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Abstract 

The genetic code defines the relationship between a protein and its 

coding DNA sequence. It was presumed that most frameshifts would 

yield non-functional, truncated or cytotoxic products. In this study, we 

report that in E. coli a frameshift β-lactamase (bla) gene is still 

functional if  all of  the inner stop codons were readthrough or replaced 

by a sense codon. By analyzing a large dataset including all available 

protein coding genes in major model organisms, it is demonstrated that 

in any species, and in any protein-coding genes, the three translational 

products from the three different reading frames, are always similar to 

each other and with constant ~50% similarities and ~100% coverages, 

and the similarities is predefined by the genetic code rather than the 

sequences themselves, suggesting that the genetic code was optimized 

for frameshift tolerating in the early evolution, which endows every 

protein coding gene a shiftability, an inherent and everlasting ability to 

tolerate frameshift mutations, and serves as an innate mechanism for 

cells to deal with the frameshift problem. In addition, it is likely that 

every protein-coding gene can be translated into three isoforms from 

the three different reading frames, we proposed a new gene expression 

paradigm, “one gene, three translations”, which is an amendment to the 

“one gene, one/multiple peptides” hypotheses.  
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Introduction 

The genetic code defines the relationship between the amino acid sequence of a 

protein and the DNA/mRNA sequence of the corresponding coding gene. The natural 

genetic code consist 64 triplet codons: 61 sense codons for specifying the 20 amino 

acids and the remaining three nonsense codons for stop signals. 

Since the discovery of the genetic code [1], it has been revealed that the triplet 

codons have a number of interesting properties: (1) The genetic code are universal for 

all organisms, with a few small modifications in some organelle or organisms, such as 

mitochondrion and archaea; (2) The genetic code are redundant, degenerative and 

wobble (the third base tends to be interchangeable); (3) In an open reading frame, 

there is no punctuation exist between each pair of codons, so that frameshift mutations 

can be caused by an insertion or deletion (indel), while the reading frame is retained if 

the size of the indel is a multiple of three. 

Although it has been reported that sometimes a partial frameshift is functional [2], 

a whole-frame shifting has been considered to be a completely loss of function (LOF), 

because not only every codon read and amino acid translated is changed, but often 

many nonsense codons are produced downstream the frameshift-causing indel. The 

“Ambush Hypothesis” [3] presumed that most frameshifts would yield non-functional 

proteins, lead to waste of energy, resources and activity of the biosynthetic machinery, 

and some peptides synthesized after frameshifts were thought to be cytotoxic [3-11]. 

Therefore, although it was observed that sometimes frame shifted or overlapped genes 

is functional [12-17], a frame-shifted translational product is generally considered to 

be non-functional, because it is a common sense that it is often possible to inactivate 

the function of a peptide by changing only one single residue. 

On the other hand, it has been proved that the natural genetic code is optimized 

for translational error minimization [18], and thus is extremely efficient at minimizing 

the effects of point mutation or mistranslation errors [19]. In addition, because the 

frame-shifted codons for abundant amino acids overlap with the stop codons, hence 
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the robustness of the genetic code to frameshift errors is achieved by increasing the 

probability that a stop signal is encountered upon frameshift [20].  

In this report, we demonstrated that the genetic code was optimized for frameshift 

tolerating, which endows every protein coding gene a characteristics of shiftability, an 

inherent ability to tolerate frameshift mutations. If all of the stop codons generated in 

a frameshift were readthrough or replaced by a sense codon, the translated frameshift 

isoform is highly similar to the original peptide, and might often still be functional. 

Materials and Methods 

1. Frameshift mutagenesis and back mutation 

Using overlapping-extension polymerase chain reaction (OE-PCR), a technique 

for site-directed mutagenesis, a frameshift mutation of the bla gene is constructed by 

deleting one single nucleotide (G) in the upstream. A pair of mutagenesis primers was 

chemically synthesized by a commercial service provided by Shanghai Sangong Co. 

Ltd. The wild-type (bla+) and mutated (bla-) were cloned in the plasmid pBR322 and 

transformed into E. coli JM109, grown on a tetracycline-containing plate (TCP) , the 

transformant colonies were picked up, propagated, and then plated on an ampicillin- 

containing plate (ACP). Fifty revertants were propagated in an ampicillin-containing 

broth (ACB), their plasmids were extracted, and their bla genes were sequenced by 

Sanger sequencing. 

2. Alignment analysis of the frameshift isoforms 

All available protein coding sequences in representative organisms, including 

Escherichia coli, Saccharomyces cerevisiae, Arabidopsis thaliana, Caenorhabditis 

elegans, Drosophila melanogaster, Danio rerio, Xenopus tropicalis, Mus musculus 

and Homo sapiens, were downloaded from the Ensemble Genome Database (Gene 78) 

using the BioMart data-mining tool. Ten thousand simulated protein coding sequences 

each containing 500 sense codons were generated by Recodon 1.6.0 [21] using default 

parameters. Frameshift mutations were constructed by deleting one or two bases in 
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the start codon, so that in the frameshift genes every codon is changed. All original 

and frameshift sequences were translated into protein sequences using the standard 

natural genetic code, but every stop codon that was generated in the frameshifting was 

readthrough by translating it into an amino acid according to Table 1. Multiple 

sequence alignment of the protein sequences and their frameshift isoforms were 

performed by ClustalW2. The pairwise similarity of the original peptide and a 

frameshift isoform is given by the percent of matched amino acid pairs that are similar 

(having a positive or zero amino acid substitution score).  

Table 1. The natural correction tRNA for nonsense mutations in E coli. 

Site 
tRNA 

(AA) 

Wild type 

 

Correction 

Code Anti-code Code Anti-code 

supD [22] Ser (S) → UCG CGA  → UAG CUA 

supE [23] Gln (Q) → CAG CUG  → UAG CUA 

supC  Tyr (Y) → UAC GUA  → UAG CUA 

supG [24] Lys (K) → AAA UUU  → UAA UUA 

supU  Trp (W) → UGG CCA  → UGA UCA 

 

3. Computational analysis of the codon substitutions  

A protein sequence consisting n amino acids is written as, A1 A2 … Ai Ai+1 … An, 

where Ai = ｛A, C, D, E, F, G, H, I, K, L, M, N, P, Q, R, S, T, V, W, Y｝, i = 1… n; its 

coding DNA sequence (CDS) consists n triplet codons, which is written as,  

B1 B2 B3 | B4 B5 B6 | B7 B8 B9|…| B3i+1 B3i+2 B3i+3 |B3i+4 B3i+5 B3i+6 |…|B3n-2 B3n-1 B3n 

Where Bk = ｛A, G, U, C｝, k = 1…3n. Without loss of generality, let a frameshift 

be caused by deleting or inserting one or two bases in the start codon: 

(1) Delete one:   B2 B3 B4 | B5 B6 B7 |…| B3i+2 B3i+3 B3i+4 | B3i+5 B3i+6 B3i+7 |…;  

(2) Delete two: B3 B4 B5 | B6 B7 B8 |…| B3i+3 B3i+4 B3i+5 | B3i+6 B3i+7 B3i+8 |…; 

(3) Insert one:   B0 B1 B2 | B3 B4 B5 | B6 B7 B8 |…|B3i+3 B3i+4 B3i+5 |B3i+6 B3i+7 B3i+8 |…; 

(4) Insert two: B-1 B0 B1 | B2 B3 B4 | B5 B6 B7 |…| B3i+2 B3i+3 B3i+4 | B3i+5 B3i+6 B3i+7 |…; 
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We can see that no matter how a frameshift is caused, the second codon B4 B5 B6 

and its encoded amino acid A2 has two and only two possible changes:  

(1) Forward shifting (FF): B3 B4 B5 (A21);  

(2) Backward shifting (BF): B5 B6 B7 (A22);  

And so does each of the downstream codons, produce two frameshift isoforms 

referred to as FF and BF. In either case, in every codon only one base is new, but in 

fact all three bases are changed when compared base by base with the original codon, 

so a frameshift substitution is actually different from a wobble or degenerative codon 

substitution. Traditionally, codon substitutions are classified into two types according 

to whether the encoded amino acid is changed or not: (1) synonymous (SS); (2) 

nonsynonymous (NSS). Based on above analysis, we classified codon substitutions 

into three subtypes: (1) Random; (2) Wobble; (3) Frameshift (FSS).  

We wrote a java program, referred to as Frameshift-CODON, to compute the sum 

and average amino acid substitution scores for different kind of codon substitutions 

according to the standard genetic code and the substitution scoring matrices, including 

BLOSSUM62, PAM250 and GON250. 

4. Computational analysis of the codon pairs for frameshift substitutions  

For a given pair of amino acids, written as, A1 A2, where Ai = ｛A, C, D, E, F, G, H, 

I, K, L, M, N, P, Q, R, S, T, V, W, Y｝, i = 1, 2; its encoding codon pair is written as, B1 

B2 B3 | B4 B5 B6 , where Bk = ｛A, G, U, C｝, k = 1…6. There are 400 different amino 

acid pairs and 4096 different codon pairs.  

Without loss of generality, let a frameshift be caused by inserting or deleting one 

base in the first codon, the codon pair and its encoded amino acids has two and only 

two types of changes: 

(1) Forward shifting:   B0 B1 B2 | B3 B4 B5 → A11A21; 

(2) Backward shifting:  B2 B3 B4 | B5 B6 B7 → A12A22;  
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We wrote a java program referred to as Frameshift-CODONPAIR to compute the 

sum and average amino acid substitution scores for each kind of AA and codon pairs. 

The result of these calculations is a list of 400 AA pairs and their 4096 codon pairs, 

each with a frameshift substitution score (FSS). 

5. Computational analysis of the usage of codon and codon pairs 

The biased usage of codons and codon pairs was analyzed using the same method 

used in reference [25] on the same protein-coding sequences data used above. The 

program CODPAIR was rewritten in Java. For each sequence, it enumerates the total 

number of codons, the number of occurrences of each codon and each codon pair. The 

observed and expected frequency of each codon and dicodon is then calculated. The 

result of these calculations is a list of 64 codons and 3721 codon pairs, each with an 

expected (E) and observed (O) number of occurrences, usage frequency, together with 

a value for χ1
2
 = (O - E)

2
/E. The codons and dicodons with the highest χ1

2
 value were 

identified as the most over- or under-represented dicodons, their frameshift 

substitution scores were computed, and compared with each other. 

Results and Analysis 

1. Growth of E. coli with wild-type bla and the frameshift mutant 

As shown in Fig 1 and Fig 2A, when a plasmid pBR322 containing a bla+ gene 

was transformed into E. coli JM109, the bla+ bacteria grow well on ACPs. When a 

frameshift mutation was introduced in the upstream of the bla gene, it was expected 

that there was no growth of the bla- bacteria on ACPs. However, repeatedly it was 

observed that there were always a few (about one out of 10
6
~10

8
) colonies that can 

grow on ACPs (Fig 2B). At first, we thought that these ampicillin-resistant colonies 

might be derived from a contamination of the wild-type bacteria. But no growth of the 

blank control (Fig 2C) suggested that the ampicillin-resistant colonies are not 

contamination of the wild-type bacteria. 
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Fig 1. Introducing a frameshift mutation in the upstream of the bla gene in plasmid pBR322. 

Sanger sequencing result of (A) the wild type; (B) the frameshift mutant. (C) Alignment of the 

nucleotide sequence of the wild type and that of the frameshift mutant; 

 

Fig 2. Growth of E.coli JM109/pBR322 on ampicillin-containing LB plate: (A) Wild-type 

(bla+); (B) Frameshift (bla-); (C) Blank control. 

 

 

Fig 3. Sanger sequencing results, showing that the bla genes of the revertants are not the wild 

type, but different kind of back mutated frameshifts. Grey: shows the reading frame; Strikethrough: 

the base deleted in the mutagenesis; Red: the bases inserted in the revertants;  

 

Wild type T A C A T C G A A C - T G G - A T C T C A A C A G C G G G

Mutant T A C A T C G A A C - T G G - A T C T C A A C A G C G G G

Revertant 1 T A C A T C G A A C T T G G - A T C T C A A C G G C G G G

Revertant 2 T A C A T C G A A C C T G G - A T C T C A A C G G C G G G

Revertant 3 T A C A T C G A A C - T G G G A T C T C A A C G G C G G G

A bla+ B bla- C blank 
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Sanger sequencing of the bla gene confirmed that they are not the wild type, but 

revertants. As shown in Fig 3, in the revertants the bla genes were repaired through 

different backward mutations, one different nucleotide was inserted downstream the 

base deleted in the mutagenesis, so that the reading frame was recovered downstream 

the insertion, so that only a few codons and their encoded amino acids between the 

deletion and the insertion were changed.  

Upon until this point, it seems that there is nothing unusual, as it is a well-known 

phenomenon, i.e., frameshift gene repairing or reading frame recovering (FGR/RFR) 

by a backward mutation, which was investigated as early as in the 1960s [2]. However, 

we felt that there is a logic contradiction: since a FGR/RFR must happen in a live cell, 

if a frameshift mutant itself could not survive in ACPs, how did the FGR/RFR happen 

in a cell that was dead? FGR/RFR is explained by a “mutation-or-death” model (Fig 

4A): a backward mutation occurred naturally in the DNA replication process before 

the bacterial were killed. However, it is hard to believe that in the whole history of 

evolution, life have been betting their fates on such a high risk, because the rate of a 

naturally occurred backward mutation that had happened repaired a damaged gene 

might be even lower than that of a mutation that had damaged the same gene. 

Therefore, in Fig. 3, the various independent backward mutations observed in the 

bla gene in the revertants are not the results of random backward mutations, but must 

be a targeted and programmed FGR/RFR. Obviously, the conquering of the problem 

of frameshift tolerating, frameshift gene repairing and reading frame recovering is 

extremely important for the existence of the species, and the underlying mechanism 

must be sophisticate, robust, target-oriented and well-controlled, and designed not for 

one individual gene, but for all genes in the genome as a whole.  

Therefore, here we proposed a new “readthrough-and-recovery” model for 

FGR/RFR (Fig 4B): Firstly, the frameshift mutant itself is able to survive in ACP, 

because the frame-shifted gene is translated into a functional isoform by reading 

through the stop codons; Secondly, a bacteria cell “knows” which gene is 

frame-shifted, and it recruits a repairing machine to repair the damaged gene; Thirdly, 

the stop codons emerged in a frame-shifted gene or mRNA not only trigger the 
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translational readthrough, but also serve as a signals for the repairing machine for the 

localization of the damaged gene, and then the reading frame is recovered by inserting 

a base in the upstream of the stop codons; Finally, the rate of reading through and 

reading frame recovery is slow, or the activity of the frameshift isoform is low, most 

of the cells were killed before the translational readthrough had happened, so that the 

survival rate is still very low. Nevertheless, this self-initiative model for the FGR/RFR 

process better explains the independent backward mutations when compared with the 

passive model relying solely on randomly occurred backward mutations. 

Fig 4. Two different models for frame-shifted gene repairing and reading frame recovery.  

(A) The traditional “mutation-or-death” model; (B) This “readthrough-and-recovery” model. 

 

2. The frameshift isoforms are always highly similar to each other 

To find out the reason why the frame-shifted bla- gene is functional, the protein 

sequences of the wide type BLA and its two frameshift isoforms were aligned using 

ClustalW2. The alignment was displayed in GenDoc with the amino acids colored by 

their physiochemical properties (Fig 5). Surprisingly, both of the two frameshift 

isoforms are highly similar to the wild type BLA peptide, and most of the amino acids 

have similar physiochemical properties when compared with their aligned residues. 
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As shown in Table 2, if the nonsense codons were ignored, on average 51% of the 

amino acids are conserved among the three isoforms, but there are 21 gaps in each 

sequence, caused mainly by the stop codons deleted in the frameshift CDSs. When 

every stop codon in the frame-shifted bla- was “readthrough” by translating it into an 

amino acid, an average of 45.8% of the sites remain conserved, and throughout the 

whole alignment in each sequence there are only 3 gaps, caused mainly by the bases 

deleted. Moreover, the similar amino acids distribute all over in the whole alignment, 

resulting in a near 100-percent coverage perfect alignment. 

 

Fig 5. Alignment of the wide-type BLA and its frameshift isoforms. The alignment is aligned 

by ClustalW2, showed in GenDoc, and the amino acids were colored by their physiochemical 

properties. Every stop codon in the frameshift was translated according to Table 1. 
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It has been observed that sometimes a frame-shifted protein coding gene is still 

functional [2, 14, 15, 26], but this phenomenon has been taken as special or individual 

cases, rather than a fundamentally important biological process sharing a common 

underlying mechanism. In fact, we found that this phenomenon is not rare, but can be 

observed quite often. For example, in different strains of HIV or SIV, such as HIV1J3, 

SIVCZ and SIVGB, quite a few forward and backward frameshifting events (Fig S1A, 

marked in yellow) occurred in both of the upstream and downstream of the envelop 

glycoproteins (GP120) genes, but their encoded protein sequences are highly similar 

(Fig S1B), and the frameshift isoforms are surely all functional. Since SIVGB is the 

ancestor of HIV1 and SIVCZ, it is imaginable that the origin of SIVCZ is caused by a 

number of frameshift events, and probably followed by a series of base substitutions 

which removed the stop codons generated.  

 

Table 2. The alignment properties of BLA and its frameshift isoforms. 

Readthrough Length Number of Gaps 
Similarity 

 ORF-1-2  ORF-1-3  ORF-2-3 Average  

Yes 291 21 0.4914 0.4639 0.4192 0.4582 

No 287 3 0.5052 0.5366 0.4983 0.5134 

 

In order to test whether or not this phenomenon is universal, we wrote a java 

program to align protein sequences with their frameshift isoforms on a large dataset, 

all available protein coding genes in the ensemble database in major model organisms, 

including E. coli, S. cerevisiae, A. thaliana, C. elegans, D. melanogaster, D. rerio, X. 

tropicalis, M. musculus, and H. sapiens and simulated. As shown in Table 3, in all of 

the natural and simulated sequences tested, the average pairwise similarity of the 

proteins and their frameshift isoforms, which was defined as the shiftability of the 

protein-coding genes, is centered approximately at 0.5. In other word, in any species, 

and for any protein coding genes, the amino acid sequences translated from the three 

different reading frames are always ca. 50% similar to each other. It is very likely that 

a coding gene/mRNA can be translated from each of the three different reading frames, 

the three translation products are three highly similar peptides, one main form and two 
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hidden frameshift isoforms. Therefore, as a supplement to the “one gene, one/multiple 

peptides” hypotheses, we proposed a new gene expression paradigm: “one gene, three 

reading frames”, “one peptide, three isoforms”, or “one transcript, three translations” 

(which one is the best? your choice!).  

 

Table 3. The similarities of natural and simulated proteins and their frameshift isoforms. 

NO Species 
Number of  

CDSs 

Similarity 

 ORF-1-2  ORF-1-3  ORF-2-3 Average  

1 H. sapiens 71857 0.5217±0.0114 0.5044±0.0122 0.4825±0.0147 0.5028±0.0128 

2 M. musculus  4220 0.5180±0.0020 0.5011±0.0017 0.4801±0.0015 0.4997±0.0015 

3 X. tropicalis 7706 0.5190±0.0013 0.4987±0.0013 0.4855±0.0008 0.5010±0.0008 

4 D. rerio  14152 0.5162±0.0015 0.4921±0.0010 0.4901±0.0013 0.4995±0.0008 

5 D. melanogaster 23936 0.5306±0.0007 0.5035±0.0008 0.5002±0.0010 0.5115±0.0006 

6 C. elegans 29227 0.5210±0.1379 0.4813±0.0015 0.5073±0.0010 0.5032±0.0461 

7 A. thaliana 35377 0.5389±0.0508 0.5078±0.0481 0.5062±0.0480 0.5176±0.0388 

8 S. cerevisiae  5889 0.5234±0.0007 0.5022±0.0008 0.4921±0.0005 0.5059±0.0004 

9 E.coli 4140 0.5138±0.0019 0.4871±0.0046 0.4810±0.0015 0.4940±0.0012 

10 Simulated 10000 0.5165±0.0282 0.4745±0.0272 0.4773±0.0263 0.4894±0.0013 

 

3. The genetic code was optimized for frameshift tolerating 

As shown in Table 3, the similarities among a protein and its frameshift isoforms 

are similar in all species, and the standard deviation is very small, suggesting that the 

shiftability is largely independent on the species and the DNA or protein sequences, 

implying that the shiftability is defined by the genetic code rather than the sequence of 

the proteins or their coding sequences.  

As described above in the method section, we computed the average amino acid 

substitution scores for different kind of codon substitutions, including random, 

wobble, forward and backward frameshift substitutions. As shown in Table 4, in all 

4096 possible codon substitutions, except for the 64 unchanged codons, only a small 

proportion (4.1%) of the 4032 changed codons are synonymous and the other 95.9% 

are nonsynonymous; in addition, 80% (128/166) of the synonymous substitutions are 

wobble, and 66.7% (128/192) of the wobble substitutions are synonymous and the 

other 33.3% are nonsynonymous, and therefore the average substitution score for the 
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wobble substitutions is the highest. In contrast, 95% of the frameshift substitutions are 

nonsynonymous and only 5% of them are synonymous (Table 5). In addition, 21% of 

the random substitutions are positive nonsynonymous, and only 15.6% of the wobble 

substitutions are positive nonsynonymous, while as many as (72+76)/512=28.9% of 

the frameshift substitutions are positive nonsynonymous, which is much higher than 

the proportion of positive NSSs in the other groups. Obviously, in the natural genetic 

code, wobble substitutions are designed mainly for synonymous substitutions, while 

frameshift substitutions are assigned mainly to conserved amino acid substitutions. 

 

Table 4. The amino acid substitution scores for different kind of codon substitutions. 

Codon Substitution 
ALL 

(Random) 

Frameshift 
Wobble Others 

FF BF 

Number of 

Substitutions 

All 4096 256 256 256 3328 

Unchanged (%) 64 (1.6%) 4 (1.6%) 4 (1.6%) 64 (25%) 0 

Changed (%) 4032 (98.4%) 252 (98.4%) 252 (98.4%) 192 (75%) 3328 (100%) 

SS (%) 166 (4.1%) 14 (5.5%) 14 (5.5%) 128 (50%) 2 (0.1%) 

NSS-Positive (%) 859 (21%) 76 (29.7%) 72 (28.1%) 40 (15.6%) 671 (20.2%) 

NSS-Negative (%) 3007 (73.4%) 162 (63.3%) 166 (64.8%) 24 (9.4%) 2655 (79.8%) 

Average 

Substitution 

Score 

BLOSSUM62 -1.29 -0.61 -0.65 3.77 -1.34 

PAM250 -1.75 -0.84 -0.84 3.68 -1.81 

GON250 -10.81 -2.84 -2.84 36.13 -11.34 

 

Table 5. The synonymous frameshift substitutions and their amino acid substitution scores. 

Forward Shifting Backward Shifting 

From To FSS From To FSS 

1 AAA K AAA K 5 1 AAA K AAA K 5 

2 AAA K AAG K 5 2 AAG K AAA K 5 

3 GGG G GGA G 6 3 GGA G GGG G 6 

4 GGG G GGG G 6 4 GGG G GGG G 6 

5 GGG G GGC G 6 5 GGC G GGG G 6 

6 GGG G GGT G 6 6 GGT G GGG G 6 

7 CCC P CCA P 7 7 CCA P CCC P 7 

8 CCC P CCG P 7 8 CCG P CCC P 7 

9 CCC P CCC P 7 9 CCC P CCC P 7 

10 CCC P CCT P 7 10 CCT P CCC P 7 

11 CTT L TTA L 4 11 TTA L CTT L 4 

12 CTT L TTG L 4 12 TTG L CTT L 4 

13 TTT F TTC F 6 13 TTC F TTT F 6 

14 TTT F  TTT F 6  14 TTT F  TTT F 6 
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In addition, no matter which amino acid substitution scoring matrix was used for 

computation, the average substitution score of the frameshift substitutions are always 

significantly higher than those of the random substitutions (P < 0.01), suggesting that 

more similar amino acid pairs are selected for frameshift substitutions when compared 

with random substitutions. Therefore, the similarities among protein sequences and 

their frameshift isoforms are predefined by the genetic code and independent on the 

proteins or their coding sequences themselves. Because of the frameshift substitutions, 

in addition to the degenerative codons, it is guaranteed that in any protein nearly half 

of the amino acids in a frameshift isoform are changed into similar residues, which 

explained the observed 50% similarities and 100% coverage among the three isoforms 

among all species. 

4. The shiftability at sequence level 

Although the code-level shiftability guaranteed a 50% similarity among a protein 

and its frameshift isoforms, it does not necessarily imply that all frameshift isoforms 

of a protein have a function. However, it does form the basis for the toleration of 

whole-frame or partial frameshifts. In addition, the other 50% of sites are changed 

into less similar amino acids, also provides a basis for molecular evolution, such as 

structural and functional improvements of the protein, overlapping genes, and so on. 

Although the shiftability of a coding sequence is predefined mainly by the genetic 

code, an additional shiftability might be able to be maintained at a sequence level. We 

thought that a functionally important coding gene which is more conserved, such as a 

housekeeping gene, might has higher shiftability when compared with a variable non- 

housekeeping gene. At first, we thought that a biased usage of codons may contribute 

to the sequence-level shiftability. However, it is somewhat surprising that the average 

FSSs of a biased usage of the codons are even worse when compared with that of an 

equal usage of them (Table 6), but the difference is not significant, suggesting that the 

biases usage of codons does not contribute directly to the shiftability of the genes, but 

they may have an indirect impact on the shiftability, for example, by shaping the 

pattern of codon pairs. 
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Given a pair of amino acids, A1 A2, if A1 and A2 have, respectively, m1 and m2 

degenerative codons, their encoding codon pair, B1 B2 B3 | B4 B5 B6, has m1×m2 

possible combinations, called degenerative codon pairs (DCPs). It has been widely 

reported that the usage of codon pairs are highly biased in various species, including 

virus, bacteria, human and animals [25, 27-32]. However, as shown in Table 7, in 

human, the average FSSs of the most over- and under-represented dicodons are not 

significantly different from each other, i.e., DCPs that are more frameshift tolerating 

are not used more frequently, suggesting that the shiftability is independent on the 

usage of codons and codon pairs. Therefore, the shiftability at the sequence level, if 

exist, is not achieved universally by biased usages of codons and dicodons, but in a 

more complicated or gene-specific model.  

 

Table 6. The usage of codons in E. coli and their frameshift substitution scores (GON250) 

1
st
 Codons 3

rd
 

Usage 
(%) 

FSS 
(FF+BF) 

Biased Usage 
(FSS*Usage) 

Equal Usage 
FSS*100/64 

U 

UUU UCU UAU UGU U 1.90 1.10 1.60 0.40 281 -161 -41 -39 533.9 -177.1 -65.6 -15.6 439.1 -251.6 -64.1 -60.9 

UUC UCC UAC UGC C 1.80 1.00 1.40 0.60 -11 -61 -94 -19 -19.8 -61.0 -131.6 -11.4 -17.2 -95.3 -146.9 -29.7 

UUA UCA UAA UGA A 1.00 0.70 0.20 0.10 106 -77 0 0 106.0 -53.9 0.0 0.0 165.6 -120.3 0.0 0.0 

UUG UCG UAG UGG G 1.10 0.80 0.03 1.40 69 -85 0 -210 75.9 -68.0 0.0 -294.0 107.8 -132.8 0.0 -328.1 

C 

CUU CCU CAU CGU U 1.00 0.70 1.20 2.40 51 -8 -103 -99 51.0 -5.6 -123.6 -237.6 79.7 -12.5 -160.9 -154.7 

CUC CCC CAC CGC C 0.90 0.40 1.10 2.20 -153 388 -36 -43 -137.7 155.2 -39.6 -94.6 -239.1 606.3 -56.3 -67.2 

CUA CCA CAA CGA A 0.30 0.80 1.30 0.30 -69 58 42 -17 -20.7 46.4 54.6 -5.1 -107.8 90.6 65.6 -26.6 

CUG CCG CAG CGG G 5.20 2.40 2.90 0.50 -106 48 32 -59 -551.2 115.2 92.8 -29.5 -165.6 75.0 50.0 -92.2 

A 

AUU ACU AAU AGU U 2.70 1.20 1.60 0.70 -19 -69 -82 -35 -51.3 -82.8 -131.2 -24.5 -29.7 -107.8 -128.1 -54.7 

AUC ACC AAC AGC C 2.70 2.40 2.60 1.50 -167 -13 44 49 -450.9 -31.2 114.4 73.5 -260.9 -20.3 68.8 76.6 

AUA ACA AAA AGA A 0.40 0.10 3.80 0.20 -109 -23 139 48 -43.6 -2.3 528.2 9.6 -170.3 -35.9 217.2 75.0 

AUG ACG AAG AGG G 2.60 1.30 1.20 0.20 -95 -25 115 6 -247.0 -32.5 138.0 1.2 -148.4 -39.1 179.7 9.4 

G 

GUU GCU GAU GGU U 2.00 1.80 3.30 2.80 -25 -33 -149 -126 -50.0 -59.4 -491.7 -352.8 -39.1 -51.6 -232.8 -196.9 

GUC GCC GAC GGC C 1.40 2.30 2.30 3.00 -103 27 -5 26 -144.2 62.1 -11.5 78.0 -160.9 42.2 -7.8 40.6 

GUA GCA GAA GGA A 1.20 2.10 4.40 0.70 -85 -5 42 -8 -102.0 -10.5 184.8 -5.6 -132.8 -7.8 65.6 -12.5 

GUG GCG GAG GGG G 2.40 3.20 1.90 0.90 -89 -9 12 270 -213.6 -28.8 22.8 243.0 -139.1 -14.1 18.8 421.9 

2
nd
 U C A G 

 
Average: 1.56 Average: -14.25 Average: -31.63 Average: -22.27 

 

Table 7. FSSs for the most over- and under-represented dicodons in human. 

A. Most over-represented dicodons B. Most under-represented dicodons 

1 2 AA1 AA2 FSS1 FSS2 FF BF AA-FF AA-BF FSS-FF FSS-BF 1 2 AA1 AA2 FSS1 FSS2 FF BF AA-FF AA-BF FSS-FF FSS-BF 

GCG GCG A A -9 -9 CGG GGC R G -6 5 GUC GAA V E -103 42 UCG CGA S R -10 4 

CCG CCG P P 48 48 CGC GCC R A -9 3 CUC GAA L E -153 42 UCG CGA S R -21 4 

CGC UGU R C -43 -39 GCU CUG A L -6 -15 CGC GAA R E -43 42 GCG CGA A R -6 4 

CGC UGC R C -43 -19 GCU CUG A L -6 -15 GUC GAG V E -103 12 UCG CGA S R -10 4 

UGU GGG C G -39 270 GUG UGG V W 0 -40 UUC GAA F E -11 42 UCG CGA S R -28 4 

CUU CGA L R 51 -17 UUC UCG F S 20 -2 UUC GUA F V -11 -85 UCG CGU S R -28 -20 

CGC UGG R W -43 -210 GCU CUG A L -6 -7 CUC GCA L A -153 -5 UCG CGC S R -21 -6 

AGU GGG S G -35 270 GUG UGG V W -10 -40 CGC GAU R D -43 -149 GCG CGA A R -6 -3 

GUC ACC V T -103 -13 UCA CAC S H -10 -3 GGC GAA G E 26 42 GCG CGA A R 5 4 

UCC UCG S S -61 -85 CCU CUC P L 4 -21 GCC GAU A D 27 -149 CCG CGA P R 3 -3 

UGU GAC C D -39 -5 GUG UGA V * 0 -3 GGU AAG G K -126 115 GUA UAA V * -33 -4 

AAU GGG N G -82 270 AUG UGG M W -22 -40 UUC GCA F A -11 -5 UCG CGC S R -28 -6 

AGC AGC S S 49 49 GCA CAG A Q 11 2 GUC GCA V A -103 -5 UCG CGC S R -10 -6 

GUC AUC V I -103 -167 UCA CAU S H -10 -22 CUC GGA L G -153 -8 UCG CGG S R -21 -10 

ACC AUC T I -13 -167 CCA CAU P H 1 -22 UUC GCU F A -11 -33 UCG CGC S R -28 -6 

GUC ACU V T -103 -69 UCA CAC S H -10 -3 UGC GCA C A -19 -5 GCG CGC A R 5 -6 

CUC UUC L F -153 -11 UCU CUU S L -21 20 GCC GAA A E 27 42 CCG CGA P R 3 4 

UGU GGC C G -39 26 GUG UGG V W 0 -40 UCC GUA S V -61 -85 CCG CGU P R 4 -20 

UCG GCG S A -85 -9 CGG GGC R G -2 5 UCC GCU S A -61 -33 CCG CGC P R 4 -6 

GGU GUC G V -126 -103 GUG UGU V C -33 0 AGC GAA S E 49 42 GCG CGA A R 11 4 

Average -24.025 Average -8.825   -29.425   -6.975 

 
  

 
    T-test: p= 0.79   T-test: p= 0.54 
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Discussion  

1. Frameshift tolerating and the ambush hypothesis 

Frameshift events have been thought to be a waste of energy and resources, and 

frameshift peptide products were thought to have unpredictable cytotoxic effects [8]. 

The ambush hypothesis suggested there is a selective pressure favoring the evolution 

of hidden (out-of-frame) stop codons [5-7]. It was showed that hidden stops have been 

evolved under positive selection for the minimization of frame-shifted errors [6]. 

However, although this hypothesis gained some support in whole-genome studies, it is 

limited at a single-gene scale. For example, the polyketide synthase (PKS) genes 

presented with significantly lower level of hidden stop codons than expected, 

suggesting both non-adherence to the ambush hypothesis and a suppression of hidden 

stop codon evolution [8]. In addition, it was reported that some sense codons have a 

more significant excess than stop codons [4]. These controversial results can be well 

explained if the emerging of the hidden stops after the occurrence of a frameshift is 

considered to be a signal to trigger the cell machine for readthrough and then for 

reading frame recovery, rather than a signal for translational termination. Because the 

frame-shifted translation products are not wastes but useful, thus a moderate or low 

level of stop signal is enough for triggering readthrough and reading frame recovery, 

therefore the hidden stop codons are not necessarily to have an excess in every gene. 

2. Shiftability and the pseudogenes 

In addition, a large number of “pseudogenes”, containing usually a frameshift or 

nonsense mutations, exist widely in the genome of various species, including bacteria, 

yeast [33], human and animals [14, 15]. Although they are considered non-functional 

and most of them would be removed finally in the evolution process, some of them 

may be functional, or serve as a backup to the main functional gene, and play a role in 

the functioning and evolution of proteins and their coding genes. It has been reported 

that in E. coli the levels of stop codon readthrough and frameshifting are both high 

and growth phase dependent [34], so it is possible that a pseudogene may sometimes 
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be functional. If so, pseudogenes can be seen as “reading frame transitional” genes, 

which is mutating under a selection pressure, which will finally be removed or turned 

into a functional form when the inner stop codons were replaced by sense codons. 

3. The universality of the shiftability 

Here we experimentally validated the shiftability of a protein-coding gene only in 

E. coli, thus it is interesting to ask whether or not the mechanism is preserved in other 

species. It has been reported that in some animal species frameshift mutations in 

mitochondrial genes are tolerated by the translation systems [13, 16, 17]. For example, 

a +1 frameshift insertion has been tolerated in the nad3 in some birds and reptiles [13]. 

Moreover, frame-shifted overlapping genes have been found in mitochondria genes in 

fruit fly and turtles [35, 36]. Meanwhile, translational stop codon readthrough has 

been widely observed in virus, bacteria and many other species [33, 37-43]. Although 

frameshift tolerating observed in these species has been explained by the programed 

translational frameshifting mechanism [12, 44-46], with the satisfaction of several 

prerequisite conditions, such as the constant shiftability, the frameshift tolerating and 

the translational stop codon readthrough, has been widely observed in many species, it 

is very likely that the shiftability works and contributes, at least partially, to the 

expression, functioning, repairing and evolution of protein coding genes in all species. 

Conclusion 

The natural genetic code is a result of selection in the early evolution, and it has a 

number of superiorities when compared with the other possible genetic codes [47-58]. 

It was pointed out that the natural genetic code is optimized for translational error 

minimization, because amino acids whose codons differed by a single base in the first 

and third codon positions were similar with respect to polarity and hydropathy, and 

the differences between amino acids were specified by the second codon position is 

most easily explained by selection to minimize deleterious effects of translation errors 

during the early evolution of the genetic code [18]. In addition, it was proved that 
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only one in every million alternatives is more efficient than the natural genetic code, 

which is extremely efficient at minimizing the effects of point mutation or translation 

errors [19]. Recently, it was reported that the natural genetic code is nearly optimal for 

allowing additional information within coding sequences [20].  

We here showed that the standard genetic code keep an amino acid unchanged for 

degenerative substitutions, similar for frameshift substitutions, and different for other 

non-degenerative and non-frameshift substitutions. Based on the above experimental, 

theoretic and data analysis, we concluded that the natural genetic code was optimized 

for frameshift tolerating. The ingenious "underlying design" of the natural codon table 

endows every protein-coding gene a constant shiftability, an inherent and everlasting 

ability to tolerate frameshift mutations, and endows the owner creatures a powerful 

ability that can survive on frameshift mutations in any coding gene, and thus be 

highly superior and win the competence of survival in the early evolution, and finally 

became the universal genetic code of choice by all creatures. Conceivably, the 

shiftability of the protein-coding genes is fundamentally important for the survival, 

competence, adaption and evolution of species. It serves as an innate mechanism for 

cell to deal with the frameshift problem, which might exist from the beginning of, or 

even before, the origin of life. 
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