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Abstract 

The entropies of protein coding genes from Escherichia coli were calculated according to Boltzmann’s 
formula. Entropies of the coding regions were compared to the entropies of noncoding or miscoding ones. 
With nucleotides as code units, the entropies of the coding regions, when compared to the entropies of 
complete sequences (leader and coding region as well as trailer), were seen to be lower but with a marginal 
statistical significance. With triplets of nucleotides as code units, the entropies of correct reading frames were 
significantly lower than the entropies of frameshifts + 1 and - 1. With amino acids as code units, the results 
were opposite: Biologically functional proteins had significantly higher entropies than proteins translated from 
the frameshifted sequences. We attempt to explain this paradox with the hypothesis that the genetic code may 
have the ability of lowering information content (increasing entropy) of proteins while translating them from 
DNA. This ability might be beneficial to bacteria because it would make the functional proteins more 
probable (having a higher entropy) than nonfunctional proteins translated from frameshifted sequences. 
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1. Introduction universal, the identification of entropy with miss- 
ing information has proved to be controversial 

The thermodynamic quantity entropy (S) has [l-5], and of limited use, being applicable only to 
been, since Boltzmann has defined it as those systems where the information could be 

II cIearly defined, for example in the genetic code 

S= -k,CP, In Pi 
i=l 

(1) [61. 
In 1949 C.E. Shannon proposed a similar func- 

(k, denoting the Boltzmann constant), closely 
related with disorderliness, randomness and 
sometimes even used as a measure for the lack of 
information. While the first two relations are 

* To whom correspondence should be addressed. 

tion, 

H = - f Pi log* Pi (2) 
i=l 

as a measure for information per digit in a coded 
message [7]. The applicability of his approach to 
biological systems has been widely discussed ever 
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since [S-13]. Most controversies arose from dis- 
putes concerning actual signs (+ or -> in these 
relations [13,14]. However, this debate seems to 
be settled because it is now widely accepted that, 
beside average information per digit of coded 
message, Shannon’s H function (eq. 2) also mea- 
sures the missing information about the system 
bQ51. 

The initial idea of this paper was to apply 
Boltzmann’s formula (eq. 1) in calculating en- 
tropies of functional DNA and protein sequences 
and to compare the obtained values to the en- 
tropies of noncoding or miscoding sequences in 
order to find out whether this approach could 
discriminate between coding and noncoding DNA 
sequences, and whether it could be used as a 
possible method to verify the open reading frame 
(one of the three possible frames that gives the 
biologically functional protein). 

Although thus caIculated entropies did not 
prove to be accurate enough to distinguish be- 
tween coding and noncoding DNA sequences, 
they have shown to be very specific in discrimi- 
nating reading frames from frameshifts. The en- 
tropies of the reading frames were significantly 
lower than those of the frameshifted gequences, 
which is in accordance with the intuitive expecta- 
tion that the sequences containing a definite bio- 
logical information should have a lower entropy 
than the frameshifted sequences which lack that 
information. 

Unexpected results emerged upon the transla- 
tion of these DNA sequences to proteins. Protein 
sequences originating from the reading frame, i.e. 
biologically functional proteins, showed signifi- 
cantly higher entropies than the protein sequences 
which were translated from frameshifted se- 
quences (sequences unable to yield the functional 
proteins). 

Since translation according to the genetic code 
is the only operation that has been performed on 
those sequences, we assume that the genetic code 
may have the ability of increasing entropy (de- 
creasing information content) of proteins while 
translating them from the DNA sequence. This 
ability might be beneficial to organisms because it 
would make the functional proteins more proba- 
ble (having a higher entropy) than nonfunctional 

proteins produced by frameshifted translation of 
the genetic information. 

2. Methods 

Basic statistical unit in this study was one 
DNA sequence. Calculations were performed in 
three ways, i.e. assuming nucleotides, triplets of 
nucleotides and amino acids as code units. En- 
tropy (S) was calculated according to the modi- 
fied Boltzmann formula, with the proportionality 
constant k chosen to fit the binary code, i.e. 
k = l/in 2. 

s= - iPi log* P, 
1-l 

(3) 

where Pi denotes the probability of a particular 
(ith) code unit (nucleotide, triplet, or amino acid); 
for instance, the probability of the amino acid 
glycine in the enzyme serine-tRNA synthetase 
from E. coli is 0.0696 (number of glycines in the 
sequence divided by the total number of amino 
acids in the sequence). 

With nucleotides as the code units, the en- 
tropies of the coding region were compared to 
the entropies of the complete sequence (leader, 
coding region and trailer). With triplets as the 
code units, the entropies of the reading frames 
were compared to the entropies of frameshifted 
sequences (sequences derived from the original 
sequence reading with frame shifted for one (+ 1) 
or two nucleotides (- 1)). With amino acids as 
the code units entropies of the biologically func- 
tional proteins were compared to the entropies of 
nonfunctional polypeptides which would be pro- 
duced if frameshifted sequences were translated. 

The significance of entropy differences was 
tested by using Student’s t test (p,) and the 
non-parametric Mann-Whitney test (p,,). 

DNA sequences were collected from the com- 
puter database ‘Micro genius’ and checked against 
the original papers [16-371 for starting and end- 
ing points of the coding regions. Frequencies, 
probabilities and entropies were calculated by 
means of an original computer program. Further 
computations and testing of the significance were 
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performed by using commercially available 
ware CQuattroPro and ‘StatGraphics’). 

soft- 

3. Results 

The entropies of protein coding genes have 
been calculated, compared and related to the 
information content and biological significance. 
The analysis covered the total of 42,353 base 
pairs (bp) organized in 20 sequences. The average 
Iength of a sequence was 2,117 bp ranging from 
595 bp to 5,227 bp. Ail sequences were protein 
coding genes from Esc~erjchja coli and together 
they represented ap~roximateIy 1% of its genome. 

The average entropy of a compiete gene ex- 
pressed in binary units, calculated with a nu- 
cleotide as a code unit was 1.99225 bits per 
nucleot~de, ranging from 1.97364 bits to I.99992 
bits, The entropy of the coding region was only 
slightly lower (Table I), the difference being sta- 
tistically insignificant (p, = 0.20, phnw = 0,131. 

With triplets as code units, the entropies of 
biologjcaI~y functional sequences were compared 
to the entropies of ~amesh~fted seque.nces. The 

Table 1 

Entropy values fmesn, standard deviation, minimum and max- 
imum value of Sf in bits per code. unit calculated far prutein 
coding genes from E. IX& with nucleotides, tt-iplets and amino 
acids as code units 

entropy I bits 

Fig. 1. D~stribLltion of entropies calculated with triplets as 
code units, assuming correct and frames~ifted reading of E. 

c&s DNA sequences. 

obtained results (Table 1, Fig. 1) were in agree- 
ment with the intuitive expectation that the se- 
quences containing biological info~ation should 
have a lower entropy than the frameshifted se- 
quences which lack that information. Observed 
differences (average of 0.21474 bits and 0.28872 
bits between entropy of the reading fTame and 
framesh~f~s + 1 and - 1, res~ective1~~ were found 
to be statistically significant. Both Student’s test 
and Mann-~‘hitney~s test estimated the probabiI- 
ity of null (i.e. no difference) hypothesis fairIy 
beIow one percent (pt = 1.5 10m4 and pMw = 
3 fV4 for the difference between the reading 
frame and the frameshift + I; pt = 4.5 I@ and 

entropy t’ bits 

Fig. 2. ~~str~but~on of entropies cakufated ~4th amino acids 
as code units, assuming correct and framesh~~ed t~slatjo~ 

of E. ~01i% DNA sequences. 
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pMw = 2 lo-’ for the difference between the blance reinforces entropy as an indicator for the 

reading frame and the frameshift - 1). functional information in DNA. 

The analogous analysis with amino acids as 
code units (Table 1, Fig. 2) gave opposite results: 
Protein sequences which are biologically func- 
tional and therefore contain some evolutionary 
information have shown higher entropies than 
protein sequences which are products of the 
frameshift and hence lack any biological informa- 
tion and function. The calculated differences (Ta- 
ble 1) are also highly significant: pI = 2.5 lop5 
and pMw = 2 10m4 for the difference between 
the reading frame and the frameshift + 1; pI = 
2.5 lop3 and pMw = 2 lop3 for the difference 
between the reading frame and the frameshift 
-1. 

Interesting results were obtained when en- 
tropies were calculated with amino acids as code 
units, i.e. a&r translation from DNA to proteins. 
The translation according to the genetic code 
results in an inversion of the relationship be- 
tween entropies of biological sense and nonsense. 
The protein sequence originating from the cor- 
rect reading frame, thus representing the biologi- 
cally functional polypeptide, shows a higher en- 
tropy than the polypeptides generated through 
frameshifted translations which are a biological 
nonsense. This finding seems paradoxical: How 
can a molecule which obviously contains definite 
information (a biologically functional protein) 
have a higher entropy than sequences which lack 
any bioIogical sense (sequences produced by 
frameshift)? We suggest a hypothesis which may 
help to explain the paradox. 4. Discussion 

Results of this analysis support the idea that 
entropy calculated according to Boltzmann’s for- 
mula could be used as an indicator for the func- 
tional information in DNA. Entropy difference 
between coding and noncoding regions, calcu- 
lated with a nucleotide as code unit, was only of 
marginal significance (p, = 0.2, PMw = 0.13). 
Since scarcity of extensive noncoding regions in 
E. co/i’s genome has made it impossible to calcu- 
late the exact entropy of noncoding DNA, en- 
tropies of coding regions could have been com- 
pared only to the entropies of complete mRNA 
sequences (leader, coding region and trailer), and 
such an inadequate comparison (coding region 
was partiahy compared to itself) might expiain 
the lack of significance. 

The results obtained with triplets as code units 
seem to be unequivocal in stating the statistical 
significance of the difference between entropies 
of the correct reading frames and entropies of 
the frameshifted sequences leaving no dispute 
about the adequacy of entropy as an indicator for 
the biologically functional information of DNA. 
It is quite essential that these results were ob- 
tained with triplets as the code units because 
reading in triplets is the way the nature itself 
decodes the information from DNA. This resem- 

Protein sequences, functional and frameshif- 
ted, are translated from DNA sequences accord- 
ing to the genetic code. The present genetic code 
is a product of billion years of evolution and its 
redundancy provides many favorable qualities. 
Some of them are well known, e.g. suppressing 
the nonsense mutations (mutations to stop codon) 
and propagation of the same sense and neutral 
mutations, and some are still to be discovered, 
maybe the tendency to retain information on 
both strands of DNA [3X]. The abihty of lowering 
information content during translation is perhaps 
another intrinsic property of the genetic code. If 
this were true, it would enable bacteria to sup- 
press frameshift mutations by lowering the en- 
tropy of proteins produced by frameshift. This 
would make the correct reading frame the most 
probable and thus propagate its transIation to the 
corresponding protein. 

Our hypothesis that genetic code may have the 
ability for some kind of ‘hiding’ information dur- 
ing translation might seem, unexpectedly strange, 
but if we consider other, equally strange though 
already established facts (e.g. the correlation of 
the expression of most proteins with the fitness of 
the codon anticodon pairing and its consecutive 
determination by the codon usage [39-411; claims 
on structural complementarity between proteins 
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coded on complementary strands of DNA [42-451; 
suggestions that genetic code redundancy is in 
fact ‘optimal utilization of 64 codons for the 
purpose of retaining information in two comple- 
mentary strands of DNA’ [38], etc.), we cannot 
reject the possibility that lowering the informa- 
tion content during the translation might be an- 
other remarkable property of the genetic code. 
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