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A B S T R A C T   

PolyXY regions are compositionally biased regions composed of two different amino acids. They are classified 
according to the arrangement of the two amino acid types ‘X′ and ‘Y′ into direpeats (composed of alternating 
amino acids, e.g. ‘XYXYXY’), joined (composed of two consecutive stretches of each amino acid, e.g. ‘XXXYYY’) 
and shuffled (other arrangements, e.g., ‘XYXXYY’). They have been characterized at the amino acid level in all 
domains of life, and are described as often found within intrinsically disordered regions. Since DNA replication 
slippage has been proposed as a driver of repeat variation, and given that some polyXY have a repetitive nature, 
we hypothesized that characterizing the nucleotide coding of various types of polyXY could give hints about their 
origin and evolution. To test this, we obtained all polyXY regions in the human transcriptome, categorized them, 
and studied their coding nucleotide sequences. We observed that polyXY exacerbates the codon biases, and that 
the similarity between the X and Y codons is higher than in the background proteome. Our results support a 
general mechanism of emergence and evolution of polyXY from single-codon polyX. PolyXY are revealed as 
hotspots for replication slippage, particularly those composed of repeats: joined and direpeat polyXY. Inter- 
conversion to shuffled polyXY disrupts nucleotide repeats and restricts further evolution by replication slip-
page, a mechanism that we previously observed in polyX. Our results shed light on polyXY composition and 
should simplify the determination of their functions.   

1. Introduction 

Protein sequences may contain regions that differ in composition 
from the normal, random distribution of amino acids by having a 
reduced number of amino acid types. These regions are called low 
complexity regions (LCRs). This is a relaxed definition that implies a 
difference between a region and a protein dataset serving as a back-
ground (a proteome, for example) in amino acid frequency, repetitive-
ness, or both [1]. The simplest LCR, called homorepeat, is composed of 
only one type of amino acid and defined as a tract of consecutive 
repeated amino acids. Given ‘X′ as a repeating residue, they are also 
called polyX regions. They are abundant in eukaryotes (comprising 
~15% of eukaryotic proteomes), and can be made up of almost any 
amino acid [2]. Different types of polyX regions have been associated 
with diverse functions: polyQ in mediating protein-protein interactions 
[3] and transcriptional activation [4], polyL, polyG, polyH and polyS in 
aiding protein localization [2,5–7], and polyA in transcriptional 
repression [8], among others [9]. 

Another simple LCR are polyXY, regions composed of two different 
types of amino acids (X and Y). The arrangement of the two different 

amino acids is taken into account to classify these regions into three 
categories: direpeats (e.g., ‘XYXYXY’), joined (e.g., ‘XXXYYY’) and 
shuffled (e.g., ‘XYYXXY’). 

So far, there has only been a comprehensive general characterization 
of polyXY regions in terms of taxonomic abundance [10] and structural 
properties [11]. They are more abundant than polyX regions and usually 
overlap with intrinsically disordered regions, although they can induce 
helical (polyEK, polyER) or beta (polyGS, polyEP) conformations [11, 
12]. On the other hand, in recent years studies have been published 
describing the functional features of specific XY pairs, mostly in the form 
of XY-rich regions: polyDE is related to chromatin metabolism [13]; 
R/G-rich regions are involved in transcription, splicing and mRNA 
translation [14]; the polyGS of the human SMN protein (UniProt: 
Q16637) is involved in the interaction of SMN with proteins Gemin2 and 
Gemin8 [15]. 

An important question that remains under investigation is the origin 
of polyXY regions. Replication slippage has been well described to shape 
the evolution of polyX, evidenced by codon biases in some homorepeats 
[16] and by the existence of genetic diseases that result from codon 
expansion [17]. The widespread existence of repeats within intrinsically 
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disordered regions [18], which emerge abundantly even in some giant 
virus lineages [19], hints at the possibility that polyXY could also result 
from replication slippage, particularly when they are repetitive in na-
ture. We hypothesize that if this were the case, there should be traces of 
this origin at the nucleotide level. To test this, we studied the polyXY 
regions in the human transcriptome, paying particular attention to the 
degree of synonymous codon usage in different polyXY categories. 

2. Methods 

We downloaded the human transcriptome from Ensembl (BioMart 
GRCh38p13 dataset) [20], limiting it to protein-coding transcripts, for a 
total of 98,711 transcripts. We filtered this dataset to keep only one 
random transcript per gene (22,518 sequences). Then, we used the 
standalone version of the XYs tool [10], with default parameters, to 
search for polyXY regions in the proteins encoded in these sequences. 
These parameters are: two different amino acids are required in a win-
dow of 6 amino acids, with a minimum of two occurrences per amino 
acid. Once a polyXY is located with these parameters, the window is 
extended until a 6-amino acid window that does not match is found. The 
polyXY regions were categorized based on the arrangement of the amino 
acids in direpeats (the two different amino acids alternate, e.g., XYX-
YXY, also allowing one unpaired X or Y, which can be at the termini of 
the region – e.g., XYXYXYX – or between direpeats – e.g., XYYXYXY), 
joined (a stretch of one amino acid is followed by a stretch of the other 
amino acid, e.g., XXXYYYY), and shuffled (other order of amino acids, e. 
g., XXYXYYX). 

We calculated similarity between codons using the Hamming dis-
tance [21], counting the number of mismatched nucleotides at analo-
gous positions of two codons. 

3. Results and discussion 

3.1. Analysis of the polyXY regions in the human transcriptome 

We detected polyXY regions in the human transcriptome using a 
published approach with default parameters [10] (see Methods). We 
identified 20,983 polyXY regions in a dataset of 22,518 human tran-
scripts; 9952 transcripts had at least one polyXY (that is, 44% of human 
proteins; Supplementary File 1). 

Joined polyXY (composed of a polyX followed by a polyY) account 
for 13.5% of cases (2824 regions covering 0.15% of the transcriptome). 
Direpeat polyXY (formed by alternating X and Y, allowing for one un-
paired X or Y, see Methods) are 7.3% of the polyXY regions (1527 re-
gions covering 0.09% of the transcriptome). All other polyXY, 
categorized as shuffled, represent 79.2% of the regions (16,632 polyXY 
covering 0.96% of the transcriptome). PolyXY composed of six codons 
are the most prevalent (13,680 of the 20,983 regions, 65%), with the 
regions classified as shuffled being the most abundant (Supplementary 
File 2). The longest polyXY is a polyAQ direpeat of 59 amino acids in the 
transcription elongation regulator 1 (Ensembl: ENST00000296702). 

Together, all polyXY found cover 1.20% of the human transcriptome 
(similar to the 1.18% previously reported for Eukaryotes [10]). 

The codon usage in polyXY regions is very similar to that of the 

Fig. 1. Codon usage in polyXY regions. A) Codon usage in polyXY compared to the background of the complete proteome. B) Codon usage per polyXY category. Data 
is shown for codons occurring 10 or more times. 
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background (Fig. 1A). For fifteen amino acids, the most frequent codon 
in the background is even more frequent in the polyXY: for cysteine, 
glutamic acid, phenylalanine, glycine, histidine, isoleucine, lysine, 
leucine, asparagine, glutamine, serine, threonine, valine and tyrosine. 
Two, methionine and tryptophan, are encoded by only one amino acid. 
Only for three, alanine, aspartic acid and arginine, the most frequent 
codon in the background is less frequent in the polyXY. This indicates 
that polyXY tends to exacerbate codon usage bias. By polyXY category, 
the highest usage of a codon for each amino acid occurs within joined 
polyXY or direpeats polyXY for the majority of amino acids, twelve and 
four, respectively (Fig. 1B). Joined and direpeats polyXY are formed by 
amino acid repeats and can correspond to repeated codons. This sup-
ports that replication slippage, which has been proposed to be respon-
sible for length variation in regions with homorepeats [22,23] and short 
tandem repeats [24], could also explain the formation of joined polyXY 
and direpeats polyXY. 

3.2. Joined polyXY are enriched in regions consisting of only two codon 
types 

If replication slippage were involved in originating joined polyXY 
and direpeats polyXY, we hypothesized that many of those polyXY 
should be encoded by a single codon type for amino acids X and Y (two- 
codon polyXY). In our dataset, two-codon polyXY are rare (6.1%). 
Consistent with our hypothesis, joined polyXY are more frequent among 
two-codon polyXY (22.5%) than in the complete set of polyXY (13.4%;  
Table 1). Differently, direpeat polyXY are only modestly enriched in 
two-codon polyXY: 8.9% versus 7.3% of direpeat polyXY among all 
polyXY. We interpret this result as an indication that there may be a 
lower selection pressure to keep identical codons in direpeat polyXY 
compared to joined polyXY. 

3.3. The X-codon and Y-codon in two-codon polyXY are significantly 
similar 

We hypothesized that if two-codon polyXY were frequently encoded 
by an X-codon and a Y-codon with only one nucleotide difference, this 
could explain the emergence of polyXY from mutations of a single-codon 
polyX. 

To investigate the similarity between codons in two-codon polyXY, 
we calculated the Hamming distance (Hd) between codons in the top 10 
most prevalent two-codon polyXY (Table 2; Supplementary File 3). As 
background, we computed the mismatches between codon combinations 
coding for each of the two amino acids forming the polyXY, chosen 
according to codon frequency. For some amino acid pairs, the result is 
always 1 because all pairs of codons are at distance 1 (e.g., for D/E, the 
two codons encoding each amino acid start with “GA”). For other pairs, 
the minimum possible distance is 2 (e.g., for E/L, the codons for gluta-
mic acid start with “GA” and the codons for Leucine start with “CT” or 
with “TT”). Thus, when evaluating the distance in two-codon polyXY 
and in the background, it is necessary to account for the minimum and 
maximum possible distances, considering all possible codon 
comparisons. 

The most interesting result is that, when variable results are possible, 
for the 10 most prevalent two-codon polyXY, the similarity between the 
codons is greater than in a background considering codon usage. This is 

indicative that polyXY tend to arise from mutations of a polyX. This 
tendency is stronger for some polyXY. For example, for polyGS, the 
mean distance in two-codon polyGS is 1.32, whereas in the background 
is 2.35 (Table 2). Out of 35 two-codon polyGS, 13 are joined, which is a 
high frequency, and 2 are direpeats. 32 of 35 encode Glycine with GGC 
(which is the most frequent codon) and 27 of 35 encode Serine with AGC 
(which is also the most frequent). 

In a similar fashion, for polyEL we find a mean distance of 2.07, very 
close to the possible minimum of 2, while the background is 2.63. In this 
case, only 4 of 54 polyEL are joined, and just 8 are direpeats. Again, the 
codons used are the ones that are more frequent for each amino acid: 
GAG for Glutamic acid and CTG for Leucine. For polyEQ, the mean is 
1.02 for a background of 1.46, and 7 of 36 polyEQ are joined with just 
two direpeats. Again, the codons used are the most frequent: 34 use GAG 
for Glutamic acid, and 33 use CAG for Glutamine. 

There are cases where the similarity is not so different from the 
background. As an example, we present polyAE, with a mean distance of 
1.62 compared to 1.84 in the background. 13 of 46 are joined and 2 are 
direpeats. In this case, the bias to use one codon is strong for Glutamic 
acid (40 use GAG, the most frequent codon). On the contrary, for 
Alanine only 16 use the most frequent codon GCC, another 16 use GCG, 
9 use GCT, and 5 use GCA (the least frequent). Only 18 of the 46 polyAE 
have codons at distance 1. Because the Glutamic acid most frequent 
codon is GAG, the only codon of Alanine at distance 1 is GCG, which is 
the least frequent, with the most frequent codon GCC situated at dis-
tance 2. 

Taken together, our results support the origin of polyXY from the 
mutation of a polyX, which was expanded by replication slippage of a 
frequent codon, followed by mutation into another frequent codon, 
followed by further replication slippage. This favors particular X and Y 
combinations. 

3.4. The codon similarity within the polyXY depends on the category 

To further investigate whether replication slippage might be more 
involved in the evolution of polyXY with amino acid repeats, joined and 
direpeats, than shuffled polyXY, we studied the distance between codons 
of particular amino acids in the three types of polyXY. 

For this, we chose a random pair of codons for amino acid X and for 
amino acid Y for each polyXY and computed the average value in each 
category. As the background, we chose a similar number of codon pairs 
for each amino acid, distributed according to codon usage (Fig. 2). 

Methionine and Tryptophan are encoded by a single codon. For 16 of 
the other 18 amino acids, the distance in polyXY was smaller than in the 
background, except for Phenylalanine and Isoleucine, for which shuffled 

Table 1 
PolyXY encoded by two codon types.   

Two-codon polyXY All polyXY  

Number Frequency Number Frequency 

Direpeats 113 8.9% 1527 7.3% 
Joined 287 22.5% 2824 13.4% 
Shuffled 875 68.6% 16,632 79.3% 
Total 1275  20,983   

Table 2 
Top 10 most prevalent types of two-codon polyXY regions. Min and Max indicate 
the minimum and maximum possible Hamming distance between two codons 
for the corresponding X and Y amino acids.  

Pair #polyXY # of two- 
codon 
polyXY 

Mean codon X 
to codon Y 
distance in 
two-codon 
polyXY 

Min Background 
based on codon 
usage 

Max 

D/E 830 139 1.00 1.00 1.00 1.00 
E/K 505 63 1.22 1.00 1.49 2.00 
E/L 393 54 2.07 2.00 2.63 3.00 
E/ 

Q 
148 36 1.02 1.00 1.46 2.00 

P/ 
Q 

389 34 1.79 1.00 1.84 2.00 

G/S 875 35 1.32 1.00 2.35 3.00 
L/Q 247 24 1.40 1.00 1.78 3.00 
A/E 482 46 1.62 1.00 1.84 2.00 
A/L 745 41 2.36 2.00 2.80 3.00 
L/P 640 38 1.45 1.00 2.00 3.00  
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and direpeats had larger distances than the background, respectively. 
Comparing the three polyXY types, polyXY with repeats were the ones 
with the shortest distance for most of the amino acids (11 and 6 times, 
for direpeats and joined, respectively), whereas shuffled polyXY were 
the ones with the shortest distance only for one amino acid (Tyrosine), 
and this by a small margin. These results add support to the participation 
of replication slippage in the evolution of polyXY with repeats. 

4. Conclusions 

We have characterized the codon usage of polyXY regions in the 
human transcriptome. Replication slippage was previously shown to be 
involved in the evolution of polyX [22,23]. Our results support that 
polyXY emerge from mutations of polyX regions of one codon, and that 
replication slippage is responsible for its subsequent evolution. This has 
two consequences. On the one hand, since Y originates from mutations 
of X, this imposes certain biases on the types of amino acids that become 
paired in a polyXY. On the other hand, very frequent codons become 
even more frequent within polyXY regions as these become hotspots for 
codon duplication. In the case of polyXY with repeats (direpeats and 
joined), replication slippage plays an important role. 

From our studies of polyX [25] and short tandem repeats [24], we 
understand that repeats at the amino acid level provide rapidly evolving 
properties and adaptability to protein sequences and might be advan-
tageous in some functional contexts, and that reducing nucleotide re-
peats using synonymous codons can be used to “freeze” this evolutionary 
variability. It is possible that the emergence of shuffled polyXY corre-
sponds to this “freezing” process, which could be facilitated by an 
interconversion of X to Y, when they are encoded by codons that are 
both frequent and within Hamming distance 1. In this respect, shuffled 
polyXY could originate from mutations of repeated polyXY that keep the 
local composition bias, while eliminating codon repeats and potential 
replication slippage. Our study has expanded the role of replication 
slippage in the generation of low complexity regions and sheds light on 
the particularities of codon usage within these regions. While our results 
support a general mechanism for polyXY evolution, future work should 
explore the particular biases observed regarding certain amino acids 
that deviate from this mechanism and might have functional implica-
tions. Such studies should be extended to organisms other than humans. 
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[6] Salichs E, Ledda A, Mularoni L, Albà MM, de la Luna S. Genome-wide analysis of 
histidine repeats reveals their role in the localization of human proteins to the 
nuclear speckles compartment. PLoS Genet 2009;5:e1000397. 

[7] Wolf A, Mantri M, Heim A, Müller U, Fichter E, et al. The polyserine domain of the 
lysyl-5 hydroxylase Jmjd6 mediates subnuclear localization. Biochem J 2013;453: 
357–70. 

[8] Galant R, Carroll SB. Evolution of a transcriptional repression domain in an insect 
Hox protein. Nature 2002;415:910–3. 

[9] Chavali S, Singh AK, Santhanam B, Babu MM. Amino acid homorepeats in proteins. 
Nat Rev Chem 2020;4:420–34. 

[10] Mier P, Andrade-Navarro MA. Regions with two amino acids in protein sequences: 
a step forward from homorepeats into the low complexity landscape. Comput 
Struct Biotechnol J 2022;20:5516–23. 

[11] Gonçalves-Kulik M, Mier P, Kastano K, Cortés J, Bernadó P, et al. Low complexity 
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