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Abstract
Protein-coding nucleic acids exhibit composition and codon biases between sequences coding for intrinsically disordered 
regions (IDRs) and those coding for structured regions. IDRs are regions of proteins that are folding self-insufficient and 
which function without the prerequisite of folded structure. Several authors have investigated composition bias or codon 
selection in regions encoding for IDRs, primarily in Eukaryota, and concluded that elevated GC content is the result of 
the biased amino acid composition of IDRs. We substantively extend previous work by examining GC content in regions 
encoding IDRs, from 44 species in Eukaryota, Archaea, and Bacteria, spanning a wide range of GC content. We confirm that 
regions coding for IDRs show a significantly elevated GC content, even across all domains of life. Although this is largely 
attributable to the amino acid composition bias of IDRs, we show that this bias is independent of the overall GC content and, 
most importantly, we are the first to observe that GC content bias in IDRs is significantly different than expected from IDR 
amino acid composition alone. We empirically find compensatory codon selection that reduces the observed GC content 
bias in IDRs. This selection is dependent on the overall GC content of the organism. The codon selection bias manifests as 
use of infrequent, AT-rich codons in encoding IDRs. Further, we find these relationships to be independent of the intrinsic 
disorder prediction method used, and independent of estimated translation efficiency. These observations are consistent 
with the previous work, and we speculate on whether the observed biases are causal or symptomatic of other driving forces.

Keywords  Intrinsically disordered proteins · Amino acid composition · GC content · Codon selection

Introduction

Intrinsically disordered regions (IDRs) are protein regions 
that are folding self-insufficient, having conformations that 
vary over time and over populations [1–3]. Despite this lack 
of stable structure, IDRs have been found to perform many 
important molecular functions across a wide range of bio-
logical processes [4–7]. Furthermore, IDRs are predicted to 
be quite frequent in nature [8–12]; 25–40% of proteins in 
eukaryotic organisms contain long intrinsically disordered 
region [8]. Although less frequent in Archaea and bacterial 
proteins, IDRs still comprise a significant portion of pro-
teins in those domains of life [7, 9]. These estimates of IDR 
abundance have been made using algorithms that predict 
per-residues intrinsic disorder from amino acid sequence, 
e.g., [13–18]. In addition to distinct amino acid sequence 
signatures [15], IDRs have been found to have several 
genetic signatures in protein-coding nucleotide sequences. 
In particular, IDRs are closely associated with alternative 
splicing [19]—where splice sites are preferentially located 
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in IDRs, likely due to their structural permissiveness—and 
codon selection [20, 21]—where suboptimal codon usage 
slows translation, allowing proper folding and function of 
neighboring ordered regions [21]. Several studies have also 
examined coding guanine and cytosine (GC) content in rela-
tion to IDRs in eukaryotes [22–24] and prokaryotes [25].

Local GC content of DNA has many biological impli-
cations. For example, GC content is closely linked with 
mutability [26] and gene age [27]. For higher Eukaryota, 
genes are often found with GC-rich regions of DNA [26], 
and introns and exons display differences in GC content, 
in which relative GC enrichment of exons plays a role in 
regulation of alternative splicing (AS) [28]. Also among 
Eukaryota, studies have found that gene regions coding for 
IDRs have a high GC content, relative to gene regions cod-
ing for ordered regions [22, 23]. The relatively high GC 
content of IDRs is suggested to be due to the high GC con-
tent of codons of some disorder-promoting amino acids, and 
low GC content of some codons of order-promoting amino 
acids [22, 23]. It is particularly interesting that consistent 
relationships have been observed between AS, IDRs, and 
GC content: AS and IDRs [19], AS and GC content [28], 
and IDRs and GC content [22–24]. Additionally, IDRs 
have been linked to elevated recombination rates, likely due 
to the increased GC content of IDR coding regions [24]. 
The relationship between IDRs and GC content has been 
attributed to amino acid usage bias between structured and 
disordered regions [23]. In general, amino acids are biased 
between IDRs and ordered regions; disordered regions are 
depleted in hydrophobic residues and enriched in polar, 
charged residues, and proline [29]. In terms of the first two 
codon positions, the codons of several hydrophobic residues 
are depleted in GC, and charged residues and proline are 
enriched in GC. In this way, IDRs can influence the GC of 
its source coding sequence.

Several studies examined the relationship between IDRs 
and GC content of their coding regions within particular 
domains of life, only Eukaryota [22, 23] or only prokaryotes 
[25]. These studies have not attempted to explain this rela-
tionship beyond the simple influence of amino acid compo-
sition bias. For instance, the role of the wobble position in 
GC content in IDRs has been ignored. To explore the deeper 
relationship between GC and disorder content, we examine 
the observed GC content in IDRs relative to the GC expected 
from unbiased codon usage between IDRs and structured 
regions. We find that often the GC content of IDRs is sig-
nificantly reduced relative to the GC content expected from 
amino acid composition alone. This phenomenon is depend-
ent on the overall coding GC content of an organism. Moreo-
ver, this relationship is explored over a diverse and balanced 
set of organisms than previously reported. All domains of 
life—Eukaryota, Archaea, and Bacteria—are represented 
by the 44 selected species. We are also the first to ensure 

that these organisms provide a balanced sampling of the 
full range of coding GC content; an equal number of organ-
isms with low, intermediate, and high coding GC content 
were used for each domain of life. Further, the relationship 
between GC and disorder content was examined at several 
levels: organism, protein, and residue. Finally, we examine 
the effects of estimated translation efficiency, as measured 
by biased usage of synonymous codons [30], which has the 
potential to effect GC content. To our knowledge, this is 
the broadest examination of the relationship between coding 
sequences and IDRs.

Materials and methods

Protein and coding sequences for 44 diverse species from all 
domains of life were collected, including: 15 Eukaryota, 14 
Archaea, and 15 Bacteria. High-quality annotations of pro-
tein-coding regions in the human and mouse genomes were 
taken from the collaborative consensus coding sequence 
(CCDS) project [31]. Complete proteomes sequences for 
the other 42 species were collected from UniProt release 
2013_11 [32]. The corresponding transcripts for each pro-
tein were retrieved from EMBL [33]. We aimed to include 
popular model organisms and to obtain a balanced sample 
of coding GC content, with an equal number of organisms 
with high, intermediate, and low values for each domain of 
life (Table 1). More specifically, for each domain of life, we 
include five organisms in the low, intermediate, and high 
GC groups that are characterized by the median per protein 
GC content between 25% and 40%, 45% and 55%, and 57% 
and 75%, respectively. We select at least 4 or 5 organisms 
for each group and domain of life to ensure that sample size 
is sufficient to run statistical tests.

Characterization of intrinsic disorder in protein 
sequences

Intrinsic disorder predictions were made using a consen-
sus of five predictions generated by two popular methods: 
IUPred [13] and ESpritz [14]. We select them based on 
their favorable predictive quality [34, 35], runtime that 
is sufficiently fast to process the 44 genomes, and com-
plementary designs. To the latter point, the consensus 
includes two versions of IUPred that specialize in predic-
tion of long disordered regions (30 or more consecutive 
residues) and short disordered segments (typically pre-
sent in structured, globular proteins) and three versions of 
ESpritz that were designed for three types of annotations 
of disordered residues: using crystal structures, nuclear 
magnetic resonance structures, and annotations from the 
DisProt database [36]. We implemented the consensus 
using the majority vote where three or more out of five 
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Table 1   Dataset summary

Domain Species NCBI tax-
onomy ID

Number 
of pro-
teins

Median length GC group Per protein proportion 
coding GC (%)

Per protein proportion 
disordered residues (%)

Median Quartiles 
[25,75]

Median Quartiles [25,75]

Eukaryota A. anophagef-
ferens

44056 7382 452 High 71.7 [67.7,74.8] 9.3 [3.7,20.4]

C. reinhardtii 3055 9419 341 66.8 [63.8,69.5] 15.3 [6.4,30.8]
L. infantum 5671 7908 474 61.9 [59.8,63.8] 15.2 [6.1,31.2]
P. sojae 1094619 20,235 323 59.2 [55.6,62.6] 10.8 [4.2,27.5]
N. caninum 572307 6992 553 58.4 [54.9,61.3] 31.5 [13.7,50.2]
H. sapiens 9606 29,063 434 Intermediate 52.5 [45.6,59.4] 13.8 [4.7,32.4]
M. musculus 10090 23,088 415 52.3 [47.2,56.9] 12.0 [3.5,31.1]
B. hominis 12968 5795 286 49.0 [44.6,54.3] 5.7 [2.0,16.9]
G. intestinalis 5741 9234 420.5 48.1 [46.0,51.0] 6.8 [2.4,17.1]
A. lyrata 81972 30,478 308 44.3 [42.3,46.6] 8.5 [3.1,23.5]
T. adhaerens 10228 9627 360 Low 38.0 [36.3,39.6] 5.0 [1.9,15.1]
N. gruberi 5762 14,768 402 34.8 [33.0,36.4] 6.7 [2.3,19.6]
N. bombycis 578461 4049 195 30.0 [27.5,32.7] 4.2 [1.3,11.9]
E. dispar 370354 7869 315 28.3 [25.8,30.7] 3.5 [1.2,10.4]
I. multifiliis 857967 6787 324 24.7 [21.8,27.6] 3.4 [1.2,8.8]

Archaea H. mukohataei 485914 3341 250 High 67.2 [64.5,69.3] 11.5 [5.3,22.1]
M. kandleri 190192 1672 256 61.0 [58.9,63.3] 4.4 [2.0,8.8]
T. archaeon 1054217 1527 247 59.9 [57.6,61.4] 3.9 [1.8,8.3]
C. symbiosum 414004 2011 213 58.1 [54.8,60.6] 6.8 [3.2,16.3]
Ca. M. alvus 1236689 1642 255.5 57.3 [54.6,59.5] 3.7 [1.9,7.8]
M. thermauto-

trophicus
187420 1783 241 Intermediate 50.8 [47.9,52.8] 3.0 [1.2,6.5]

N. gargensis 1237085 3522 163 49.8 [45.0,53.0] 6.1 [2.6,14.0]
K. cryptofilum 374847 1600 262 49.8 [47.8,51.5] 2.3 [1.0,4.7]
A. fulgidus 224325 2350 242 49.7 [47.3,51.5] 1.9 [0.7,4.5]
M. hungatei 323259 3078 263 46.7 [43.3,49.6] 3.0 [1.4,6.4]
A. boonei 439481 1538 253 Low 39.5 [37.1,41.8] 1.8 [0.7,4.4]
Ca. N. limnia 886738 2035 194 32.9 [30.6,35.2] 3.5 [1.4,8.5]
M. FS406-22 644281 1813 244 32.3 [29.8,34.8] 1.4 [0.0,3.6]
N. equitans 228908 529 230 30.8 [29.1,33.0] 1.3 [0.0,3.3]
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methods must predict the disorder for a given residue to 
be predicted as disordered. This is motivated by an obser-
vation that consensuses secure better predictive quality 
when compared to the use of individual predictors [37, 
38]. The same consensus was used in a number of other 
studies [7, 39–43], including the recent study that inves-
tigated relationship between GC and disorder content in 
Eukaryota [22]. Our approach is also similar to consensus-
based putative annotations of disorder available from the 
MobiDB [44, 45] and D2P2 [46] databases. We verified the 
robustness of our results using an independent prediction 
method, VLXT [47]. The usual VLXT threshold of 0.5 was 
adjusted separately for each domain set, so that the median 
organism median fraction disorder residues was the same 
as for the consensus prediction method. This gave VLXT 
thresholds of 0.82, 0.85, and 0.80 for Bacteria, Archaea, 
and Eukaryota, respectively. The other work that looked 
into this relationship in Eukaryota has applied six disor-
der predictions [23], while the older study that analyzed 
Prokaryotes relied on a single prediction [25]. Neither of 
these previous approaches tested the robustness of results 
with independent disorder predictions. The putative dis-
order is annotated at the amino acid level allowing us to 
identify disordered regions and to quantify the amount of 
disorder per protein and per species.

The sequences for the 44 organisms together with the 
disorder predictions are available at http://biomi​ne.cs.vcu.
edu/datas​ets/IDPGC​/.

Characterization of coding sequences

GC content was calculated as the fraction of guanine and 
cytosine in the coding sequences associated with each 
protein. Organisms were selected to have a large range of 
GC content in protein-coding genetic regions. The median 
proportion of GC overall genes ranged from 24.7 to 73%, 
with a similar distribution across each of the three domains 
(Table 1). In contrast to GC content, median fraction of pre-
dicted intrinsic disorder per protein is not similarly distrib-
uted among domains, with Eukaryotic organisms generally 
having a higher content of disorder than Archaea or Bacte-
ria. This domain bias in intrinsic disorder agrees with many 
previous observations, e.g., [7, 9].

Similarly, GC content in disordered and ordered regions 
annotated in the protein sequences is defined as a fraction 
calculated over the coding regions associated with predicted 
disordered and ordered residues. For proteins with a minimal 
amount of both ordered and disordered residues, the relative 
GC content is calculated as the relative difference between 
disordered and ordered GC contents: (disorder_GC − order_
GC)/order_GC. Expected relative GC content was calcu-
lated in the same way, except the average GC content of 
codons for each amino acid type was used to calculate the 
GC content of ordered and disordered regions, rather than 
the actual coding sequence. This gives the expected relative 
GC given compositional differences between ordered and 
disordered regions assuming that codon usage is the same 

Table 1   (continued)

Domain Species NCBI tax-
onomy ID

Number 
of pro-
teins

Median length GC group Per protein proportion 
coding GC (%)

Per protein proportion 
disordered residues (%)

Median Quartiles 
[25,75]

Median Quartiles [25,75]

Bacteria C. woesei 469383 5911 296 High 73.0 [70.5,75.2] 6.6 [3.6,12.5]
P. mikurensis 1142394 3266 305 73.0 [70.3,76.0] 9.6 [5.0,18.5]
S. thermophilus 479434 3470 292.5 68.4 [66.5,70.2] 5.8 [3.0,11.5]
A. paucivorans 584708 2390 299 68.3 [65.4,70.8] 4.7 [2.4,9.7]
T. scotoductus 743525 2446 260 65.4 [63.5,66.9] 3.3 [1.6,7.0]
T. primitia 545694 3511 295 Intermediate 52.3 [46.9,56.2] 3.2 [1.5,7.7]
P. marinus 59922 2968 201 52.0 [47.4,55.1] 6.9 [3.0,17.7]
E. coli 83334 6243 248 51.9 [48.1,54.3] 3.8 [1.7,9.2]
S. linguale 504472 6866 293 51.1 [48.0,53.6] 3.1 [1.3,6.7]
Ca. S. RAAC3 1394711 919 215 50.5 [47.9,52.2] 4.7 [2.0,11.9]
S. aureus 450394 2724 243.5 Low 33.2 [30.8,35.3] 3.0 [1.2,7.6]
T. africanus 484019 1916 279 30.8 [28.3,33.1] 1.3 [0.2,3.1]
L. buccalis 523794 2217 259 30.6 [27.4,33.4] 2.0 [0.8,4.8]
Ca. P. aus-

traliense
980422 976 184 28.0 [25.2,30.4] 4.1 [1.4,14.9]

Ca. B. massil-
iensis

673862 978 282 27.9 [25.6,30.5] 1.2 [0.2,3.8]

http://biomine.cs.vcu.edu/datasets/IDPGC/
http://biomine.cs.vcu.edu/datasets/IDPGC/
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in both types of regions, accounting for differences in amino 
acid composition.

For classification of codons as frequent or infrequent, 
observed codon frequencies were compared to the uniform 
distribution, which is dependent on the number of codons 
for each amino acid type. In other words, ignoring bias in 
codon usage, frequent codons occur more than expected and 
infrequent codons occur less than expected. For example, for 
an amino acid with four codons, the uniform distribution has 
a fraction of 0.25 for each codon. Codons with an observed 
fraction greater than uniform are classified as frequent, and 
other codons are classified as infrequent. This approach is 
similar to the established codon bias index (CBI), which 
assigns numerical values proportional to the most frequent 
codon for each amino acid [48], but allows for the binary 
classification of codons.

Characterization of translational efficiency

We used the tRNA pairing index (TPI) [30] as an estimate 
of the translation efficiency of protein-coding genes. The 
TPI measures the degree to which isoaccepting codons are 
used to code for subsequent amino acids of the same type 
in mRNA sequences. TPI ranges from a value of 1, when 
subsequent isoaccepting codons are used much more than 
expected, to − 1, when subsequent isoaccepting codons are 
used much less than expected. TPI has been found to be 
correlated with translation efficiency [30]. TPI calculations 
were implemented as described [49], using version 2 of the 
calculation. Isoaccepting codon groups were defined as in 
previous work [30, 50].

For segregating efficiently translated coding sequences 
from other coding sequences, we selected a threshold TPI 
value of 0.9. This selection was based on the derivation of 
TPI, which is calculated from the probability that observed 

codon pairs occur at the observed frequency or less, relative 
to a null model where no pair bias is observed: TPI = 1 − 2p. 
A probability of 0.05 corresponds to a TPI value of 0.9. The 
median fraction of coding sequences per organism with a 
TPI value greater than 0.9 is 0.4.

Results

Relationship between GC content and intrinsic 
disorder

GC and disorder content values were examined at several 
levels: organism, protein, and residue. The organism level 
provides a broad view of the typical protein in each organ-
ism. This does not account for systematic biases in com-
positions between organisms, but measured differences are 
robust because all proteins are included. At the protein level, 
ordered and disordered regions within the same protein are 
compared directly. This does correct for differences between 
organism compositions, since all qualities are relative within 
the same protein, but is less robust since only a portion of 
proteins contain both ordered and disordered regions. The 
residue level gives insight into the relationship of overall 
properties to protein composition and is examined in the 
next section.

At the organism level, the median protein values of GC 
and disorder content were used to characterize each organ-
ism. For comparison of GC and disorder content, organisms 
from each domain were grouped into three groups according 
to their median fraction GC (Table 1): low, intermediate, 
and high. Among the selected organisms, a higher median 
fraction of GC in protein-coding genes is associated with a 
higher median fraction of intrinsic disorder (Fig. 1). Across 
all domains, the high GC group contains significantly more 

Fig. 1   Relationship between fraction of GC in protein-coding regions 
and fraction of disordered residues for selected a Bacteria, b Archaea, 
and c Eukaryota species. Medians of the fraction of residues in IDRs 

are plotted for each organism, which are grouped by relative propor-
tion of GC (Table  1). The p values are obtained from the Mann–
Whitney test
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disordered proteins than the low GC group (p value < 0.05). 
For Eukaryota and Bacteria, the intermediate GC group 
contains a significantly greater amount of disorder than the 
low GC group (p value < 0.05). Moreover, the intermediate 
and high GC groups are not or marginally significantly dif-
ferent (p value = 0.05 for Eukaryota and 0.15 for Bacteria), 
although the abundance of disorder is visibly higher for the 
high GC group. Archaea shows similar relationships, with 
the high GC group significantly greater than the intermedi-
ate GC group (p value < 0.05), and low and intermediate GC 
groups that are not significantly different (p value = 0.09) but 
where the disorder content is visibly higher for the interme-
diate GC group. The relationship between intrinsic disorder 
and GC content was found to be insensitive to the prediction 
method used to estimate intrinsic disorder; comparison of 
intrinsic disorder predicted by the VLXT method (ref) for 
GC groups yielded nearly identical results (Fig S1), where 
all group differences are significant but one. This indicates 
that results are robust to the disorder prediction method 
used. Direct comparison of median GC and intrinsic disorder 
shows moderate positive correlations between median dis-
order content and GC content within each domain (Fig. S2): 
0.74, 0.70, and 0.61 for Bacteria, Archaea, and Eukaryota, 
respectively.

At the protein level, the GC content of ordered and disor-
dered regions within the same proteins was compared. The 
relative GC content between disordered and ordered regions 
was calculated by the fraction of GC in disordered regions 
relative to the fraction of GC in ordered regions within the 
same protein, and summarized over each organism. Proteins 
with a minimal number of both ordered residues and disor-
dered residues were selected to obtain sufficient sampling 
of each structure type. Based on sampling of minimum resi-
due thresholds between 1 and 100 amino acids (Fig. S3), 
a threshold of at least 20 ordered and disordered residues 
was selected because it is consistent with higher thresholds, 
while retaining a larger number of proteins. These results 
show that the residues of IDRs are consistently encoded by 
higher GC content sequences (Fig. 2); nearly all individual 
organisms have a positive relative median fraction GC. On 
average, Eukaryota show the largest bias in GC for encod-
ing disordered regions, although the difference in domain 
medians is not significantly different (two-tailed student t 
test, not shown).

Among each domain, one organism does not show a 
significant bias in GC between disordered and ordered 
regions (Fig.  2): the bacterium Leptotrichia buccalis, 
the archaeon Methanocaldococcus sp. FS406-22, and the 
eukaryote Ichthyophthirius multifiliis. The compositions 
of IDRs in these organisms are extreme, relative to other 
selected organisms in their domains (Fig. S4A, B, and C). 
In particular, the IDRs of these organisms have the lowest 

proline contents among all species in their domains, where 
proline is one of the disorder-promoting amino acids most 
strongly associated with high GC content. Additionally, 
these organisms have the greatest, or near the greatest, 
content of lysine, asparagine, and isoleucine, all of which 
have among the least GC content. These data show that 
GC content bias in IDRs is not universal, but dependent 
on amino acid composition.

Fig. 2   Relative fraction of GC in disordered regions with respect to 
fraction GC in ordered regions. Points give the median value among 
proteins from each species with at least 20 disordered residues and 
20 ordered residues (number of proteins). Error bars indicate the 95% 
confidence interval on the median. Horizontal lines indicate the mean 
of each of the three domains, which are (top to bottom): Eukaryota, 
Archaea, and Bacteria
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Role of amino acid composition in relative GC bias

To examine the residue-level relationship between GC and 
disordered content, the GC content of each amino acid 
type—relative to the overall GC content—was compared to 
its composition in disordered regions—relative to its com-
position in ordered regions (Fig. S5). Several amino acids 
consistently contribute to both disorder and GC content 
across all organisms studied. Proline and arginine—gen-
erally known to be disorder-promoting residues [15]—are 
positively associated with both disorder and GC content. 
Consistent with this, isoleucine, tyrosine, and phenylala-
nine—strongly order-promoting residues [15]—are nega-
tively associated with both disorder and GC content. These 
five amino acids are the most consistent drivers in the GC 
and disorder content relationship. Of the remaining residues, 
a few violate the general trend, but most have codon GC 
content close to the overall species values, or—in the case 
of asparagine, glycine, and alanine—show an inconsistent 
content in ordered and disordered regions.

There are some notable exceptions to the residue-level 
relationship between disorder promotion and GC content. 
Lysine, which is generally strongly disorder promoting [15], 
has some of the most GC-poor codons. Tryptophan is a con-
sistently order-promoting residue [15], with a codon that is 
more GC rich than most organism GC content, but is a rare 
amino acid and contributes little to overall GC. It should be 
noted that methionine shows a consistent bias toward IDRs 
in both Bacteria and Archaea (Fig. S5A and S5B). However, 
this is a result of the location of methionine at the amino 
terminus in proteins in these domains, where termini are 
frequently predicted to be disordered. Methionine is more 
common in eukaryotic proteins, and the values observed in 
this domain are inconsistent in disorder bias (Fig. S5C).

The general dependence of relative GC content on the 
amino acid bias of IDRs was verified by comparing the 
observed relative GC content to the expected value given 
the amino acid composition and codon distribution in each 
organism. This expected value differs from the observed 
value only in the GC value of each codon. For the expected 
value, the average GC content of codons for each amino acid 
is used to calculate GC content for ordered and disordered 
residues, whereas the observed value used the GC content of 
the coding sequence directly. Differences between observed 
and expected values are attributable only to differences 
in codon usage between ordered and disordered regions. 
In general, expected values (Fig. S6) show the same bias 
toward greater GC in disordered regions as observed values 
(Fig. 2). Direct comparison of observed and expected values 
of relative GC (Fig. 3) reveals two important features of 
the relationship between GC and disorder content. First, as 
expected, observed relative GC is generally proportional to 
the values expected from composition alone, which demon-
strates the dependence of relative GC content on composi-
tion. Second, observed and expected values show a system-
atic bias, indicating the presence of codon selection bias 
between ordered and disordered region coding sequences.

Codon usage bias effects observed GC bias

Although observed relative GC is proportional to the 
value expected from compositions of predicted intrinsi-
cally disordered and ordered regions, most organisms show 
significantly less GC bias than expected (Fig. 4). The dif-
ference between observed and expected values is signifi-
cant in all three domains (p value < 0.01). Similar to the 
observed results, the expected relative GC values of each 
domain are not significantly different from each other. The 

Fig. 3   Comparison of observed relative GC with expected relative GC in each species in a Bacteria, b Archaea, and c Eukaryota species. Medi-
ans of relative GC are plotted for each organism, where error bars indicate the 95% confidence interval on the median
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lower-than-expected observed relative GC indicates that 
while amino acid composition promotes a higher GC content 
in IDRs, codon selection counteracts this to some extent. In 
other words, selection among codons coding for the same 
amino acid is the only free parameter between the observed 
and expected values; so, this difference demonstrates that, in 
many organisms, GC-poor codons are preferentially selected 
for encoding the amino acids in the IDRs of many of the 
organisms studied here.

The relative difference between observed and expected 
relative GC compared to overall coding GC (Fig. 5) sug-
gests that codon selection is dependent on the overall GC 
content of protein-coding genes. Organisms with low overall 
GC content show little to no difference between observed 
and expected relative GC content in IDRs, whereas organ-
isms with moderate to high GC content show a decrease in 
observed relative GC due to codon selection. One apparent 

exception to this trend is the eukaryote A. anophagefferen 
(Fig. 5c, right most point), which has the greatest GC com-
position among selected Eukaryota, but little difference 
between observed and expected relative GC. The composi-
tion of the IDRs of A. anophagefferen was found to have the 
highest content of proline, arginine, and alanine among all 
selected Eukaryota IDRs (Fig. S4D), which are some of the 
amino acids most strongly associated with high GC content 
(Fig. 5c). While this contributes to the high GC content of 
this organism, relative codon usage between ordered and 
disordered regions is responsible for the lack of difference 
between observed and expected relative GC.

The relationship of GC content to codon usage in each 
organism was examined by calculating the fraction of infre-
quent codons that contain G or C in the third position. Here, 
infrequent codons are defined as those codons used less 
frequently than expected at random (see “Materials and 
methods”). It is seen that organisms with a high GC content 
have infrequent codons that are GC poor, and organisms 
with a low GC content have infrequence codons that are GC 
rich (Fig. 5), which is the expected relationship. In other 
words, the proportion of frequent codons that are GC rich is 
directly related to the overall GC content of the organism. 
This, combined with the relationship between overall GC 
content and the difference between observed and expected 
relative GC, suggests that GC-poor, infrequent codons may 
be used preferentially in IDRs of organisms with moderate 
to high GC contents.

Previous studies have found that IDR coding regions show 
significant bias in codon usage [20, 21]. One explanation 
for the difference between observed and expected relative 
GC is that GC-poor codon variants are relatively infrequent 
and used preferentially in coding for IDRs. The relative use 
of codons in ordered and disordered regions was compared 

Fig. 4   Comparison of mean observed relative GC (solid bars) with 
mean expected relative GC (thatched bars). Means correspond to 
horizontal lines in Fig. 2 and Fig. S6, and error bars are the 95% con-
fidence interval on the mean. The p values are results of a paired two-
tailed t test

Fig. 5   Comparison of overall fraction GC with the median rela-
tive difference between observed and expected relative disorder GC 
for each organism in the three domains: a Bacteria, b Archaea, and 
c Eukaryota. Error bars indicate the 95% confidence interval on the 

median. Points are color coded by proportion of G or C in the third 
position of infrequent codons: 0–33% (black), 33–66% (gray), and 
66–100% (white)
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against the overall abundance of codons, noting the third 
position GC content (Fig. S7). These data show that, for 
many organisms, infrequent codon usage is biased toward 
coding for IDRs, and infrequent codons are often the third 
position A or T codon variants for a particular amino acid. 
These data were summarized by the median relative fraction 
of disorder for infrequent codons, noting the proportion of 
infrequent codons with third position G or C, and compared 
to the difference between observed and expected relative 
GC content (Fig. 6). This comparison shows that organisms 
with a reduced relative GC have IDRs enriched in GC-poor, 
infrequent codons. Further, this relationship is proportional, 
with moderate relative GC-depleted organisms having less 
bias in codon usage with fewer GC-poor infrequent codons, 
and organisms with close to the expected relative GC val-
ues having little codon bias and GC-rich infrequent codons. 
The extreme exception to the overall trend is A. anophagef-
feren, which shows the typical A and T third position bias 
for infrequent codons, but a bias for these codons to occur 
slightly more frequently in ordered regions, rather than IDRs 
(Fig. S7).

Translation efficiency and GC bias

Another view of codon usage bias has been proposed 
in terms of subsequent codons for the same amino acid 
[49]. The idea is that nature has optimized codon usage, 
so subsequent codons for the same amino acid are rec-
ognized by the same tRNA, which enhances translation 
efficiency. These isoaccepting codon pairs have been found 
to be greatly overrepresented in both eukaryotic [30] and 
prokaryotic [50] coding sequences, and the degree of 

isoaccepting codon pair bias is correlated with translation 
efficiency [30]. This suggests that efficiently translated 
IDRs, in the sense of optimized isoaccepting codon pairs, 
may show a stronger GC-bias effect than other IDRs.

We investigated this possibility by calculating the TPI 
value of each coding sequence in our dataset and dividing 
coding sequences for each organism into low TPI (lower 
translation efficiency) and high TPI (higher translation 
efficiency) sets and repeating the analysis on both sets 
separately. We find that the relationship between organ-
ism-level GC content and intrinsic disorder is generally 
insensitive to this division of coding sequences (Fig S8); 
the pattern of significant differences in intrinsic disorder 
content between GC content groups is nearly identical 
when comparing the whole set (Fig. 1), the low TPI set 
(Fig S8A, B, C) and the high TPI set (Fig S8D, E, F).

Further, we re-examined the relationship between 
observed and expected GC bias in intrinsically disor-
dered regions as a function of organism GC content. The 
increase in GC bias in intrinsically disordered regions as 
organism GC increases observed for the whole set (Fig. 5) 
is also observed for both the low TPI set (Fig S9A, B, 
C) and the high TPI set (Fig S9D, E, F). The magnitude 
of the effect is also qualitatively maintained, except for 
intermediate GC content organisms, for which the low TPI 
set shows a somewhat larger effect for intermediate GC 
content organisms, with the high TPI organisms showing 
a corresponding slight decrease in effect. Regardless of 
these effects, consideration of expression efficiency does 
not explain the observed relationship between the mag-
nitude of GC bias and organism GC content observed for 
the whole set.

Fig. 6   Bias of infrequent codon usage in coding for disordered 
regions compared to the relative difference between observed and 
expected relative GC for a Bacteria, b Archaea, and c Eukaryota spe-
cies. Disorder bias in infrequent codon usage is calculated as the rela-
tive frequency of codon usage in coding for IDRs with respect to its 

frequency in ordered regions, and is summarized by the median value 
for each organism. Error bars are the 95% confidence interval on the 
median. Points are color coded by proportion of G or C in the third 
position of infrequent codons: 0–33% (black), 33–66% (gray), and 
66–100% (white)
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Discussion

GC content reduced in IDR coding regions of high GC 
content organisms

The relationship between GC and disorder content was 
examined on a collection of protein and coding sequences 
from a broad set of 44 species spanning all domains of 
life, and a wide and balanced range of coding GC content. 
For both overall and for individual proteins containing 
ordered and disordered regions, we confirm the relation-
ship between GC and disorder content previously observed 
in eukaryotes [22, 23]. For prokaryotes, the previously 
reported genome-scale observation [25] is found here to 
hold at the individual protein level as well. As suggested in 
this previous work, we find that amino acid biases between 
ordered and disordered regions play a major role in deter-
mining coding GC content. Moreover, we are the first to 
find that IDRs have a significantly lower GC content than 
expected, given the observed codon distribution in each 
organism, particularly for high GC content species. This 
systematic bias in GC content is observed in all domains 
of life. This demonstrates a bias in codon selection in 
IDRs; codons with a wobble position A or T are used 
preferentially over codons with a wobble position G or C 
in regions encoding IDRs. Further, this selection bias is 
manifested by the use of infrequent codons. That is, the G 
or C wobble codon variants are typically the predominant 
codon variants, and the use of infrequent variants is biased 
toward coding for IDR regions.

The current data suggest that codon selection for IDRs 
is subject to GC-content pressure. That is, organisms with 
a relatively low GC content show less use of infrequent 
codons for coding IDRs than organisms with a higher GC 
content (Fig. 6). These infrequent codons use the A or T 
codon variants and cumulatively reduce the overall cod-
ing GC observed in IDRs for high GC content organisms. 
Previous studies have examined the coding of IDRs in 
terms of coding efficiency, which is essentially the rate 
at which a region can be translated. This is quantified by 
the relative abundance of tRNAs for each codon. The rela-
tive abundance of tRNAs is unknown for most organisms 
and is commonly approximated using the relative adaption 
index [51]. The relative adaption index takes the number 
of tRNA genes for a given codon as an approximation of 
the codon’s efficiency. Several other studies have observed 
that IDR coding regions are biased toward low-efficiency 
codons [20, 21]. The reduced translation efficiency of 
IDRs has been shown to be important for protein struc-
ture and biological function, where stalling of translation 
at IDRs may allow proper folding of structured domains 
[21]. Additionally, coding efficiency is conserved across 

homologous proteins, further supporting its biological 
importance [21]. Results here using codon frequencies and 
those based on relative adaption are generally comparable; 
when codon third position irregularities are accounted for, 
relative adaption is generally related to codon usage fre-
quency [52]. However, the general GC content-based bias 
observed in this work does not conflict with efficiency-
based codon selection for low GC content organisms, 
which do not show a bias for infrequent codons; the former 
is observed over all coding regions, but individual genes 
may have extreme biases. That is, the translation efficiency 
of individual gene regions may be regulated, even if the 
codon selection bias is not observed in aggregate.

Further, we do not see an effect on relationship between 
intrinsic disorder GC bias and organism GC content by cod-
ing sequence translation efficiency, as measured by TPI. This 
seems to contradict agreement between the observation of 
rare codon usage seen here and the association observed 
with reduced translation efficiency of IDRs due to subopti-
mal codon usage observed in previous studies [20, 21]. How-
ever, TPI is measured at the gene level, and the pattern of 
codon usage isolated to IDRs may not have sufficient impact 
on the calculated TPI. If TPI could be extended to region 
level calculations, a difference between ordered region TPI 
and disordered region TPI may be apparent.

Organisms without relative GC bias

There are two observations that do not follow the over-
all conclusions: lack of relative GC content bias for three 
lysine-rich organisms and bias of IDRs toward arginine. 
The overall and per-protein relationship between coding 
GC content and disorder content can be attributed in large 
part to amino acid biases in ordered and disordered regions 
in all domains of life. In reference to the standard transla-
tion table and previous examinations of amino acid biases 
in ordered and disordered regions [15], two disorder-pro-
moting amino acids—proline and arginine—have G and C 
in the first two codon positions, and several order-promoting 
amino acids—isoleucine, phenylalanine, and tyrosine—have 
A and T (U) in the first two positions. These codons are 
sufficient to enrich regions encoding for IDRs in GC, for 
nearly all organisms studied here. The few organisms that do 
not follow this trend were shown to have an extreme lysine 
content in their IDRs (Fig. S4), where lysine is a disorder-
promoting residue but with codons beginning with AA. High 
lysine content in the IDRs of these few organisms is suf-
ficient to equalize the GC content, on the whole, between 
ordered and disordered regions. The unusual composition 
of IDRs in these organisms may be explained by unique 
requirements of these organisms. One possible explanation 
is protection from desiccation; lysine-rich IDRs are common 
in LEA proteins which function to protect other proteins 
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under desiccating conditions [53]. Both the eukaryotic and 
bacterial organisms with high lysine content IDRs have life 
cycles that include exposure to desiccating conditions. Ich-
thyophthirius multifiliis is a parasite that infects fish and has 
two stages outside the fish body. Leptotrichia buccalis is a 
gram negative, anaerobic, non-motile bacillus found in the 
oral cavity. A need for desiccation protection is less clear for 
the archaeon, Methanocaldococcus sp. FS406-22, which is 
an anaerobic, piezophilic, diazotrophic, hyperthermophilic 
marine archaeon. It is possible this archaeon might need 
proteins with lysine-rich regions for some specific functions. 
In fact, lysines are commonly methylated in Archaea, which 
is rare in Bacteria and eukaryotes [54].

Arginine as a disorder‑promoting residue

Our results regarding arginine are somewhat unusual. This 
amino acid is not always considered as a disorder-promoting 
amino acid [15], and neither does it have the highest GC 
codons as judged by the standard translation table. In terms 
of disorder promotion, it is reasonable that arginine would 
be associated with disorder, since it is positively charged, 
and net charge is strong determinant of intrinsic disorder 
[3]. In fact, arginine-rich IDRs are known to play important 
roles in RNA binding [55] and in the formation of mem-
braneless organelles [56]. On the other hand, arginine has 
been found to stabilize folded domains via multiple salt 
bridges and hydrogen bonds, e.g., [57]. The dual role of 
arginine likely explains its lack of a strong observed bias in 
known IDRs, being only marginally enriched in IDRs [15]. 
The arginine bias observed here is consistent with previ-
ous estimates; the association between arginine content and 
disorder is relatively weak, but consistent over all organisms 
examined. Further, in terms of GC content, arginine has six 
codons in the standard translation table, four with C and G 
in the first two positions and two with A and G. Given that 
arginine is consistently correlated with high coding GC in 
these data, it seems that the four C and G codons are gener-
ally more common.
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