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Abstract—A paleo-experimental evolution report on
elongation factor EF-Tu structural stability results using the
ancestral protein sequence reconstruction modeling has been
used in teaching community college pre-engineering students to
do research. A project analyzing free energy and Shannon
entropy of the engineered DNA sequences would benefit students
interested in protein engineering. The studying of EF-Tu DNA
sequences obtained from such an ancestral protein sequence
reconstruction model shows a clustering pattern in the graph of
Shannon entropy versus free energy calculated from the
NUPACK software, posted on the internet by Caltech. The
inclusion of HB8 and E. coli EF-Tu sequences for comparison
suggests that a local area on the graph in the unit of bits-kcal/mol
would serve as a marker for ancestral protein sequence
reconstruction modeling constraints, while the separation
distance between two such areas would represent selection
pressure differential between organisms.
Extension to
transcription elongation factor retained the clustering pattern.
The inclusion of Pandoravirus supports a regression trend of
entropy versus free energy for the studied transcription
elongation factor sequences with adjusted R-sq 0.984 (N =4).
Keywords— Shannon entropy; NUPACK; EF-Tu; transcription
elongation factor

I.

INTRODUCTION

Community college pre-engineering students need
counseling on which career path such as electrical engineering,
chemical engineering, protein engineering, etc. Hands-on
experience gained in doing a research project in a laboratory
and presenting the results in conferences would enhance
motivation and improve retention. Genetic circuit engineering,
where the proteins from the expression of one gene would
regulate the expression of another gene, and protein
engineering are relatively new fields where community college
pre-engineering students usually have minimal exposure. A
very important task in protein engineering would be the study
of an amino acid sequence folding with free energy design
optimization.
Knowing that modern-day proteins were
descended from proteins in ancient life forms, the ancestral
protein sequence reconstruction technique would offer valuable
information. A paleo-experimental evolution report has
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suggested that the laboratory investigation of the thermostability of elongation factor EF-Tu protein by circular
dichroism data would provide an opportunity to rewind the
tape of life using ancestral protein reconstruction modeling
approach [1]. Furthermore they reported that the insertion of
an ancient version of EF-Tu in Escherichia coli (E. coli) would
give rise to mutations of other genes while the inserted ancient
sequence has remained intact without mutation [2]. The
elongation factor thermo unstable (EF-Tu) provides the
aminoacyl tRNA access to a free site of the ribosome.
Knowing that EF proteins show strong thermo-stability via
structural divergence and adapt readily to the host organism
operating temperatures, the book of life informatics dogma in
biology would point to the correlations of the DNA sequence
thermo-adaptability with the associated DNA sequence
bioinformatics. The advances in biomedical research have
been generating numerous DNA data informatics suitable for
analysis with the Shannon entropy formulation in electrical
engineering focusing on informatics communication.
The early application of Shannon entropy analysis on DNA
sequence, treating a sequence as words, focused on the L-block
entropy calculation where L =1 for single alphabet or mononucleotide entropy, L = 2 for double-alphabet or dinucleotide
pair entropy, etc. [3]. The results for a real DNA sequence, the
yeast chromosome sequence, showed maximal block entropy
indicative of a very disordered sequence as compared to
literary texts or computer codes for the studied L values
ranging from 1 to 15. However the empirical distribution of
all length-L words shows convergence problems for finite
DNA sequences. One of the proposed solutions was to extend
the original Shannon formula to Rényi quadratic entropy
formula calculated with MATLAB [4]. Recent development of
Shannon entropy concept had been summarized in a review
volume by Advances in Experimental Medicine and Biology
with chapters on motif composition analysis [5], gene
expression analysis [6], 3-mer visualization of DNA sequence
for pattern analysis [7], and new measures of entropy such as
topological entropy [8]. The numerous references cited in the
above review volume form a compact literature source for
college students using Shannon entropy in bioinformatics
related research projects. Among all these entropy concept

applications, our community college student research project
focuses on the mono-nucleotide entropy and di-nucleotide
entropy correlation with free energy.
In general, a collection of the 16 di-nucleotide pairs of a
DNA sequence would yield a histogram representation and an
entropy value in informatics. Since a protein could be coded
from many different DNA sequences, the imposed constraints
would limit the DNA sequence selection in an ancestral protein
sequence reconstruction study and useful in studies on “rewind
the tape of life” with various investigative hypotheses. This
project studied the DNA sequence free energy correlation with
entropy informatics in elongation factor EF-Tu.

II.

MATERIALS AND METHODS

The Elongation Factor-Tu (EF) DNA sequences used in the
paleo-experimental evolution report cited as Reference One
were given to us by Professor Eric Gaucher. The Thermus
thermophilus (T. thermophilus) HB8 EF-Tu calibration protein
sequence for circular dichroism used in Reference One also has
a corresponding DNA sequence in Genbank. Other DNA
sequences such as E. coli EF-Tu for comparison study in this
project are also in Genbank. A genetic DNA sequence can be
viewed as an assembly of di-nucleotide pairs. The information
content entropy calculations were done using the Shannon (p*
log(p)) formulation where p represents the probability of a dinucleotide pair.
Summation over the range of all 16
possibilities or pairs for di-nucleotide entropy would give 4
bits as maximum entropy per possibility. A genetic DNA
sequence can also be viewed as an assembly of mononucleotides. Note that there are 4 possibilities for mononucleotide entropy giving 2 bits per A or T or C or G for
maximum entropy. The NUPACK software from Caltech was
used to calculate the DNA sequence free energy values.
III.

Figure 2: The correlation of mono-nucleotide entropy in bits
y-axis with di-nucleotide entropy in bits x-axis is shown for the
studied EF-Tu sequences. The E. coli EF-Tu sequence clusters
with the 12 sequences from ancestral protein reconstruction
model of Reference One at the upper right corner while the
calibration sequences of HB8 (variant-1 TTHA0251 and
variant-2 TTHA1694) used in Reference One cluster at the
lower left corner.
The di-nucleotide entropy (x-axis) versus free energy
(kcal/mol) computed by NUPACK software from Caltech is
displayed in Figure 3 for the studied EF-Tu sequences. The
behavior is similar to that of Figure 2 with E. coli sequence
clusters with the 12 sequences from ancestral protein
reconstruction of Reference One at the right while the
calibration sequences of HB8 (variant-1 TTHA0251 and
variant-2 TTHA1694) used in Reference One cluster at the left.

RESULTS OF DNA SEQUENCE ANALYSIS

A typical mono-nucleotide histogram is shown in Figure 1.
The correlation of mono-nucleotide entropy with di-nucleotide
entropy is shown in Figure 2 for the studied EF-Tu sequences.

Figure 3: The di-nucleotide entropy in bits (x-axis) versus free
energy (kcal/mol) for the studied EF-Tu sequences. The HB8
sequence data (used for calibration in Reference One) cluster at the
lower left corner.
Figure 1: E. coli (K-12 substr. MG1655) EF-Tu sequence
mono-nucleotide histogram.

IV.

DISCUSSION

In general, the 12 reconstructed DNA sequence in the
ancestral protein reconstruction of Reference One cluster with
E. coli DNA sequence while the HB8 DNA sequences
responsible for the EF-Tu proteins used for circular dichroism
data calibration does not. The observed clustering effect in
Figure 2 would suggest that the studied HB8 sequences having
lower entropy values could have been subjected to relatively
strong selection pressure that moved them away from maximal
disordered states, consistent with the entropy interpretation
offered in Reference Three. An ancient sequence operating at
a high temperature would be expected to have a strong free
energy as computed with NUPACK software from Caltech.
Reference One reported the use of EF-Tu from modern-day T.
thermophilus (HB8) in their laboratory calibration (76.7 C
circular dichroism data). However the earliest EF-Tu protein
sequence in the ancestral protein reconstruction model at 73.3
Celsius in Reference One has a weak free energy value in the
associated DNA sequence of -156 kcal/mol (3.961 bits in
entropy, Figure 3) which is much lower than the two HB8
counterparts at around (-200 kcal/mol, 3.75 bits). Ancestral
protein sequence reconstruction aims to create a phylogenetic
tree and conjecture ancestral amino acid states at nodes. The
fact that there could be an overestimation in properties such as
thermo-stability prediction is acceptable [9], provided that
there would be further supporting evidence such as circular
dichroism on the structural folding, as demonstrated in
Reference One. Another alternative approach would be the use
of ancestral gene sequence reconstruction to supplement the
ancestral protein sequence reconstruction so as to rewind the
tape of life [10]. Recent suggestions include the modeling of
the evolution of a gene under selective pressure with
marginally stability for protein sequences [11].
It would be instructive to compare translation elongation
factor to transcription elongation factor, and to expand the
range of entropy and free energy values and to search for a
broad understanding. In particular a virus would have
transcription elongation factor with no need for translation
elongation factor. The recently discovered large genome
Pandoravirus carries transcription elongation factor S-II with
sequence data catalogued in Genbank as Pandoravirus salinus
partial genome KC977571 and Pandoravirus dulcis complete
genome KC977570 [12, 13].
The HB8 and E. coli
transcription elongation factors were included in the
comparison. The result is displayed in Figures 4 and 5.

Figure 4: The correlation of mono-nucleotide entropy in bits (yaxis) with di-nucleotide entropy in bits (x-axis) is shown (N =
19).
In Figure 4, the two Pandoravirus transcription elongation
sequences cluster at the lower corner, the HB8 transcription
elongation factor (nsuA also labeled as TTHA0701) clusters
with its translation elongation factor (2 sequences) at the
middle, and the E. coli transcription elongation factor nsuA
clusters with its translation elongation factor and Reference
One sequences at the upper corner. The high R-sq value of
0.99 (N = 19) shows that the Shannon entropy measure of
information content is similar for mono-nucleotide types or dinucleotide pairs. A similar clustering pattern for entropy and
free energy for the studied sequences is shown in Figure 5.

Figure 5: The di-nucleotide entropy in bits (x-axis) versus free
energy (kcal/mol) for the studied EF-Tu translation (diamonds)
and transcription (squares) elongation factor sequences. The E.
coli nusA transcription elongation factor sequence (3.933 bits,
-215 kcal/mol) clusters with the E. coli translation EF-Tu
sequence and the 12 sequences from ancestral protein
reconstruction model of Reference One at the upper right
corner while the calibration sequences of HB8 EF-Tu (variant1 TTHA0251 and variant-2 TTHA1694) used in Reference
One cluster at middle together with TTHA0701 or nusA
transcription elongation factor (3.759 bits, -234.4 kcal/mol).
The Pandoravirus transcription elongation factor sequences
(diamonds) cluster at the lower left corner.

It could be a speculative interpretation that the clustering
feature displayed in Figure 4 shows virus transcription
elongation factors must have low entropy values with relatively
ordered sequences as compared to the translation elongation
factor sequences in general. A broad understanding emerges
where entropy and free energy are clustered in the studied
translation and transcription elongation factor sequences as
displayed in Figure 5. The model dependent ancestral protein
reconstruction of EF-Tu sequences of Reference One cluster
together with the E. coli EF-Tu sequence near the upper corner,
and the occupied area could serve as a marker for model
constraints. The HB8 EF-Tu sequences cluster together with
natural selection constraints at the middle, and the
Pandoravirus having only transcription elongation factor has
the most constraint in terms of entropy informatics and its
sequences cluster at the lower corner. The local neighborhood
with the unit of bits-kcal/mol would serve as a comparative
parameter representing the amount of constraints, and the
separation between two such neighborhoods or areas would
represent selection pressure differential between organisms.
Interestingly, the three different constraints as discussed above
show some correlation with free energy values, suggesting that
entropy does not distinguish the constraint origin. Specifically,
the studied transcription elongation factor shows a high
correlation (adjusted R-sq 0.984 N = 4) for entropy with free
energy in Figure 6. Transcription carries a complex multi-step
process where RNA polymerase II (Pol II) would transcribe
DNA informatics into RNA with timing control including
transcription initiation, elongation, capping, termination, and
histone modifying factors. The high R-sq value would be
expected to decrease when other transcription elongation
factors from other organisms are included in future studies. In
general, a sequence having relatively no constraint in
information content would carry high entropy value near the
maximum allowable 4 bits for di-nucleotide and 2 bits for
mono-nucleotide. A high CG or AT content sequence would
carry low entropy value with a narrow histogram as compared
to the histogram of a sequence with equal probability for each
di-nucleotide or mono-nucleotide. However a high CG content
sequence would carry strong free energy (lower left corner of
Figure 6) and be favorable to form a positive slope regression
with other sequences as shown in Figure 6. On the other hand,
a high AT sequence would carry low free energy (upper left
corner of Figure 6) and be favorable to form a negative slope
regression with sequences near maximum entropy and
moderate free energy. The high AT sequence conjecture could
be solved with future investigations on sequences from other
organisms. Whether selection would favor high AT or CG
content in transcription (or translation) elongation factors
among organisms could be another interesting question for
future studies.

Figure 6: The di-nucleotide entropy in bits (x-axis) versus free
energy (kcal/mol) for the studied transcription elongation
factor sequences (adjusted R-sq ~ 0.984).
The entropy values of transcription elongation factor are
closed to translation elongation factor in the studied HB8 and
E. coli sequences (Figure 5). This closeness could be a
universal signature saying that both transcription and
translation elongation factors had experienced similar
constraints. The HB8 T. thermophilus was originally isolated
from a hot spring thermal vent and the lower entropy and
stronger free energy in its elongation factor sequences as
compared to the E. coli counterparts would be consistent with a
trend that special environment for strong free energy sequence
would impose more constraints and thus would suppress
information content entropy. The Pandoravirus, having CpG
content of about 20% and with only 6% sequence similarity
with all other sequences from all known viruses, would follow
the same pattern in its transcription elongation factor of low
entropy and strong free energy and occupies the lower corner
of the entropy-free energy graph. Knowing that ChIP with
DNA microarray coupled with high-throughput sequencing
technologies (ChIP-chip and ChIP-seq) have revealed wide
spread regulation of transcription elongation [14], and that
stochastic fluctuation in gene expression has been interpreted
as decision making or free will in bacteria [15], the proposed
entropy-free energy approach would offer additional insights.
V.

CONCLUSIONS

The studying of EF-Tu DNA sequences obtained from an
ancestral protein reconstruction model shows a clustering
pattern in the graph of Shannon entropy versus free energy
calculated from the NUPACK software.
Extension to
transcription elongation factor retained the clustering pattern.
The inclusion of Pandoravirus supports a regression trend for
transcription elongation factor with adjusted R-sq 0.984 (N =
4). Future studies could include the entropy-free energy
analysis of all the DNA sequences in the recently discovered
Pandoraviruses (amoebic virus), having only 6% sequence
similarity with all other sequences from all known viruses, for
the examination of the already proposed hypothesis that

Pandoraviruses could have some sequences from non-Earth
DNA source.
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