that increased secondary structure at the 5’ UTR is inversely proportional to translation 

efficiency [34]. This leads perfectly into the ribosome binding hypothesis. 

 The hypothesis explicitly stated for the purpose of this report is as follows: lysine amino 

acid is not the relevant factor in its abundance; it only occurs incidentally as a consequence of 

being represented by AAA and AAG codons. The relevant part is the frequency of adenines near 

the start codon, as more adenines would reduce the secondary structure of mRNA carrying these 

codons near the start of the gene, which would allow the ribosome to attach with the mRNA 

more efficiently. A poly(A) stretch would reduce the secondary structure, and a poly(A) 

necessarily implies having AAA codons, which would make it more likely to have lysine at the 

P1’ position. 

 

C) Other ideas 

 

Lysine contains an amino group (R-NH3+) that is often positively charged, giving the 

protein the characteristic of a variable and controllable charge. This can be done by the 

acetylation of lysine, through the transfer of an acetyl group by the acetyl coenzyme A to the 

amine group on the lysine side chain [35]. This leads to the lysine losing its positive charge, 

leading to an overall decrease in the charge of a given protein. In the case of histones, for 

example, positively charged lysine amino acids help bind negatively charged DNA, leading to 

decreased accessibility to the genome, and the acetylation of lysine can reverse this, unwrapping 

the DNA [36–38]. However, this idea doesn’t hold up to scrutiny, since such a strategy would 

involve amino acid residues all over the gene, not just the P1’ position right after the start codon. 

Another hypothesis is that the positively charged lysine helps the protein have stable interactions 
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with the inner phospholipid membrane [23]. This explanation also doesn’t account for the fact 

that lysine abundance is a genome-wide pattern, and secretory proteins are a minority of proteins.  

 

D) Objective 

 

The objective is to determine the reason behind the prevalence of lysine at the P1’ position in E. 

coli and doing so by discriminating against the two hypotheses; one main and one alternative. 

With the main hypothesis being that lysine is abundant at the P1’ position because AAA and 

AAG are codons for lysine, and this gives the mRNA a reduced secondary structure around the 

start codon, allowing ribosomes to attach with the mRNA. For alanine, GCA should be a 

preferred codon to GCG according to this hypothesis; therefore, in general, NNA codons should 

be greater in number to NNG at P1’. The alternative hypothesis is that the nucleotides are 

irrelevant, and lysine is abundant in order to prevent the excision of methionine from certain 

proteins. To test these, codon frequencies of the second amino acid are measured, and nucleotide 

frequencies of E. coli and other bacterial protein coding sequences are also measured. 
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METHODS 
 

The genomes for all organisms were acquired from the National Center for 

Biotechnology Information (NCBI). It has a database that stores many different types of data, 

including genome sequences, which sources the information from numerous studies and 

compiles them for better accessibility. These publicly available complete genome nucleotide 

contigs can be downloaded from NCBI in order for further analysis to take place [39]. A total of 

five genomes were downloaded; their names and NCBI accession code can be found in Table 1; 

it is a simplified version of a similar table from the previously mentioned paper by Xia in 2026 

[13].  

RegulonDB, a database that contains information about the transcription initiation of E. 

coli K-12, was used to gather information about the transcription units for the genes. All 

information about the transcription units was found on the database [40]. A total of 6 

transcription units were used and can located in Supplementary Table 20.  

The Data Analysis in Molecular Biology and Evolution (DAMBE) software is a 

bioinformatics tool designed for analyzing molecular data, particularly for genomics and 

phylogenetics. It supports various functions, such as codon usage analysis, motif discovery, 

Gibbs sampler and other functions [41]. Through these functions, it we analyzed nucleotide 

distributions and inferred nucleotide distribution patterns and other forms of genome analyses. 

The codon frequencies were also calculated by DAMBE. All these calculations were done on the 

whole genome’s first 27 nucleotides, including the start codon, since the shortest coding 

sequence in the annotated genome (ymdG) is only that much long.  
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The major method used to get an insight into nucleotide distribution patterns was the 

position weight matrix (PWM), which is a tool in DAMBE [42,43]. The principle behind PWM 

is in the following equation:  

𝑃𝑊𝑀!" = 𝑙𝑜𝑔#
𝑝!"
𝑝!

 

Where PWMij is the position specific weight. This method was used to account for background 

nucleotide frequencies which were computed in DAMBE. The software also adds a pseudo count 

in order to avoid taking the log of 0 [42]. All statistical analyses were either done by DAMBE 

automatically or by Microsoft Excel, which is where all graphs were generated.  

 

Species Accession 

code 

Doubling time 

(DT) 

Rank Reference 

Escherichia coli NC_000913.3 ~20—30min 1 [44] 

Bacillus subtilis NC_000964.3 ~30—70min 2 [45] 

Chlamydia 

trachomatis 

NC_000117.1 ~1.8—4.6h 3 [46,47] 

Salmonella enterica NC_003197.2 ~20—30min 1 [48] 

Mycobacterium 

tuberculosis 

NC_000962.3 ~20—30h 4 [49–51] 

Table 1. Simplified table of bacteria with doubling times ranked and with accession codes.  
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RESULTS 
 

A) Codon distribution of lysine at P1’ 

 

Hypothesis: Ribosome binding hypothesis (see Introduction) 

 

Alternative hypothesis: Methionine preservation hypothesis (see Introduction) 

 

Predictions: If the hypothesis is true, we would expect the number of  AAA to exceed the 

number of AAG codons, since AAA codons are predicted to produce fewer secondary structures. 

 

 

Figure 3. Distribution of lysine codons at the P1’ position in E. coli 

 The observed number of AAA codons is significantly higher than the expected 323.5 under the 
alternate hypothesis (binomial test, P = 9.5502 x 10-28) (see Supplementary Table 1 for raw data) 
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Observations: We observed exactly what the primary hypothesis predicted, the AAA codons are 

more numerous at the P1’ position compared to AAG codons. Considering the count is done on 

the entire genome and the results of the binomial test, the results are considered statistically 

significant. The binomial test was done with the probability of either codon = 0.5. 

 

B) Codon distribution of alanine at P1’ 

 

 

Hypothesis: Ribosome binding hypothesis (see Introduction) 

 

Alternative hypothesis: Methionine preservation hypothesis (see Introduction) 

 

Predictions: If the hypothesis is true, we would expect the number of  GCA to exceed the 

number of GCG codons, since GCA codons are predicted to produce fewer secondary structures. 

 



 

 15 

 

Figure 4. Distribution of alanine codons at second position (P1’) 

Chi-squared = 6888.75, DF = 3, p < 0.0001 

(see Supplementary Table 1 for raw data) 

 

Observations: The results were just as expected under the primary hypothesis. GCU also had an 

elevated count comparable to GCA, while GCC had the lowest count. A Chi-squared test was 

conducted with a degree of freedom = 3, giving 6888.75, meaning p < 0.0001. 

 

C) Adenine distribution of E. coli 

 

 

Hypothesis: Ribosome binding hypothesis (see Introduction) 

 

Alternative hypothesis: Methionine preservation hypothesis (see Introduction) 
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Predictions: If the hypothesis is true, we would expect the number of adenines progressively 

decrease as the reduction of secondary structures becomes less relevant to the transcription start 

site upstream. 

 

 
Figure 5. Distribution of adenine in E. coli genes across the first 27 nucleotides. 

R2 = 0.6927 

(see Supplementary Table 3 for raw data) 
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Site A C G U 
1 1.9069 -8.8822 -1.8025 -3.6749 
2 -12.0755 -12.0755 -12.0755 2.0562 
3 -12.0755 -9.7325 1.869 -7.9348 
4 1.0461 -0.6607 -0.4195 -0.7446 
5 0.6221 0.2013 -0.7263 -0.4002 
6 0.4497 -0.3449 -0.7466 0.3907 
7 0.8042 -0.194 -0.3003 -0.747 
8 0.8208 -0.3501 -1.0415 0.0541 
9 0.3497 -0.3588 -0.3808 0.2805 
10 0.548 -0.0363 -0.466 -0.1889 
11 0.3681 -0.1894 -1.0979 0.5272 
12 0.4395 -0.2003 -0.7022 0.2805 
13 0.5394 -0.102 -0.2616 -0.3129 
14 0.3054 -0.133 -1.1164 0.553 
15 0.1613 -0.1079 -0.606 0.4283 
16 0.4415 0.0478 -0.2719 -0.3164 
17 0.192 -0.1123 -1.044 0.6042 
18 0.0808 -0.1405 -0.3952 0.3896 
19 0.2469 0.0239 0.0064 -0.3373 
20 0.1513 -0.1211 -0.8464 0.5624 
21 -0.0369 0.0661 -0.3984 0.3245 
22 0.2516 0.005 0.0413 -0.3711 
23 0.1822 -0.1541 -0.7323 0.5077 
24 -0.0773 0.0919 -0.34 0.2919 
25 0.1563 0.0385 0.1923 -0.5227 
26 0.0978 -0.0962 -0.6266 0.4821 
27 -0.1572 0.0752 -0.1777 0.2399 

 

Table 2. Position Weight Matrix (PWM) of E. coli genome for first 27 nucleotides 

Highest value PWM score is boldened 
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Observations: The results were just as expected, the frequency of adenine nucleotides started 

high and progressively decreased over 27 nucleotides. With an R2 = 0.6927, there is a strong 

correlation between the trendline and the data points. In the PWM table,  

It should be noted that in order to calculate PWM scores, the nucleotide frequencies of the 

genome were computed in DAMBE prior to the 27-nucleotide restriction (see Supplementary 

Table 2). This allowed for a more accurate reflection of trends across the genome. 

 

D) Different bacterial species’ position weight matrix scores for adenine 

 

 

Hypothesis:  Since E. coli is a fast-growing bacterium, other fast-growing bacterium as ranked 

by Table 1 should observe similar adenine nucleotide frequencies, and slower-growing bacteria 

should show the opposite trend. This assumes the ribosome binding hypothesis is true. 

 

Alternative hypothesis: A specie’s doubling time is unrelated to the adenine nucleotide 

frequencies. 

 

Predictions: All species show decreasing adenine PWM scores, with higher ranked species being 

over lower ranked species. 
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Figure 6. Distribution of adenine in E. coli, B subtilis, C. trachomatis, S. enterica, M. 
tuberculosis genes across the first 27 nucleotides, with their doubling times ranked 

R2 = 0.7362, R2 = 0. 8673, R2 = 0.3793, R2 = 0.7236, R2 = 0.1275 respectively. The ranks are 
derived from Table 1. (See Supplementary Tables 8-19 for all raw data) 

 

Observations: All bacteria observed follow the same trends as E. coli in terms of decreasing 

adenine frequency over the 27-nucleotide stretch. With the exceptions of C. trachomatis, which 

has data with a moderate level of correlation, and M. tuberculosis, which has data with a low 

level of correlation to the trendline, the other species have a high correlation between data and 

trendline. Trendlines are roughly arranged in rank, from 1 at the top to 4 at the end, especially 

near the start codon, however, this is not observed towards the 27th nucleotide mark. For M. 

tuberculosis, the third nucleotide position in the codon seems to diverge from the first two 

nucleotide positions, the most out of all species.  
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E) Intragenome E. coli position weight matrix scores comparison for adenine 

 

 

Hypothesis:  Assuming the ribosome binding hypothesis is true, the first gene in a polycistronic 

mRNA would require more adenines near the start codon for the ribosome to bind easier. 

 

Alternative hypothesis: The methionine preservation hypothesis is true. 

 

Predictions: Given the main hypothesis is true, the trendline for the first gene should go 

progressively down, while the other genes should have a flatter adenine distribution. 

 

 
Figure 7. Distribution of adenine in E. coli genes, first genes in 6 transcription units, and other 
genes in transcription units across the first 27 nucleotides 

R2 = 0.7362, R2 = 0.0355, R2 = 0.0286 respectively 
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(See Supplementary Tables 4-7 for all raw data) 

(See Supplementary Table 20 for genes used from transcription units) 

 

Observations: There are no correlations, as the R2 values are extremely low. If ignoring that, the 

trendline is opposite to predictions. No conclusions can be drawn.  
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DISCUSSION 
 

A) Codon distribution of lysine at P1’ 

 

The codon distributions for lysine perfectly support the ribosome binding hypothesis. As we 

can see in Figure 3, the number of AAA codons was around 4 times higher than AAG, and much 

higher than the expected 323.5 under equal distribution. The significance was confirmed by a 

binomial distribution test. With the probability of having either codon n = 0.5, p = 9.5502x10-58. 

However, it is not without doubt, since the probability of having either codon is unlikely to be 

0.5. At first glance, it might be different availability of tRNA causing this difference; however, E. 

coli has only 1 tRNA for lysine with a UUU anticodon [52]. Since there is only one tRNA with 

anticodon, the AAG codon may be less efficient than AAA, favouring the latter in the genome. 

Nevertheless, these results support the ribosome binding hypothesis. 

 

B) Codon distribution of alanine at P1’ 

 

For Figure 4, GCA and GCU are extremely common. GCC seems to be the least common 

codon at the P1’ position for alanine. A chi-squared test confirmed these. On the surface, this 

may be due to there being simply fewer cytosine nucleotides, as only 20.7% were C nucleotides 

on a genome wide scale [53], however, this is only the case for human genomes. For E. coli, the 

proportion of each nucleotide in the coding sequences (CDS) is 24.06% for adenine, 24.55% for 

cytosine, 27.34% for guanine, and 24.04% for thymine (See Supplementary Table 2). Evidently, 

cytosine isn’t exceptionally rare in the CDS of E. coli, meaning the rarity of cytosines could not 

have caused the codon to be so low in number. Instead, if we look at tRNA numbers, of which 

alanine has 2 in E. coli, GCU, GCA and GCG are all codons recognized by a single tRNA called 
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Ala1B accounting for 5.04% of total tRNA, while the Ala2 tRNA which only recognizes GCC 

accounts for 0.95% of tRNA [52]. This also means that GCA, GCG, and GCU all had the same 

amount of tRNA, but GCG was less common. This may be due to GCG causing more secondary 

structure formation. However, GCU and GCA both were about as common at P1’. One possible 

reason is that GCU doesn’t cause as many secondary structure formations. One other reason 

could be that genes using alanine at the P1’ position have no need for more efficient translation 

because alanine necessarily means guanine and cytosine in the sequence, causing secondary 

structure formations regardless. In all, since GCA was more common than GCG, the ribosome 

binding hypothesis is supported. 

 

C) Adenine distribution of E. coli 

 

For Figure 5, the adenine nucleotide frequency seems to be steadily decreasing with R2 = 

0.6927. The main idea supporting the ribosome binding hypothesis is that a poly(A) stretch is 

only useful for the first few nucleotides. Once the ribosome has bound, there is no need for a 

simpler secondary structure for translation elongation. Therefore, there should be a decreasing 

adenine nucleotide frequency as the sequence is observed more downstream of the start codon. 

Indeed, we see exactly that. For the position weight matrix of Table 2, 12 out of the 24 

nucleotides following AUG favour adenine. For nucleotides 4 through 10, this is an 

uninterrupted stretch of adenines. There is a very clear preference for adenine closer to the start 

codon. In addition, adenine would presumably be more easily procured compared to other 

nucleotides, such as uracil, due to it being present in adenosine triphosphate, one of the most 

common metabolites. There may also be a limit to the number of adenines that can be added in a 

poly(A) stretch because in E. coli, polyadenylation promotes mRNA degradation [54]. If there 
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are too many adenosines in a row at the beginning of the mRNA, enzymes responsible for 

mRNA degradation may degrade the wrong mRNA instead. To end, the results from Figure 5 and 

Table 2 are perfectly consistent with the ribosome binding hypothesis.  

 

D) Different bacterial species’ position weight matrix scores for adenine 

 

In Figure 6, all bacteria observed showed a decreasing frequency of adenines. With the 

exceptions of C. trachomatis and M. tuberculosis which had a moderate and low correlation, the 

other 3 had a high degree of correlation to the trendline. Since all species showed the same 

trends, it can be additional confirmation that the occurrences of adenine frequencies and the 

abundance of lysine are not coincidences belonging to E. coli. Even more, M. tuberculosis 

having a low R2 may be due to its GC content. According to computations in DAMBE, M. 

tuberculosis has a GC% of 65.4737%, compared to others where S. enterica is 52.3954, C. 

trachomatis 41.5535, B. subtilis is 43.1192% E. coli is 50.7944% (See Supplementary Tables 2, 

8, 11, 14, 17). Due to there being fewer adenines in the first place, there is simply a lower 

likelihood that any given sequence will have enough adenines to show up on a genome-wide 

position weight matrix.  

Another important pattern was that species that have a faster doubling time also had a higher 

adenine frequency near the start codon. As the rank of the species doubling time went lower, so 

did the adenine frequency. Presumably, other species in the same rank as E. coli would have a 

predictable adenine frequency near the AUG codon, while slower growing bacteria would have a 

predictably lower adenine frequency. For bacteria especially, it makes sense to share translation 

strategies, since many are competing in speed, one study by Ran et al. in 2012 even said that 
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selection for translational speed is greater than selection for accuracy [55]. In summary, this 

supports the ribosome binding hypothesis. 

 

E) Intragenome E. coli position weight matrix scores comparison for adenine 

 

The Figure 7 doesn’t have statistically relevant trends to speak of; however, there are a few 

possible reasons why the data did not meet expectations and predictions. Firstly, polycistronic 

mRNA have a single promoter and terminator [56]. This means that there is only one promoter, 

which is conserved. Another reason is that all of the transcription units chosen involved some 

sort of ribosomal protein, which are all highly conserved genes [57]. On the whole, nothing was 

ascertained from Figure 7, and more tests may be required.  

CONCLUSION 
 

 To close, in order for the codon frequency conclusions to hold up, more codons at 

positions other than P1’ should be tested for comparison. In addition, more species should have 

adenine frequencies compared to confirm the patterns in terms of the correlation between 

doubling time and adenine abundance near the start codon. Furthermore, non-ribosomal proteins 

belonging to a single transcription unit should have adenine frequencies compared, and more 

genes should be tested in general. In general, the ribosome binding hypothesis was supported. 

Most importantly, it is important to examine the conclusions made here in a wet lab experiment 

for confirmation, as increasing our understanding of translation efficiency would be beneficial in 

the fields of mRNA vaccines and gene therapeutics, as well as gaining more insight into 

translation-related diseases. 
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Supplementary Figure 1. Codon table 11 from DAMBE 
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Supplementary Table 1. Observed di-codon frequencies in E. coli 

Sequences lengths were restricted to 6 nucleotides, the leftmost column represents the 
first codon, and the top row represents the second codon. 

AAA AAG GCA GCC GCG GCU 

 AUG 466 113 122 34 64 123 

AUU 1 0 0 0 0 0 

GUG 47 12 10 2 11 11 

UUG 6 2 3 1 4 2 

 
 

Supplementary Table 2. Background frequency of nucleotides in CDS for E. coli 

 
Nuc              A             C             G             T 
ObsN        968755        988430       1100861        967828 
Prop        0.2406        0.2455        0.2734        0.2404 
 
GC% = 50.7944 
GT% = 51.3286 
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Supplementary Table 3. Site-specific frequencies of nucleotides in E. coli for first 27 
nucleotides 

 
================================================================================ 
Site             A           C           G           U          X2             p 
-------------------------------------------------------------------------------- 
1             3894           2         338          81    7208.163     0.0000000 
2                0           0           0        4315   11443.231     0.0000000 
3                0           1        4310           4   15739.983     0.0000000 
4             2144         670         882         619     815.518     0.0000003 
5             1598        1218         713         786     368.322     0.0000002 
6             1418         834         703        1360      88.531     0.0000001 
7             1813         926         958         618     447.426     0.0000002 
8             1834         831         573        1077     336.621     0.0000002 
9             1323         826         906        1260       8.596     0.0351770 
10            1518        1033         854         910     122.367     0.0000001 
11            1340         929         551        1495     238.401     0.0000002 
12            1408         922         725        1260      55.791     0.0000001 
13            1509         987         984         835     143.069     0.0000001 
14            1283         966         544        1522     266.722     0.0000002 
15            1161         983         775        1396      98.245     0.0000001 
16            1410        1095         977         833     164.840     0.0000001 
17            1186         980         572        1577     295.834     0.0000002 
18            1098         961         897        1359      76.455     0.0000001 
19            1232        1077        1185         821     235.545     0.0000002 
20            1153         974         656        1532     217.412     0.0000002 
21            1012        1109         895        1299     150.818     0.0000001 
22            1236        1063        1214         802     257.789     0.0000002 
23            1178         952         710        1475     147.429     0.0000001 
24             984        1129         932        1270     169.821     0.0000001 
25            1157        1088        1348         722     444.543     0.0000003 
26            1111         991         764        1449     140.240     0.0000001 
27             931        1116        1043        1225     201.908     0.0000001 
================================================================================ 
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Supplementary Table 4. Site-specific frequencies of nucleotides in E. coli for first 27 
nucleotides of first gene in transcription unit 

================================================================================ 
Site             A           C           G           U          X2             p 
-------------------------------------------------------------------------------- 
1                6           0           0           0      13.059     0.0045111 
2                0           0           0           6      18.300     0.0003814 
3                0           0           6           0      22.588     0.0000492 
4                0           1           3           2       4.577     0.2055424 
5                1           4           0           1       6.880     0.0758196 
6                2           3           0           1       3.360     0.3393494 
7                2           1           2           1       0.699     0.8734750 
8                1           2           1           2       0.942     0.8151738 
9                4           0           1           1       3.940     0.2680488 
10               3           1           2           0       2.671     0.4451942 
11               2           0           0           4       6.918     0.0745695 
12               1           1           0           4       6.059     0.1087681 
13               1           3           0           2       3.797     0.2842377 
14               2           0           2           2       1.994     0.5736285 
15               0           2           2           2       2.795     0.4242594 
16               2           3           0           1       3.360     0.3393494 
17               4           1           0           1       3.875     0.2752461 
18               4           1           0           1       3.875     0.2752461 
19               2           0           4           0       8.824     0.0317316 
20               2           1           1           2       0.341     0.9520446 
21               3           1           0           2       2.194     0.5330452 
22               2           3           1           0       3.479     0.3234526 
23               1           2           3           0       4.595     0.2039380 
24               2           1           0           3       2.922     0.4037486 
25               1           2           3           0       4.595     0.2039380 
26               2           1           3           0       3.994     0.2620656 
27               1           3           0           2       3.797     0.2842377 
================================================================================ 
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Supplementary Table 5. PWM of nucleotides in E. coli for first 27 nucleotides of first gene in 
transcription unit 

====================================================== 
Site             A           C           G           U 
------------------------------------------------------ 
1           1.8896     -2.8074     -2.8074     -2.8074 
2          -2.8074     -2.8074     -2.8074      1.8908 
3          -2.8074     -2.8074      1.7128     -2.8074 
4          -2.8074     -0.4644      0.7743      0.4129 
5          -0.4410      1.3048     -2.8074     -0.4401 
6           0.4118      0.9173     -2.8074     -0.4401 
7           0.4118     -0.4644      0.2484     -0.4401 
8          -0.4410      0.3859     -0.5878      0.4129 
9           1.3322     -2.8074     -0.5878     -0.4401 
10          0.9442     -0.4644      0.2484     -2.8074 
11          0.4118     -2.8074     -2.8074      1.3333 
12         -0.4410     -0.4644     -2.8074      1.3333 
13         -0.4410      0.9173     -2.8074      0.4129 
14          0.4118     -2.8074      0.2484      0.4129 
15         -2.8074      0.3859      0.2484      0.4129 
16          0.4118      0.9173     -2.8074     -0.4401 
17          1.3322     -0.4644     -2.8074     -0.4401 
18          1.3322     -0.4644     -2.8074     -0.4401 
19          0.4118     -2.8074      1.1589     -2.8074 
20          0.4118     -0.4644     -0.5878      0.4129 
21          0.9442     -0.4644     -2.8074      0.4129 
22          0.4118      0.9173     -0.5878     -2.8074 
23         -0.4410      0.3859      0.7743     -2.8074 
24          0.4118     -0.4644     -2.8074      0.9453 
25         -0.4410      0.3859      0.7743     -2.8074 
26          0.4118     -0.4644      0.7743     -2.8074 
27         -0.4410      0.9173     -2.8074      0.4129 
====================================================== 
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Supplementary Table 6. Site-specific frequencies of nucleotides in E. coli for first 27 
nucleotides of other genes in transcription unit 

 
================================================================================ 
Site             A           C           G           U          X2             p 
-------------------------------------------------------------------------------- 
1               13           0           1           1      19.854     0.0001820 
2                0           0           0          15      38.761     0.0000001 
3                0           0          15           0      54.034     0.0000000 
4                8           1           4           2       4.238     0.2369237 
5                4           7           3           1       9.882     0.0195943 
6                3           2           4           6       1.859     0.6021689 
7                5           5           2           3       2.960     0.3978421 
8                9           0           2           4       6.494     0.0899038 
9                4           4           1           6       3.241     0.3559085 
10               3           3           5           4       1.743     0.6274020 
11               4           2           2           7       2.704     0.4394658 
12               7           2           1           5       2.749     0.4320038 
13               7           2           4           2       2.333     0.5061643 
14               5           4           1           5       2.440     0.4862386 
15               7           3           1           4       2.500     0.4753398 
16               6           3           5           1       3.640     0.3030289 
17               6           3           3           3       0.643     0.8866117 
18               3           3           3           6       1.613     0.6565054 
19               3           2           9           1      13.439     0.0037766 
20               4           3           3           5       0.405     0.9391101 
21               3           3           5           4       1.743     0.6274020 
22               3           4           5           3       2.732     0.4347372 
23               4           2           2           7       2.704     0.4394658 
24               6           4           3           2       2.110     0.5499138 
25               8           2           3           2       3.231     0.3574016 
26               4           4           0           7       6.041     0.1096520 
27               4           3           1           7       3.685     0.2974957 
================================================================================ 
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Supplementary Table 7. PWM of nucleotides in E. coli for first 27 nucleotides of other genes in 
transcription unit 

====================================================== 
Site             A           C           G           U 
------------------------------------------------------ 
1           1.7822     -4.0000     -1.7804     -1.6327 
2          -4.0000     -4.0000     -4.0000      1.9863 
3          -4.0000     -4.0000      1.8039     -4.0000 
4           1.0980     -1.6571     -0.0337     -0.7798 
5           0.1396      0.8833     -0.4183     -1.6327 
6          -0.2484     -0.8068     -0.0337      0.6981 
7           0.4450      0.4173     -0.9442     -0.2473 
8           1.2633     -4.0000     -0.9442      0.1407 
9           0.1396      0.1121     -1.7804      0.6981 
10         -0.2484     -0.2754      0.2696      0.1407 
11          0.1396     -0.8068     -0.9442      0.9126 
12          0.9114     -0.8068     -1.7804      0.4462 
13          0.9114     -0.8068     -0.0337     -0.7798 
14          0.4450      0.1121     -1.7804      0.4462 
15          0.9114     -0.2754     -1.7804      0.1407 
16          0.6970     -0.2754      0.2696     -1.6327 
17          0.6970     -0.2754     -0.4183     -0.2473 
18         -0.2484     -0.2754     -0.4183      0.6981 
19         -0.2484     -0.8068      1.0840     -1.6327 
20          0.1396     -0.2754     -0.4183      0.4462 
21         -0.2484     -0.2754      0.2696      0.1407 
22         -0.2484      0.1121      0.2696     -0.2473 
23          0.1396     -0.8068     -0.9442      0.9126 
24          0.6970      0.1121     -0.4183     -0.7798 
25          1.0980     -0.8068     -0.4183     -0.7798 
26          0.1396      0.1121     -4.0000      0.9126 
27          0.1396     -0.2754     -1.7804      0.9126 
====================================================== 
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Supplementary Table 8. Background frequency of nucleotides in CDS for B. subtilis 

 
 
Summary output: 
Nuc              A             C             G             T 
ObsN       1113418        747151        890812        953112 
Prop        0.3006        0.2017        0.2405        0.2573 
 
GC% = 43.1192 
GT% = 49.7127 

 

Supplementary Table 9. Site-specific frequencies of nucleotides in B. subtilis for first 27 
nucleotides 

================================================================================ 
Site             A           C           G           U          X2             p 
-------------------------------------------------------------------------------- 
1             3292           5         387         553    3215.417     0.0000000 
2                0           0           0        4237   11051.080     0.0000000 
3                0           1        4228           8   15848.431     0.0000000 
4             2232         448        1015         542     718.155     0.0000003 
5             1946         879         603         809     410.067     0.0000002 
6             1653         565         765        1254      37.481     0.0000001 
7             1967         724         906         640     373.993     0.0000002 
8             1980         642         520        1095     283.196     0.0000002 
9             1747         568         795        1127      45.084     0.0000001 
10            1685         781         947         824     157.513     0.0000001 
11            1626         708         514        1389     212.304     0.0000001 
12            1687         594         742        1214      41.435     0.0000001 
13            1636         770        1009         822     158.414     0.0000001 
14            1634         665         515        1423     218.037     0.0000001 
15            1571         586         807        1273      19.596     0.0002059 
16            1546         728        1100         863     147.381     0.0000001 
17            1456         701         529        1551     280.255     0.0000002 
18            1516         681         811        1229      14.201     0.0026433 
19            1522         729        1130         856     166.894     0.0000001 
20            1393         763         562        1519     264.847     0.0000002 
21            1415         794         799        1229      65.292     0.0000001 
22            1457         732        1192         856     210.116     0.0000001 
23            1326         774         581        1556     294.918     0.0000002 
24            1372         781         833        1251      63.920     0.0000001 
25            1375         799        1236         827     300.960     0.0000002 
26            1339         785         638        1475     213.595     0.0000001 
27            1287         801         866        1283      99.730     0.0000001 
================================================================================ 
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Supplementary Table 10. PWM of nucleotides in B. subtilis for first 27 nucleotides of other 
genes in transcription unit 

 
====================================================== 
Site             A           C           G           U 
------------------------------------------------------ 
1           1.3698     -7.3605     -1.3962     -0.9789 
2         -12.0492    -12.0492    -12.0492      1.9582 
3         -12.0492     -9.4744      2.0526     -7.0450 
4           0.8092     -0.9314     -0.0057     -1.0079 
5           0.6114      0.0406     -0.7567     -0.4302 
6           0.3760     -0.5968     -0.4135      0.2019 
7           0.6269     -0.2392     -0.1695     -0.7682 
8           0.6364     -0.4126     -0.9702      0.0064 
9           0.4558     -0.5892     -0.3580      0.0479 
10          0.4037     -0.1299     -0.1057     -0.4037 
11          0.3523     -0.2714     -0.9870      0.3494 
12          0.4054     -0.5246     -0.4575      0.1552 
13          0.3611     -0.1504     -0.0142     -0.4072 
14          0.3594     -0.3618     -0.9842      0.3843 
15          0.3027     -0.5442     -0.3364      0.2236 
16          0.2795     -0.2313      0.1103     -0.3370 
17          0.1930     -0.2858     -0.9455      0.5085 
18          0.2513     -0.3275     -0.3293      0.1729 
19          0.2570     -0.2293      0.1491     -0.3488 
20          0.1292     -0.1635     -0.8582      0.4785 
21          0.1518     -0.1061     -0.3508      0.1729 
22          0.1940     -0.2234      0.2262     -0.3488 
23          0.0581     -0.1429     -0.8103      0.5132 
24          0.1073     -0.1299     -0.2907      0.1985 
25          0.1104     -0.0970      0.2785     -0.3985 
26          0.0722     -0.1225     -0.6753      0.4361 
27          0.0150     -0.0934     -0.2347      0.2349 
====================================================== 
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Supplementary Table 11. Background frequency of nucleotides in CDS for C. trachomatis 

 
 
Summary output: 
Nuc              A             C             G             T 
ObsN        266455        187393        202705        279771 
Prop        0.2846        0.2001        0.2165        0.2988 
 
GC% = 41.5535 
GT% = 51.6544 
 
 

Supplementary Table 12. Site-specific frequencies of nucleotides in C. trachomatis for first 27 
nucleotides 

================================================================================ 
Site             A           C           G           U          X2             p 
-------------------------------------------------------------------------------- 
1              784           0          71          32    1344.766     0.0000004 
2                0           0           0         887    1979.770     0.0000000 
3                0           0         887           0    3511.088     0.0000000 
4              358         157         213         159      77.221     0.0000001 
5              285         221         163         218      42.008     0.0000000 
6              290         155         149         293       6.654     0.0837994 
7              360         155         192         180      56.712     0.0000000 
8              315         183         142         247      20.240     0.0001514 
9              316         134         157         280      10.244     0.0166032 
10             277         188         191         231      15.098     0.0017348 
11             285         202         112         288      40.567     0.0000000 
12             286         149         141         311      13.229     0.0041669 
13             261         185         210         231      19.627     0.0002029 
14             235         211         132         309      44.570     0.0000000 
15             257         154         127         349      37.102     0.0000001 
16             263         177         223         224      24.465     0.0000200 
17             283         172         130         302      18.214     0.0003973 
18             271         129         137         350      34.999     0.0000002 
19             266         184         206         231      17.363     0.0005950 
20             282         192         131         282      22.286     0.0000569 
21             281         155         128         323      23.080     0.0000389 
22             281         170         220         216      23.509     0.0000316 
23             279         187         125         296      24.876     0.0000164 
24             266         159         136         326      20.757     0.0001183 
25             266         189         219         213      31.218     0.0000008 
26             228         218         149         292      41.913     0.0000000 
27             269         139         139         340      26.451     0.0000077 
================================================================================ 
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Supplementary Table 13. PWM of nucleotides in C. trachomatis for first 27 nucleotides of 
other genes in transcription unit 

====================================================== 
Site             A           C           G           U 
------------------------------------------------------ 
1           1.6338     -9.7944     -1.4327     -3.0383 
2          -9.7944     -9.7944     -9.7944      1.7416 
3          -9.7944     -9.7944      2.2063     -9.7944 
4           0.5035     -0.1768      0.1493     -0.7361 
5           0.1748      0.3160     -0.2362     -0.2815 
6           0.1999     -0.1952     -0.3656      0.1446 
7           0.5116     -0.1952     -0.0003     -0.5574 
8           0.3191      0.0441     -0.4349     -0.1016 
9           0.3237     -0.4050     -0.2902      0.0792 
10          0.1338      0.0829     -0.0078     -0.1981 
11          0.1748      0.1864     -0.7767      0.1198 
12          0.1799     -0.2521     -0.4451      0.2305 
13          0.0481      0.0597      0.1289     -0.1981 
14         -0.1032      0.2493     -0.5401      0.2212 
15          0.0258     -0.2045     -0.5957      0.3966 
16          0.0591     -0.0040      0.2154     -0.2424 
17          0.1647     -0.0453     -0.5621      0.1882 
18          0.1022     -0.4597     -0.4865      0.4008 
19          0.0754      0.0519      0.1012     -0.1981 
20          0.1596      0.1133     -0.5510      0.0894 
21          0.1545     -0.1952     -0.5844      0.2851 
22          0.1545     -0.0621      0.1959     -0.2948 
23          0.1442      0.0752     -0.6186      0.1592 
24          0.0754     -0.1585     -0.4971      0.2984 
25          0.0754      0.0906      0.1894     -0.3149 
26         -0.1467      0.2963     -0.3656      0.1396 
27          0.0916     -0.3522     -0.4657      0.3590 
====================================================== 
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Supplementary Table 14. Background frequency of nucleotides in CDS for S. enterica 

 

Summary output: 
Nuc              A             C             G             T 
ObsN        984369       1063605       1187234        985492 
Prop        0.2332        0.2520        0.2813        0.2335 
 
GC% = 52.3954  
GT% = 51.4698 
 
 

Supplementary Table 15. Site-specific frequencies of nucleotides in S. enterica for first 27 
nucleotides 

================================================================================ 
Site             A           C           G           U          X2             p 
-------------------------------------------------------------------------------- 
1             3965          12         367         108    7372.893     0.0000000 
2                0           0           0        4452   11935.439     0.0000000 
3                0           0        4452           0   15575.252     0.0000000 
4             2147         748         937         620     794.397     0.0000003 
5             1584        1254         719         895     330.827     0.0000002 
6             1446         822         850        1334      47.862     0.0000001 
7             1847         927        1007         671     426.878     0.0000002 
8             1796         891         600        1165     305.694     0.0000002 
9             1324         874         982        1272       4.836     0.1841764 
10            1563        1027         939         923     121.346     0.0000001 
11            1351         977         601        1523     239.370     0.0000001 
12            1350         897         847        1358      38.920     0.0000001 
13            1551        1012        1040         849     153.405     0.0000001 
14            1346        1008         584        1514     254.262     0.0000001 
15            1201        1007         858        1386      70.008     0.0000001 
16            1437        1144        1042         829     190.679     0.0000001 
17            1272         967         629        1584     255.494     0.0000002 
18            1092         988         968        1404      87.010     0.0000001 
19            1233        1127        1253         839     246.561     0.0000002 
20            1139        1059         707        1547     232.356     0.0000002 
21            1012        1140        1006        1294     149.110     0.0000001 
22            1244        1124        1268         816     266.092     0.0000002 
23            1194        1012         716        1530     190.022     0.0000001 
24             989        1133        1042        1288     159.062     0.0000001 
25            1205        1136        1374         737     406.586     0.0000002 
26            1129        1054         812        1457     141.482     0.0000001 
27             928        1142        1121        1261     210.531     0.0000001 
================================================================================ 
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Supplementary Table 16. PWM of nucleotides in S. enterica for first 27 nucleotides of other 
genes in transcription unit 

====================================================== 
Site             A           C           G           U 
------------------------------------------------------ 
1           1.9330     -6.5171     -1.7700     -3.2641 
2         -12.1206    -12.1206    -12.1206      2.0983 
3         -12.1206    -12.1206      1.8296    -12.1206 
4           1.0481     -0.5847     -0.4184     -0.7454 
5           0.6094      0.1606     -0.8003     -0.2159 
6           0.4779     -0.4486     -0.5589      0.3597 
7           0.8309     -0.2752     -0.3145     -0.6314 
8           0.7906     -0.3324     -1.0612      0.1643 
9           0.3507     -0.3602     -0.3508      0.2911 
10          0.5901     -0.1275     -0.4153     -0.1715 
11          0.3799     -0.1995     -1.0588      0.5509 
12          0.3788     -0.3227     -0.5640      0.3855 
13          0.5790     -0.1487     -0.2680     -0.2920 
14          0.3745     -0.1544     -1.1002      0.5423 
15          0.2101     -0.1558     -0.5454      0.4149 
16          0.4689      0.0281     -0.2652     -0.3264 
17          0.2929     -0.2143     -0.9932      0.6075 
18          0.0729     -0.1833     -0.3715      0.4335 
19          0.2480      0.0065      0.0008     -0.3091 
20          0.1336     -0.0832     -0.8246      0.5734 
21         -0.0369      0.0231     -0.3159      0.3158 
22          0.2608      0.0027      0.0179     -0.3492 
23          0.2017     -0.1487     -0.8064      0.5575 
24         -0.0700      0.0142     -0.2652      0.3091 
25          0.2149      0.0180      0.1337     -0.4961 
26          0.1209     -0.0901     -0.6249      0.4870 
27         -0.1619      0.0256     -0.1598      0.2786 
====================================================== 
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Supplementary Table 17. Background frequency of nucleotides in M. tuberculosis 

 
Summary output: 
Nuc              A             C             G             T 
ObsN        664432       1276445       1332451        684992 
Prop        0.1679        0.3225        0.3366        0.1731 
 
GC% = 65.4737 
GT% = 50.9353 
 
 

Supplementary Table 18. Site-specific frequencies of nucleotides in M. tuberculosis for first 27 
nucleotides 

================================================================================ 
Site             A           C           G           U          X2             p 
-------------------------------------------------------------------------------- 
1             2410           1        1319         176    4999.660     0.0000000 
2                0           0           0        3906   15913.793     0.0000000 
3                1           2        3902           1    8451.708     0.0000000 
4             1604         783        1038         481    1115.691     0.0000004 
5              639        1765         868         634     521.029     0.0000003 
6              563        1529        1136         678     223.625     0.0000002 
7              941         909        1500         556     192.636     0.0000001 
8              982        1204         758         962     288.724     0.0000001 
9              600        1420        1155         731     125.433     0.0000001 
10             972        1133        1277         524     127.842     0.0000001 
11             831        1288         771        1016     278.390     0.0000002 
12             580        1386        1292         648     133.741     0.0000001 
13             886        1016        1433         571     109.258     0.0000001 
14             945        1121         763        1077     336.464     0.0000002 
15             561        1455        1260         630     184.020     0.0000002 
16             853        1059        1473         521     138.350     0.0000001 
17             891        1203         798        1014     251.859     0.0000002 
18             511        1451        1359         585     244.319     0.0000001 
19             781        1123        1526         476     182.244     0.0000002 
20             851        1274         742        1039     315.462     0.0000002 
21             461        1501        1339         605     300.287     0.0000002 
22             727        1181        1542         456     212.167     0.0000001 
23             847        1293         785         981     251.197     0.0000002 
24             452        1524        1397         533     373.949     0.0000002 
25             742        1099        1590         475     219.239     0.0000002 
26             946        1147         823         990     234.936     0.0000002 
27             463        1505        1420         518     367.811     0.0000002 
================================================================================  
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Supplementary Table 19. PWM of nucleotides in M. tuberculosis for first 27 nucleotides of 
other genes in transcription unit 

====================================================== 
Site             A           C           G           U 
------------------------------------------------------ 
1           1.8774     -9.8959      0.0046     -1.9407 
2         -11.9318    -11.9318    -11.9318      2.5300 
3          -9.1336     -9.0835      1.5692     -9.1712 
4           1.2901     -0.6858     -0.3409     -0.4911 
5          -0.0375      0.4865     -0.5988     -0.0928 
6          -0.2201      0.2795     -0.2108      0.0040 
7           0.5208     -0.4706      0.1901     -0.2821 
8           0.5823     -0.0652     -0.7943      0.5086 
9          -0.1283      0.1728     -0.1869      0.1125 
10          0.5675     -0.1529     -0.0420     -0.3676 
11          0.3415      0.0321     -0.7697      0.5874 
12         -0.1772      0.1378     -0.0252     -0.0613 
13          0.4339     -0.3101      0.1242     -0.2437 
14          0.5269     -0.1682     -0.7848      0.6715 
15         -0.2252      0.2079     -0.0614     -0.1019 
16          0.3792     -0.2503      0.1639     -0.3759 
17          0.4420     -0.0664     -0.7201      0.5846 
18         -0.3599      0.2039      0.0477     -0.2088 
19          0.2520     -0.1657      0.2149     -0.5062 
20          0.3758      0.0163     -0.8250      0.6197 
21         -0.5084      0.2528      0.0264     -0.1603 
22          0.1486     -0.0930      0.2299     -0.5681 
23          0.3690      0.0376     -0.7438      0.5368 
24         -0.5368      0.2747      0.0875     -0.3431 
25          0.1781     -0.1968      0.2742     -0.5092 
26          0.5284     -0.1352     -0.6756      0.5500 
27         -0.5021      0.2566      0.1111     -0.3842 
====================================================== 
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Supplementary Table 20. Genes separated by position in transcription unit 

List of first translated genes in a transcription unit and the other genes in the same transcription 
units alongside the first 27 nucleotides of their sequences. A total of 6 transcription units were 
found from RegulonDB. 

First gene Sequence 
rpmF  ATGGCCGTACAACAGAATAAACCAACC 

 
rpmI ATGCCAAAAATTAAGACCGTACGCGGT 

 
rpsP  ATGGTAACTATTCGTTTAGCACGTCAC 

 
rplU  ATGTACGCGGTTTTCCAAAGTGGTGGT 

 
rpmB  ATGTCCCGAGTCTGCCAAGTTACTGGC 

 
rplJ  ATGGCTTTAAATCTTCAAGACAAACAA 

 
Other genes  

plsX  TTGACACGTCTAACCCTGGCGTTAGAT 
 

fabD  ATGACGCAATTTGCATTTGTGTTCCCT 
 

fabG  ATGAATTTTGAAGGAAAAATCGCACTG 
 

rplT  ATGGCTCGCGTAAAACGTGGTGTTATT 
 

rplS  ATGAGCAACATTATTAAGCAACTTGAA 
 

trmD  ATGTGGATTGGCATAATTAGCCTGTTT 
 

rimM  ATGAGCAAACAACTCACCGCGCAAGCA 
 

obgE  ATGAAGTTTGTTGATGAAGCATCGATT 
 

yhbE  ATGAAGCAGCAGGCAGGCATTGGCATT 
 

rpmA  ATGGCACATAAAAAGGCTGGCGGCTCC 
 

mutM  ATGCCTGAATTACCCGAAGTTGAAACC 
 

rpmG  ATGGCTAAAGGTATTCGTGAGAAAATC 
 

rplL  ATGTCTATCACTAAAGATCAAATCATT 
 

rpoB  ATGGTTTACTCCTATACCGAGAAAAAA 
 

rpoC  GTGAAAGATTTATTAAAGTTTCTGAAA 
 

 


