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Abstract 

Saturation mutagenesis is a semi-rational approach for protein engineering where sites are saturated either entirely or partially to 
include amino acids of interest. We previously reported on a codon compression algorithm, where a set of minimal degenerate codons 
are selected according to user-defined parameters such as the target organism, type of saturation and usage levels. Here, we commu-
nicate an addition to our web tool that considers the distance between the wild-type codon and the library, depending on its purpose. 
These forms of restricted collections further reduce library size, lowering downstream screening efforts or, in turn, allowing more 
comprehensive saturation of multiple sites. The library design tool can be accessed via http://www.dynamcc.com/dynamcc_d/.
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1. Introduction
Saturation mutagenesis is used when the target amino acids for 
mutagenesis are known, but their final identity is yet to be deter-
mined. Hence, these target sites are mutated to include all pos-
sible amino acids, and the mutants are screened or selected for 
the desired phenotype (1). When more knowledge on the target 

sites is available, restricted saturation is employed, limiting the 

saturation to a subset of selected amino acids. When saturating 

several sites in combination, the library size increases exponen-

tially, restricting the number of explorable combinations, espe-

cially when using screening methods (rather than selection) for 

the desired phenotype (2–4). For example, when saturating three
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 sites using the common NNK codon (N = any nucleotide, K = G or 
T. The NNK codon covers 32 codons that include all amino acids 
albeit with redundancy and a stop codon), the number of variants 
needed to be screened to achieve 95% library coverage reaches 
98 164. However, when using 20 codons, allowing complete satura-
tion (including wild-type amino acids for combinatorial purposes), 
the number is reduced to 23 966 (Equation 1). 

𝑇 = −𝑣𝑠 ⋅ 𝑙𝑛(1 − 𝑝) (1)

where T represents the library size or colonies needed to be 
screened, V is the number of codon variants (32 and 20 in the 
example above, respectively), s is the number of combinations 
(equal to 3 here) and p represents the desired library coverage, 
which is set to 0.95 in our calculation (2, 5, 6).

Hence, it is preferable to reduce the library size wherever pos-
sible. Due to the random nature of naturally occurring mutations, 
it is extremely rare to achieve more than a single-base change 
within a codon (7). Therefore, studying naturally occurring muta-
tions such as recapitulating evolutionary processes or estimating 
mutants’ oncogenicity may benefit from addressing single-base 
changes only. These single-base differences are defined as having a 
hamming distance of 1. Such an approach will reduce the number 
of codons from 32 (when using the common NNK codon) to just 9. 

In contrast, it may be favorable for protein engineering purposes 

to focus on hamming distance that is larger than 1, i.e. having two 

or three base changes. It has been shown that in many cases, the 

best-performing mutants require more than a single-base change 

as such codon distance allows exploring a broader diversity of 

Figure 1. Codon accessibility examples. The center circle denotes the wild-type codon. The inner ring displays the accessible amino acids via a 
single-base substitution, and the outer ring represents the two- and three-base change accessibility. Colors correlate with amino acid polar 
requirements. A. A single-base change within the TTT codon does restrict accessibility to amino acids with low polar requirements and thus does not 
explore the complete possible amino acid repertoire. Removing the inner ring codons and focusing on codon distance larger than 1 results in a much 
more balanced library with amino acids spanning across the complete polar requirements spectrum. B. The GAG codon represents a more evolvable 
codon, representing a variety of amino acids in both rings.

Figure 2. The DYNAMCC_D screen. Users are requested to input the wild-type codon, the base distance the library should have from the wild-type 
codon, the target organism and the compression approach. Depending on the compression approach, hitting the Next button will either lead to the 
result page (automatic option) or to the codon and amino acid selection (Manual selection, Figure 3).



amino acids, a property defined by the structure of the genetic 
code (8–22). The genetic code is robust to mutation while still 
allowing a degree of evolvability, and when restricting a codon 

mutation to a single base, there is, on average, a 40% chance 

that the mutated codon will code for an identical or chemically 

similar amino acid (8, 12, 23). For example, when examining 

amino acid polar requirements as a metric (24), it is clear that 

while individual codons possess different evolvability potential 

(Figure 1A and B), most codons will have access to chemically 

diverse amino acids when removing the single-nucleotide poly-
morphism (SNP) accessible codons (Fig. S1). For example, unlike 
the GAG codon, SNPs in the TTT cannot explore amino acids with 
distant polar requirements values. However, both codons span a 
wide polar requirement coverage when looking at the non-SNP 
codons (Figure 1, outer rings). A complete accessibility map of all 
64 codons is available as Supplementary Figure S1.

2. DYNAMCC_D
2.1. The Dynamic Management of Codon 
Compression tools for saturation mutagenesis
We previously reported on the Dynamic Management of Codon 
Compression (DYNAMCC) approach that enables the user to 
remove undesired elements from the saturation library and out-
puts a minimal list of compressed codons using the IUPAC nucleic 
acid notation (25, 26). We denote this action as ‘codon compres-
sion’ while the opposite action of deriving individual codons from 
a compressed codon is termed as ‘codon explosion’. Undesired 
library elements may include stop codons, the wild-type amino 
acid and redundancy, which exist in the commonly used NNK 
codon. The DYNAMCC_0 tool allows the user to remove redun-
dancy, where amino acids are coded for by multiple codons within 
the library. In addition, it is possible to avoid stop codons and the 
wild-type amino acid. Moreover, the algorithm takes into account 

Figure 3. Codon and amino acid selection screen. When the Manual Selection is selected on the first screen (Figure 2), the available amino acids and 
codons are clickable, whereas the nonavailable codons are nonclickable and gray shaded. Amino acids are ordered according to their properties to 
allow easy identification and batch selection. By default, the codons with the highest usage value are preselected for each possible amino acid. XXX 
denotes codon usage, and values depend on the organism of choice.



the codon usage values for the destination organism to ensure 
that the library will include suitable codons. In the case of a codon 

usage table not preloaded to the website, the user can upload 

the table of their organism of interest to allow maximal flexi-
bility. The DYNAMCC_R tool is designed for experiments where 
the redundant space is of interest and includes every codon for 
a selected amino acid in the library. This tool may be of inter-
est when synonymous mutations may affect several factors such 
as messenger RNA stability, protein expression, folding and func-
tion (27–30). Both tools support restricted saturation as well, for 
instances where only a subset of amino acids are of interest. While 
the DYNAMCC tools provide better control over the library size, the 
tradeoff is that the number of compressed codons is larger than 
1 as in the case of NNK. Hence, it balances using a single codon, 
with its redundancies on one end and synthesizing the complete 
codon collection on the other end.

2.2. Workflow and examples
Here, we expand our tool to take into account the distance 
between the wild-type and the library codons. We mark this new 
tool with the letter D for distance. The rationale for this tool’s 
development is that libraries focusing on a single-base change or 
on larger distances tend to answer different questions, such as 
studying random mutagenesis versus protein engineering. Sim-
ilar to other DYNAMCC tools, this tool results in achieving a 
compressed codon list that includes the desired codons.

Since base distance is defined at the codon level, the user is 
first required to input the wild-type codon as opposed to the other 
DYNAMCC tool that requires the wild-type amino acid (Figure 2). 
Then, the user should define the type of the desired library.
As discussed above, single-base polymorphism is dominant when 
studying naturally occurring mutations. These libraries will result 
in access to 9 codons. The number of unique amino acids is

Figure 4. DYNAMCC_D output. Results shown are for the saturation of methionine. A. Results with a distance of a single nucleotide from the wild-type 
codon. Such libraries are ideal for the study of naturally occurring mutations. B. Results of a query for two and three base differences. This type of 
library may be beneficial when a significant contrast in chemical properties is needed. In both examples, the automatic compression option was 
selected.



codon-dependent and can range between 5 and 8, with the rest 
of the codons counting for synonymous codons and stop codons. 
When increased accessibility to amino acids with different chem-
ical properties is needed, as in some protein engineering efforts, 
two or more base changes may be required (Figure 1). These 
libraries result in accessibility to 54 codons, which are biased 
toward more substantial differences from the wild-type amino 
acid.

The third step requires the definition of the target organism, 
as in the other DYNAMCC tools, to ensure the selection of highly 
used codons. Similar to the other DYNAMCC tools, users may 
upload usage tables of non-model organisms. Finally, a compres-
sion approach should be selected. The automatic approach is 
similar to the process used in DYNAMCC_0, where the user defines 
the usage rank threshold for compression. These values range 
from 1 to 6, with the value of 1 restricting the algorithm to consider 
only the most highly used codons for each amino acid. The higher 
the value, the larger the codon pool to achieve efficient compres-
sion, which also correlates with increased computation time. We 
recommend not exceeding the value of 3, as this might increase 
the computation time to a point where the server returns an error. 
For example, when selecting an SNP library for the ATG codon, the 
resulting compressed codons are STG (codes for L and V) and AVG 
(K, T and R). To complete the library an additional uncompressed 
codon, ATT (I) is added (Figure 4A).

The second compression strategy provides the user with com-
plete control over the selected codons for compression. Selecting 
this approach will direct the user to a second screen where all 
possible codons may be selected, with preselected highly used 
codons (Figure 3). This setting allows the removal of unwanted 
amino acids or focusing on several amino acids, including all pos-
sible redundancies. It should be noted that since the algorithm 
cannot select codons for efficient compression as in the previ-
ous strategy, this approach might result in libraries composed of
larger pools.

The final library design is displayed on the results screen in a 
table format, similar to the other DYNAMCC tools (Figure 4).

3. Discussion
DYNAMCC_D is designed to increase the efficiency of saturation 
mutagenesis experiments. Our previous efforts focused on con-
trolling the library size by removing undesired codons. Smaller 
libraries result in lower downstream efforts or allow to increase 
the search space by looking at additional sites. Here, we describe 
DYNAMCC_D, which takes into account the hamming distance 
between the wild-type codon and the library codons. SNPs are 
prevalent for randomly generated mutations, both naturally 
occurring and in laboratory settings. Hence, mutagenesis stud-
ies may benefit from significantly reducing library size since only 
nine codons are accessible via SNP, some of which may be synony-
mous or code for stop codons (Figure 1). Higher hamming distance 
correlates with a more extreme difference in chemical properties, 
which may be required in many protein engineering cases. Thus, 
limiting a library to a larger distance than 1 may not only reduce 
its size but may also enhance the contrast between beneficial and 
nonbeneficial mutations since such libraries are mainly enriched 
in deleterious mutations (12).

Supplementary data
Supplementary data are available at SYNBIO online.

Data availability
This tool is available at http://www.dynamcc.com/dynamcc_d/.

The DYANMCC algorithms were written in Python 2.7. Cur-
rently, the www.dynamcc.com domain is hosted at www.pytho-
nanywhere.com.

The DYNAMCC_D website was written to provide an accessi-
ble library design tool to biologists with no computational back-
ground. However, similar to our previous DYNAMCC algorithms, 
this code is also freely available under the BSD 3-clause license, 
allowing modifications and code redistribution. The source code 
can be found at https://github.com/bioverse/dynamcc.
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