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Abstract 

The 16s ribosomal tail has been conjectured to play an 
important role in the regulation of protein production. 
In previous work, we generated sequences of 13 base 
pairs as hypothetical ribosome tail ends for E. coli IC-12. 
We found the actual E. coli ribosome tail to be 
significantly different from a randomly generated one in 
the magnitude of the lock and synchronization signals, 
and the signal to noise ratio. Using a Genetic Algorithm 
to search for optimal tails, we found that the actual E. 
coli ribosome tail end was among the best by these 
measures. In our current work, we use this method to 
detect optimal ribosome tails in thirteen other 
prokaryotic organisms, to test our hypothesis that signal 
characteristics are good indicators of protein 
production in prokaryotes. This work also provides 
theoretical ribosome tails ttat could be useficl in 
transgenic protein production. 

1 Introduction 

Transgenic protein production is an important 
biotechnological advance, offering a method for 
producing large quantities of necessary proteins at low 
cost. Its effectiveness and efficiency, which strongly 
affect its cost, are determined by adjusting foreign 
messenger RNA (mRNA) to be acceptable to both the 
host environment and the host ribosome. Without these 
adjustments, proteins may not be produced in sufficient 
quantities. However, the process of determining 
necessary adjustments is complex and often involves 
much trial and error [ 11. 

The tail end of the 16s ribosomal subunit appears to 
play an important role in the translation process in 
prokaryotic organisms [2]. An improved understanding 
of this role and the interactions of the 16s tail with 
mRNA may therefore lead to significant advances in 
genetic engineering. 

An important feature of the ribosome is the strong 
affinity of its exposed 3’ tail end to an identifier called 
the Shine-Dalgarno sequence that is located roughly 13 
bases upstream of the start codon. This interaction can 
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be modeled by calculating the free energy released due 
to the binding of the ribosome’s tail to the messenger 
RNA. This free-energy release is interpreted as a signal 
that appears to be a good indicator of the regulation that 
takes place during protein production, and of the 
translation efficiency. 

Previous work [2] suggests that this regulation has 
two parts: a “lock” and a synchronization signal. The 
lock is located at or just before the start codon. It 
appears to. reflect the need to bind or pause the ribosome 
long enough, close to start codon, for it to lock into the 
reading frame and to start protein production. Once the 
lock is achieved, and protein production starts, the 
synchronization signal must be strong enough, and in the 
right phase, to maintain the reading frame. In this 
model, the tail end of the ribosome should be able to 
detect these features in the genome for optimal 
translation. 

In our previous work [3], we examined this model 
for E. coli K-12 by generating random sequences of 13 
bases as hypothetical ribosome tail ends, and assessing 
each based on signal criteria. We also designed and ran a 
Genetic Algorithm (GA) to search for hypothetical 
ribosome tails, optimized for these characteristics. Our 
findings suggest that the actual E. coli ribosome tail 
differs from a randomly generated one in the magnitude 
of the lock and synchronization signals, and in the signal 
to noise ratio (SNR). We also designed and ran a 
Genetic Algorithm (GA) to search for hypothetical 
ribosome tails, optimized for these characteristics. We 
found that the actual E. coli ribosome tail was among the 
best candidates in the GA search as well. 

These results support the conjecture that the actual 
ribosome tail may have been selected by nature, using 
the lock, synchronization, and S N R  characteristics, to be 
effective in translating the genes in E. coli K-12. The 
GA search resulted in a list of candidate ribosome tails 
which can be useful in two significant ways: 1) to 
compare with the actual ribosome tail to determine if 
other characteristics may have been important in natural 
selection of the actual ribosome, and 2) as candidate 
ribosome tail ends for efficient transgenic protein 
production. Because of their similarity to the actual 
ribosome tail, the hypothetical tails found by the GA 
also offer additional evidence that the selection of the 
ribosome tail is not random. 

These positive results led us to extend our 
experiment to include 13 other prokaryotes, as listed in 
Table 1. As found with E. coli K-12, actual ribosome 
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Species Accession 
Number . . -. . . - -. 

Aquifex aeolicus 
Bordetella I NC-002927 I 7TTCCTCCACTAG 

I NC 000918 I AmCCTCCACTAG 

3’ ribosome tail 

bronchiseptica 
Bacillus subtilis 
Chlamydophila 

1 Pseudomonas NC- 
aeruginosa 
Rickettsia conorii NC 003103 
Salmonella NC-003197 
typhimurium 
Salmonella enterica NC 003198 
Streptococcus pyogenes NC-006086 
Staphylococcus aureus NC 003923 
Streptococcus mutans NC 004350 
Thermoplasma NC-002689 
volcanium 

Table 1. List of selec 

~ 

NC 000964 TCTTTCCTCCACTAG 
NC-000922 TTTTTCCTCCACTAG 

ATTCCTCCATTAG 
ATTCCTCCACTAG 

ATTCCTCCACTAG 
TCTTTCCTCCACTAG 

:ed species 

In the following sections we introduce the concepts 
of free energy calculations and Genetic Algorithms. In 
Section 2, we discuss our methodology for evaluating 

position x along mRNA sequence 

Fig. 1. Ensemble average S(x) for actual E. coli 
ribosome tail 

Sync. signal magnitude 0.1378 E 
Lock magnitude -0.7688 E 

Table 2. Signal characteristics for E. coli 
ribosome tail 

hypothetical ribosome tails, estimating the distributions 
for the set of possible hypothetical ribosome tails for 
each species, and the fitness function used for the GA. 

Section 3 presents our findings, and Section 4 concludes 
our paper and suggests paths for future work. 

1.1 Ensemble Average Signal 

In this section, we discuss a method to analyze the 
free energy released during genetic translation using 
signal processing techniques, as used in [2,3,4,5]. A 
particular alignment of the 3’ exposed tail end against 
the messenger RNA is referred to as a conformation. 
The binding energy released in this conformation, also 
referred to as free energy, is estimated using the method 
of base-doublets [2]. This calculation penalizes 
mismatches and rewards consecutive base pairing in the 
conformation. A shift along the mRNA by one base 
position results in a new conformation, and the 
calculation of the free energy estimate is repeated. The 
binding energies for matching doublets are determined 
by experiment [6]. 

The set of free energy estimates for all possible 
conformations along the mRNA sequence constitutes a 
discrete signal that can be analyzed using methods of 
discrete-time signal processing [7]. The signal is 
calculated for each individual coding sequence along the 
forward strand in E. coli, and the ensemble average of 
531 such signals is plotted (See Appendix A for 
equations). For the remainder of this paper, we refer to 
this as the ensemble average signal, which, for each 
conformation, is expressed in units of kcal/mol, referred 
to as E. 

Fig. 1 demonstrates the ensemble average signal 
calculated by averaging the signals obtained by 
matching the tail end of the E. coli 16s ribosomal 
subunit to the 531 certain coding sequences for E. coli 
K-12 available in GenBank [9] (See Appendix A). The 
dip in this signal, interpreted as a “lock”, occurs roughly 
13 bases upstream from the start codon, indicating 
strong affinity of the tail end to the Shine-Dalgarno 
consensus sequence that resides here [2]. About 90 bases 
downstream, we observe that the signal becomes 
strongly 3-base periodic. We will refer to this 
downstream signal as the “synchronization” signal, since 
it appears to reflect how the ribosomal subunit moves 
along the mRNA sequence till the formation of the 
polypeptide chain is complete [2]. Table 2 summarizes 
the signal characteristics for the actual tail end in E. coli. 

1.2 Genetic Algorithms 

Genetic Algorithms (GAS) are numerical 
optimization techniques based on a generalized theory of 
evolution and natural selection, and have been used to 
solve a variety of problems such as the selection of 
optimal convolutional codes [ 101 and table-based codes 
for genetic translation initiation [4]. There are 413 
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different sequences that may be considered as 
hypothetical tail ends for the 3’ end of the 16s ribosomal 
subunit, a number which would be prohibitive for 
performing an exhaustive search. As discussed above, 
consecutive base-pairings between the ribosome tail end 
and the mRNA result in higher free energy release, 
suggesting that the complements of frequent mRNA 
base sequences will be important patterns in candidate 
tail ends. Since GAS emphasize patterns such as these in 
searching for optima, we chose to use a genetic 
algorithm to search for optimal ribosome tail ends. 

2 Methodology 

Our current work extends our previous work, as 
described in Section 1, to include thirteen other 
prokaryotes. A list of species used, their accession 
numbers, and their actual 3’ ribosome tails is given in 
Table 1. We used the Gutell Laboratory Database [8] to 
examine the structure of the 16s subunit of the ribosome. 
This enabled us to determine where the hairpin starts on 
the 3’ end. Our two-part hypothesis is that: 1) actual 
ribosome tail ends for each species will differ 
significantly from a random sample of its hypothetical 
tails, and 2) our Genetic Algorithm search for candidate 
tails will find that the actual ribosomes are among the 
best in signal characteristics in each species. 

For each species, we performed the same two-part 
experiment. First, given the tail length for a species, we 
generated a random set of 2000 base sequences that 
represent hypothetical ribosome tails. We then modeled 
the interaction of each of these hypothetical tails with 
500 of that species’ verified gene sequences available on 
GenBank [9], and measure the characteristics of the 
resulting signal. For the purpose of comparison with the 
actual ribosome tail and for optimizing our GA, a 
Gamma distribution was used to approximate the 
theoretical distribution of the signal characteristics. The 
Gamma distribution is described by the equation below: 

f(x) = x(”-’’e(-~)/ bar(a), 
where a and b are fit parameters for each species. The 
values for a and b for each (lock, signal, and SNR) 
distribution for each species are given in Appendix B. 

The probability distribution hct ions that resulted 
in this fit for E. coli K-12 and 2000 randomly generated 
hypothetical ribosome tails are given in Fig. 2.  In each 
probability density function plot, the value for the actual 
E. coli ribosome is marked by a point. Similar plots are 
yielded when the actual ribosome tails for each of the 
fourteen species are compared with their PDFs. 

In the second part of our experiment, we ran a 
Genetic Algorithm for each species to find hypothetical 
ribosome tails that are optimal with respect to the lock 
and synchronization signal magnitudes, and the signal to 
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Fig. 2. E. coli Signal Characterisitic PDFs 

noise ratio. In the following sub-sections, we describe 
the signal calculations and the parameters used for our 
Genetic Algorithm. 

2.1 Ensemble Average Signal Characteristics 

For each candidate ribosome tail end for a given 
species, we calculate the ensemble average signal (see 
Appendix A) over a set of 500 certain coding sequences 
obtained from GenBank [9]. From this signal, we 
determine three parameters: 1) the magnitude of the 
synchronization signal, 2) the magnitude of the lock 
signal (which will be negative, since it represents a free 
energy “release”), and 3) the signal-to-noise ratio. Table 
2 lists these parameters for the actual tail end in E. coli. 

The magnitude of the synchronization signal (sync) 
is estimated using a method that takes advantage of our 
prior knowledge of its periodicity. We calculate running 
averages of every third position along the signal, and 
interpolate a sine wave through the three resulting points 
(see Appendix A). This method of calculating the 
magnitude works well in the presence of immense noise, 
which is characteristic of the E. coli genome [2]. 

An estimate of the “pure” signal is obtained using 
the calculated magnitude and phase. This estimated 
signal is subtracted from the noisy ensemble-average 
signal to get the noise signal. The ratio of the variance of 
the estimated “pure” signal to the variance of the noise 
yields an estimate of the signal-to-noise ratio (SNR). 

The affinity of the 16s tail end to the Shine- 
Dalgamo sequence is measured by the minimum 
magnitude of the signal, roughly between positions 16 
and 12 bases upstream from the start codon. This is 
referred to as the “lock” magnitude. 
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2.2 Genetic Algorithm Parameters 

Since we hypothesized that the most important 
features of a ribosome tail end for optimal translation are 
the lock and synchronization signal magnitudes, and the 
S N R  of the ensemble average signal, we designed an 
objective function to simultaneously optimize for these 
features. 

The objective function, or fitness, for a given 
ribosome tail end is computed in three steps. First, we 
compute the lock, synchronization, and SNRs as 
discussed above. We then assume that each of these 
features is Gamma-distributed and calculate p-values for 
each feature. Third, the total fitness of a candidate tail 
end is the sum of these three p-values, and the GA 
optimizes for the minimum of this sum. Our GA, with 
population size 100, mutation rate 0.1, and no crossover, 
was then run using this function to search for optimal 
ribosome tail ends for each species. 

3 Results & Discussion 

Results for the Genetic Algorithm searches for each 
species are given in Tables C1-C14 in Appendix C. In 
each table, the actual ribosome tail for the species is 
given in bold italic. Five hypothetical ribosome tails are 
listed whose fitness value was lower (and therefore 
“more optimal”), and three are given whose fitness was 
less optimal. For each signal characteristic, the lock and 
signal magnitudes, and the S N R  for the ensemble 
average signal (as computed in Appendix A) over 500 
confirmed genes in the species are given. 

For simplicity, we will discuss results found in Table 
C1, for the species Aquifex ueolicus. The first five rows 
of Table C1 list five optimal hypothetical ribosome tail 
ends whose fitness functions were better than that of the 
actual Aquifen ueolicus ribosome tail end. For each of 
these, the synchronization signal magnitudes and SNRs 
were better than those of the actual tail. The lock, 
corresponding to strong complementarity to the Shine- 
Dalgarno sequence, for the actual ribosome tail in this 
species, however, is much larger than those that the GA 
found with higher fitness. This suggests that the lock 
might be particularly important for translation of the 
genes in this species. Those hypothetical tails with 
higher (worse) fitness are still quite close and have 
similar signal and S N R  values, and their lock 
magnitudes are similar to other top candidates. 

As we found in our previous research, the fitness 
function was able to optimize its search to find 
hypothetical tails with better performance than the actual 
ribosome tail in most cases. Since we believe that good 
performance in all three parameters is important, these 

results show that the fitness function was appropriate in 
optimizing for the lock and synchronization signal 
magnitudes and the signal to noise ratio. 

We remark here that most of these species obtained 
a lock magnitude of -0.57 E or stronger (i.e. more 
negative), indicating strong complementarity to the 
Shine-Dalgarno sequence. This finding did not hold for 
Rickettsia conorii, whose lock magnitude is -0.234 E, 
and whose signal magnitude is 0.069 E. These values 
may reflect major biological differences between 
Rickettsia conorii and other species in this group. Signal 
magnitudes for all other species, other than Rickettsia 
conorii and Thermoplasma volcanium (-0.054 E), lie 
between -0.1 and -0.22 E. It is interesting to note that, 
despite the good performance of the GA in finding 
hypothetical ribosome tails in other species with 
stronger lock and signal magnitudes, the GA was unable 
to find tails that performed significantly better than the 
actual ribosome for Rickettsia conorii and 
Thermoplasma volcanium on the 500 genes selected for 
study. This indicates that the lock may not be so 
important for Rickettsia, and the signal magnitude may 
not be so important for either Rickettsia or 
Thermoplasma. This implies that some other process 
may be driving the ribosome along the &A in these 
cases. SNR values for the actual ribosomes ranged from 
-18 dB to -6 dB. It would be interesting to investigate 
the biological reasons for the difference in the strength 
of the S N R  across several species. 

In all the species, we find that the phase of the 
actual ribosome differs significantly from the phase of 
the best ribosomes found by the GA. This suggests that 
phase may play a significant role in the selection of the 
optimal ribosome tail end. 

4 Conclusion 

The results of this experiment support our 
hypothesis that the lock and synchronization signals are 
important indicators of protein production in most of the 
fourteen different prokaryotes we selected. We have 
confirmed that, in these characteristics, each actual 
ribosome tail seems to differ significantly from a 
randomly generated hypothetical ribosome tail in these 
characteristics. Our work has also generated, for each of 
fourteen species, a set of base sequences that might be 
used in transgenic protein production. These “best 
performing” hypothetical tails can also be compared to 
the actual ribosome tails to determine characteristics that 
are important to protein translation in each of these 
species. 

Our Genetic Algorithm fitness function was able to 
distinguish candidate tail ends, and optimize for only 
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those with favorable values for all three signal criteria. 
Future work can extend this fitness function to 
encompass other criteria that may be important in 
genetic translation. In particular, we plan to investigate 
the role of the phase of the synchronization signal in 
these organisms. 

In conclusion, our findings suggest that the “ideal” 
ribosome tail, for most species investigated, needs all of 
these characteristics: a strong lock to initiate protein 
production, and a strong synchronization signal, that is 
well-differentiated from noise, to drive it along. 
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Appendix A: Signal Calculations 

Let ei (x) denote the free energy score estimate for 
gene i at position x along the mRNA as computed in [2]. 
Let N denote the number of genes in the sample. The 
ensemble average signal S (x) at position x is: 

In the following, we calculate the magnitude and 
phase 4 of the synchronization signal. For a coding 
sequence of length k codons, we calculate three 
quantities, A, B and C. We begin these calculations 90 
bases, i.e. 30 codons, downstream from the start codon, 
after which strong periodicity of the signal is observed 

(3) 

(4) 

These quantities represent the average signal over 
the entire coding sequence. We subtract the constant DC 
term from these quantities to remove any bias, resulting 
in the points a, b, and c, given in (6). 

DC = ( A  + B + C) / 3 
a = A -  DC, b = B - DC,C = C - DC 

( 5 )  
(6) 

We interpolate a sine wave (of magnitude M and phase 
4) through a, b, and c using the formulae given below: 

a = Msin(4) (7) 
b = M s i n ( 4 + 2 ~ / 3 )  (8) 

(9) c = Msin(4 + 47~ /3) 

4 = arctan(&a /(a + 2b)) M = a / sin(4) (10) 
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Appendix B: Gamma Distribution Parameters for Each Species 

Gamma Distribution Parameters for Each Species 
Species I Lock Magnitude I Signal Magnitude I Signal-to-Noise Ratio 

a a b 

I Ribosome I Lock I SyncMag I SyncPhase I SNR 

Appendix C: Genetic Algorithm Results for Each Species 

Fitness 

I Ribosome I Lock I SyncMag I SyncPhase I S N R  I Fitness I 
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Table C3. Bacillus subtilis subsp. subtilis str. 168 

Ribosome 

GTCCTCCTCGAGGTC 
GCTACTTCCTCTACC 
CTAACTTCCTCTACC 
CCTCCTCCAGGACCA 
GCAACTTCCTCTACC 

Lock Sync Mag Sync Phase SNR Fitness 

-0.5906 0.1 98543 2.983161 -10.364 0.01 1638 
-0.4664 0.167585 0.858716 -9.1699 0.01 1864 
-0.471 8 0.150007 0.826422 -9.618 0.016190 
-0.7520 0.184039 -1.124272 -10.771 0.016225 
-0.4634 0.150243 0.857856 -9.5434 0.01 6945 

(E) (E) mad) (dB) 

TTTTTCCTCCACTAG 
GTCCTCCTTGAGGTC 
CCTCCTCTAGGAACA 
CCTCCTCGAGGAACA 

Table C4. Chlamydophila pneumoniae CWLO29 

-0.575 0.119317 3.129946 -11.01 0.039270 
-0.5470 0.151 129 3.053628 -12.076 0.049 1 7 1 
-0.7524 0.132249 -0.907145 -12.069 0.052296 
-0.6724 0.146960 -1.004224 - 12.572 0.062673 

Table C5. Escherichia coli K-12 

1 CGCACTACGCCTTCC I -0.3802 I 0.225870 I 0.727093 I -12.51 1 0.2 19540 
Table C6. Lactobacillus plantarum WCFSI 
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I Ribosome I Lock I SyncMag I SyncPhase I SNR Fitness 

Table C7. Pseudomonas aeruginosa 

Ribosome Lock Sync Mag Sync Phase SNR 
(E) (E) (Rad) (dB) 

CTTCTCCTTCTAT -0.1872 0.172527 -1.691118 -9.3593 
CTCCTTCTTCTAT -0.1848 0.171855 -1.688626 -9.4896 
CTCCTTCTACTAT -0.1702 0.162764 -1.634890 -9.4639 

Fitness 

0.009519 
0.01 1273 
0.014616 

CTTCTTCCTCTAT 
CTCCTACTTCTAT 

ATTCCTCCATTAG 
GTTCTACTTCTTT 

-0.1648 0.1591 59 -1.363288 -9.2443 0.014675 
-0.1638 0.165802 -1.640774 -9.3403 0.015862 
-0.2346 0.069519 -0.805266 -13.080 0.219663 
-0.0994 0.162670 -1.511706 -9.2938 0.225087 

I 

Table C8. Rickettsia conorii 

CTCCTTCTAATCT I -0.1674 I 0.077859 I -2.487901 I -13.708 0.225683 
GTGCCCCTTCTTT I -0.1212 I 0.083605 I -1.544292 I -12.663 

Table CIO. Salmonella enterica subsp. enterica serovar Typhi str. CT18 

0.227761 
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ACCTTCTCGACGA 1 -0.4954 I 0.300702 I 2.624290 1 -8.1761 0.056588 
CACCTCCTGTGTA I -0.8866 I 0.150701 I -1.621553 I -9.5096 0.059184 

Ribosome Lock Sync Mag Sync Phase SNFt Fitness 
(E) Q) (Rad) (dB) 



I Ribosome 1 Lock I SyncMag: I SyncPhase I SNR I Fitness I 

AACCTCGACGACTCA I -0.4978 I 0.251193 I 2.839010 I -5.7733 

I TCAGCCTCGACTAGA I -0.4488 I 0.138739 I 0.713807 I -11.889 I 0.118181 
Table C11. Streptococcus pyogenes MGASl0394 

0.056633 

I Ribosome 1 Lock I SyncMag I SyncPhase I SNR I Fitness I 

AACCTCCAGGACTCA I -0.6597 I 0.166285 I 3.028264 I -6.8150 0.057808 

Table C12. Staphylococcus aureus subsp. aureus MW2 

I Ribosome I Lock I SyncMag I SyncPhase I SNR I Fitness I 
GACTCCAACT -0.3508 

0.055668 -1 8.255 0.262799 I TTCTCCGGCC I -0.2256 I I 2.757214 I 
Table C14. Thermoplasma volcanium 

GGCTCCAACT -0.33 10 0.071120 2.919964 -14.3925 0.0421 97 
CCTCCACTAG -0.5812 0.053719 -0.229560 -18.1783 0.245097 
TGCTCCGGCG -0.1776 0.065039 2.731275 - 17.589 0.248074 
GACTACTGCT -0.1256 0.084407 -3.106916 - 1 2.1 46 0.251380 
TTCTCCGGCC -0.2256 0.055668 2.757214 -1 8.255 0.262799 

Table C14. Thermoplasma volcanium 
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