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Abstract

Here, we describe FOCUS, a set of visualization 
tools that display protein sequences and 
structures with amino acids colored depending on 
the respective codon frequency. We approximate 
the rate of translation by constructing codon usage 
tables from the open reading frames of genomes 
deposited in the NCBI GenBank, then applying the 
global and relative codon frequencies to a gene of 
interest. We hypothesize that the constructed 
codon usage tables, when normalized by relative 
codon bias, can serve as a proxy for the 
abundance of each amino-acyl tRNA in the cell. 
Using these tools, we show that the selection of 
high and low frequency codons appear to be 
structurally conserved in orthologs across all 
domains of life. This evidence suggests that codon 
frequency plays a vital role in protein folding, and 
thus has broad implications in drug discovery, 
amyloid diseases, protein structure prediction, and 
synthetic biology.

Introduction

Results

Methods

Discussion

The conjoining factor between the codons and 
their respective amino acids is called transfer RNA 
(tRNA). tRNA molecules appear in different 
concentrations within cells and overall frequencies 
of tRNAs can differ between organisms. Each 
organism has a codon bias, which is just another 
way of referring to the frequency of each of its 
codons. We used Python to calculate ORFs (open 
reading frames), split them into codons, count how 
many times each codon occurs, and divide each 
value of our codon dictionary by the total number 
of codons to get a global codon frequency. We 
believe that the frequency of each codon relates to 
its concentration in the cytoplasm, and in turn 
affects the rate of translation. This stems from the 
idea that it will take longer for a low frequency 
tRNA to come by the ribosome during translation 
than a high frequency codon because of their 
relative concentrations in the cell. We aim to show 
that the positioning of low frequency codons is 
strategic, and that there is evolutionary pressure 
for rare codons to appear in certain positions in 
proteins. It has been hinted at that codon 
frequency adds another layer of depth to the 
protein folding code. If this is true, then we expect 
to see that low frequency codons appear in 
conserved positions in proteins. In this study, we 
looked at arginyl-tRNA synthetase because they 
are well conserved across domains of life. We 
expect to see that low frequency codons are 
structurally conserved across domains of life.

Figure 2. Output of the colorFreq.py program when applied to each arginyl-tRNA synthetase. (A) Escherichia coli, representing bacteria (PDB 
ID 4OBY). (B) Pyrococcus horikoshii, representing archaea (PDB ID 2ZUE). (C) Saccharomyces cerevisiae (brewer’s yeast), representing 
eukarya (PDB ID 1BS2). These structures are colored according to frequency of codons. The same color for each codon appears in the same 
areas across these three organisms. Many rare codons appear around loop regions and around β-strands.

Figure 4. Block diagram that outlines our underlying bioinformatics pipeline. 
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Figure 1. Multiple sequence alignment showing the frequency of 
the codons between Pyrococcus horikoshii, Saccharomyces 
cerevisiae, and Escherichia coli. Blue amino acids represent those 
that have a global frequency of >40%. Light blue is between 40 
and 30%. Pink is between 30 and 20%.Orange is between 20 and 
10%. Red represents those with a frequency <10%. 

Figure 3. Comparisons of codon frequency with hydrophobic clusters analyses (HCA) of highly conserved arginyl-tRNA synthetases in 
Escherichia coli, Pyrococcus horikoshii, Saccharomyces cerevisiae show that rare codons are often found between hydrophobic clusters. The 
data provide  evidence that protein folding occurs progressively, such that the number of exposed hydrophobic residues is minimized and 
structurally significant polar contacts are made. Notice that residues colored in gold and red (codon frequencies <10% and <5%) appear to occur 
at the beginning and end of hydrophobic clusters. The HCA plot is a bidimensional plot that is associated with the alpha helicoidal pitch. This 
allows for ease in visualization of protein secondary structure. The plot depicts hydrophobic residues as green, and groups them if they form a 
cluster. Negatively charged residues are colored red, and positively charged residues are colored blue. Prolines are depicted as red stars. Serine 
and threonine are depicted as a black box within a white box, and alanine is depicted as a white box. Glycine is depicted as a black rhombus. 

Throughout our work on this project, the 
correlation between codon frequency and protein 
structure has become increasingly clear. While 
there appears to be some conservation of rare 
codons in the MSA (Fig. 1), there is a lot of noise, 
and the link between codon frequency and 
structure is not apparent. This is due to the 
methods the sequence alignments use, not fully 
taking into consideration the 2D and 3D structures 
of the proteins being aligned. With this in mind, we 
look towards structural models to shine light upon 
the underlying mechanism that governs the 
conservation of codon frequencies. 

 In each crystal structure (Fig. 2), the rare 
codons appear to outline secondary structures, but 
there are many exceptions to this observation. 
Many alpha helices have rare codons embedded 
within the helix, and therefore we concluded that 
there must be something more to it that we are 
missing. 

We came across the HCA program in search 
for a better way to analyze our data and found that 
rare codons appear to occur directly after 
hydrophobic residues, and in some cases, after 
structurally important features, such as kinks. This 
evidence suggests that the occurrence of rare 
codons plays a vital role in ensuring correct 
protein folding; more specifically, their occurrence 
marks a ribosomal pausing event in which the 
nascent polypeptide is able to find its lowest 
energy conformation. 

This work has widespread implications in the 
life sciences, most notably in protein engineering 
and synthetic biology as we plan to incorporate 
our findings into a codon optimization program. 
This work also applies to the study of prion 
diseases such as Alzheimer’s and Parkinson’s 
disease, as it shines light upon a potential 
underlying mechanism for protein aggregation. 
Furthermore, we plan to incorporate this work into 
a molecular dynamics simulation of protein folding 
to gain a more fundamental understanding of the 
mechanism central to our understanding of life.


