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In a recent publication entitled “Entropies of 
coding and noncoding sequences of DNA and 
proteins”, Lauc, IliC and Heffer-Lauc [ll made a 
comparison between entropies of the genetic code 
of DNAs and those of the primary sequence of 
proteins, where the entropy was calculated by 
Boltzmann’s formula, 

s= - CP, log,P;, (1) 

with the probability of ith coding unit being, Pi. 
They discovered a very interesting distinction be- 
tween DNA and proteins: When triplets of nu- 
cleotides are taken as coding units, the entropy of 
the sequence based on the correct reading frame 
is significantly lower than the entropy of either of 
the frames shifted + 1 or - 1. When amino acids 
are adopted as coding units, in contrast, amino 
acid sequences based on the correct reading frame 
have higher entropies than the sequences which 
are produced by the frameshifts. 

They found this a paradox, and hypothesized 
that the genetic code may have the ability to 
lower information content, i.e. to increase en- 
tropy, of proteins while translating them from 
DNA. I concur that the evidence may reveal 
something about the basic strategy of living or- 
ganisms learned during their long evolutionary 
history; for instance, as the authors claimed, it 
would make the functional proteins more proba- 
ble (having a higher entropy) than nonfunctional 

proteins translated from wrongly shifted frames. 
At the same time, however, I wish to point out 
that the findings can simply and directly be eluci- 
dated in terms of the nature of the universal 
codon table and the specific codon-usage strategy 
in the translation process as follows. 

A codon consists of three nucleotides and a 
DNA sequence can be written as-l 2 3 
1’2’3’1”2”3”-where 1, 2, and 3 denote the first, 
second, and third letter of a codon, respectively, 
and the single and double primes are used to 
distinguish sites belonging to different codons. In 
the correct frame, the sequence is divided into 
codon units as 1 2 311’2’3’ 11”2”3” , while frame 

shifted ones are 1) 2 3 1’ 12’3’1”]2”3” and 
1213 1’2’ 13’1”2”(3, for + 1 and - 1 shifts, re- 
spectively. 

There are two distinctive conditions in the 
universal codon table itself and in its use in the 
translation event: 

Condirion A: A coding redundancy exists 
caused by the “wobbling” in the codon’s “third 
letter”, thus, there appear a number of synony- 
mous codons which code for one amino acid but 
with a different third nucleotide. There is no such 
large redundancy at the second site, which 
uniquely determines the corresponding amino 
acid (except serine), while the first site has little 
more freedom than the second for synonymous 
base substitution. 
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Con&ion B: Codon usage within a group of 
synonymous codons is not arbitrary but is re- 
stricted to only a few members (distinctive ones 
are called optimal codons) in the group [2-51. 
According to a statistical study on the base se- 
quence of Escherichia coli DNA made by Blake 
et al. [61, the average codon probability of triplets 
in reading frame segments appears to be bimodal 
in distribution with about 40% of sequences hav- 
ing an average probability of 0.028 (36 codons are 
used) and the remaining -60% with values near 
0.024 (42 codons are used). The average codon 
probability of triplets in nonreading frame seg- 
ments has a normal distribution with a mode at 
0.016, which is nearly l/64, i.e. the random oc- 
currence of all triplets. 

From these two conditions, it is evident that 
the codons’ third letter is bound by the type of 
doublet of the two letters that precede it, 1-2; a 
joint probability P,, 3 is defined [7,8]. The exis- 
tence of the probability of the joint event implies 
a constraint which has the effect of reducing the 
entropy [91. 

In both +-I and -1 frameshifts, however, the 
constraint caused by the l-2-3 joint probability 
within a codon is partly removed 171, resulting in 
an increase in the entropy. This scheme based on 
the joint probability explains further details of 
the evidence presented by Lauc et al. that the 
increase in entropy is highest in the - 1 
frameshift, because the - 1 shift cuts off the joint 
between the third letter and the preceding dou- 
blet 1-2, while the +1 shift leaves the 2-3 joint 
intact. 

The reverse result reported for the amino acid 
sequence can be explained as follows. In the 
frame shifts, spurious codons, 2 3 1’ and 3 1’2’, 
obtain a true codon’s third letter at the second 
and the first sites, respectively, both of which 

sites almost unequivocally determine the amino 
acid. Several amino acid species, therefore, have 
no (or very little) chance to appear in the trans- 
lated sequence because the usage of the third 
letter is restricted (condition B), and the entropy 
of the amino acid sequence is reduced accord- 
ingly. This scheme is reasonably consistent with 
the details of the finding that the entropy is 
lowest in the + 1 frameshift, and next to lowest in 
the - 1 frameshift, for the former has the letter 3 
at the second site where the strongest constraint 
is placed [ 10,111. 

In conclusion, the intriguing nature of the en- 
tropy of DNA and protein coding sequences that 
has been revealed by Lauc et al. can be eluci- 
dated in terms of the coding redundancy, which 
almost solely originates in the third letter of the 
universal codon-table, and in the highly biased 
usage of codons. 
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