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In the course of evolution, genes traverse the nucleotide sequence space, which translates to a
trajectory of changes in the protein sequence in protein sequence space. The correspondence
between regions of the nucleotide and protein sequence spaces is understood in general but
not in detail. One of the unexplored questions is how many sequences a protein can reach
with a certain number of nucleotide substitutions in its gene sequence. Here I present an
algorithm to calculate the volume of protein sequence space accessible to a given protein
sequence as a function of the number of nucleotide substitutions made in the protein-coding
sequence (1). The algorithm utilizes the power of the dynamic programming approach (2, 3),
and makes all calculations within a couple of seconds on a desktop computer.
The algorithm is described as follows. The number of amino acid sequences Ni, j, comprising
the increment of protein sequence space for i nucleotide substitutions introduced in the
sequence of j codons can be calculated recursively:
min{3,𝑖}

𝑁𝑖,𝑗 = ∑𝑘=0

𝑁𝑖−𝑘,𝑗−1 ∙ 𝑀𝑘,𝑐𝑜𝑑𝑜𝑛𝑗 .

(1)

where values 𝑀𝑘,𝑐𝑜𝑑𝑜𝑛𝑗 are the numbers of the newly accessible amino acid variants for
codonj by k (k = 0, 1, 2, 3) nucleotide substitutions. Values 𝑀𝑘,𝑐𝑜𝑑𝑜𝑛𝑗 are calculated directly
from the genetic code table. Clearly, N0, 0 = 1 because only one sequence exists of zero length
with zero substitutions, the empty sequence. Now, it is straightforward to go from the
incremental characteristics to the integral one. That is, the volume of the protein sequence
space Lp, j accessible for a protein sequence after introducing a given number of nucleotide
substitutions p, equals to:
𝑝

𝐿𝑝,𝑗 = ∑𝑖=0 𝑁𝑖,𝑗 .

(2)

It sums up all increment volumes obtained by up to p nucleotide substitutions.
An approximate method can be used as an alternative to the exact approach presented here.
To check the accuracy of the approximate method I applied both methods to nucleotide
sequences coding different proteins. Taking into account the astronomically huge size of the
protein sequence space, the approximate solution gives estimate which can be considered as
acceptable as an order of magnitude estimation.
Overall, the presented algorithm is fast and calculates exactly the volume of protein sequence
space accessible to a given protein sequence as a function of the number of nucleotide
substitutions made in the protein-coding sequence. It can have practical applications in the
study of evolutionary trajectories in sequence space.
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