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Proteins evolve through point mutations as well as by insertions and deletions (indels). During the last
decade it has become apparent that protein regions that do not fold into three-dimensional structures,
i.e. intrinsically disordered regions, are quite common. Here, we have studied the relationship between pro-
tein disorder and indels using HMM–HMM pairwise alignments in two sets of orthologous eukaryotic protein
pairs. First, we show that disordered residues are much more frequent among indel residues than among
aligned residues and, also are more prevalent among indels than in coils. Second, we observed that disor-
dered residues are particularly common in longer indels. Disordered indels of short-to-medium size are prev-
alent in the non-terminal regions of proteins while the longest indels, ordered and disordered alike, occur
toward the termini of the proteins where new structural units are comparatively well tolerated. Finally,
while disordered regions often evolve faster than ordered regions and disorder is common in indels, there
are some previously recognized protein families where the disordered region is more conserved than the
ordered region. We find that these rare proteins are often involved in information processes, such as RNA
processing and translation. This article is part of a Special Issue entitled: The emerging dynamic view of
proteins: Protein plasticity in allostery, evolution and self-assembly.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

A number of different genetic mechanisms cause mutations in
coding genes, ranging in size from point mutations, through inser-
tions and deletions (indels) of a few residues, to rearrangements of
protein domains and fusion of entire genes. In general, mutations
occur at random but are under selective pressure. One general result
of this is that residues in the core of a protein are more likely to be
maintained through evolution compared to those on the surface of
the protein [1]. Further, short indel events are more likely to occur
in loops than in secondary structures.

Short indels occur by, for instance, DNA replication slippage dur-
ing replication or repair [2]. Longer extensions can occur through
the conversion of 3′ UTRs into coding regions [3] and through cassette
duplications of protein domain repeats, a feature that is particularly

common in higher eukaryotes [4]. Novel coding regions may also be
created through tandem repetitions of short nucleotide sequences
(microsatellites) within the coding region [5].

As some regions of proteins are less crucial to the functionality to the
protein than others it is safe to assume that indels within some regions
are less likely to be deleterious than indels in other regions. Short indels
that become fixed in the population preferentially occur in solvent
accessible loop regions [6]. Longer indel events involve the insertion or
deletion of entire protein domains, primarily at the N- and C-termini of
proteins [7] but also,when it comes to repeated domains,within the cen-
tral parts of a protein [7]. The selective pressure acting on these longer
indel events is less well understood. However, in the case of repeated
proteins it is clear that the duplication of particular domain combinations
are strongly favored [8]. The large length variation caused by indels of
several protein repeat domains affects binding properties of the proteins,
i.e. longer indels events are often associated with functional changes [9].

During the last decade it has become evident that while most pro-
teins contain folded domains, and indeed most proteins contain more
than one domain [10], some proteins are partially or even fully disor-
dered [11–13]. These sequences are characterized by two primary
features; (i) a low level of hydrophobicity which precludes the forma-
tion of a stable globular core; (ii) a high net charge which favors an
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extended structural state due to electrostatic repulsion [14]. These
properties lead to that intrinsically disordered proteins are, in gener-
al, more expanded in native conditions than foldable proteins [15].

One important observation concerning intrinsically disordered
regions is the fact that they are not at all as common in prokaryotes
as in eukaryotes [16], suggesting that disorder could be a component
required for higher complexity [17], although it is possible that an-
other reason for this finding is the compactness that characterizes
prokaryotic genomes [18]. Intrinsically disordered regions are in gen-
eral fast evolving, but there are also examples of highly conserved
intrinsically disordered regions [14,19]. Further, many intrinsically
disordered regions are important for binding [13] and intrinsically
disordered regions are a common feature of the hubs in protein–
protein interaction network of Saccharomyces cerevisiae [20,21].

Here,wepresent an investigation into insertions and deletionswith-
in disordered regions.We show that indels, here defined as regions that
are aligned against gaps, contain much more disordered residues than
aligned positions. Further, the longer the indel, the more likely that it
is disordered. Finally, among the proteins where the disordered region
is at least as conserved as the ordered region, we find an overrepresen-
tation of proteins that are involved in processes related to translation.

2. Results and discussion

We have applied two disorder predictors, Iupred [22] and Disopred,
to analyze the evolutionary patterns of disordered residues in particular
with respect to indels. There are many flavors of protein disorder
[13,23]. For instance, short and long disordered regions appear to per-
form different functional roles, where the short disordered regions
often serve as loops in otherwise structurally ordered proteins [16].
Such regions are less conserved than their structured surroundings
[24], whereas long disordered regions often are more conserved than
the surroundings [16].

The identification of disordered regions is to a large extent per-
formed by using different predictors. What these predictors detect
depend on their accuracy as well as what they been trained to identify.
The training is often based onmissing, or high B-factor, residues in crys-
tal structures. However, these properties also characterize flexible
loops. Therefore, there are not exact rules to distinguish between flexi-
ble loops and short disordered regions. With this in mind, we have
focused our analysis on long disordered regions, by applying a filter,
where all predicted regions shorter than 31 residues are removed. Pre-
dictions performed using Iupred are based on single sequences and
identifies primarily long disordered regions. Disopred on the other
hand makes use of multiple sequence alignments and is considered
superior for detection of short disordered regions. It is worth noting
that even after filtering Disopred predicts about twice as many disor-
dered residues as Iupred, see Table 1, showing that the exact amount
of disordered residues is somewhat ambiguous.

The first dataset used herein consists of 3,736 pairs of homologous
proteins from twowell-annotated eukaryotic genomes— Caenorhabditis
elegans and Drosophila melanogaster. Additionally, in order to avoid pos-
sible artifacts that arise as a result of different splice forms, and incorrect
gene predictions, present in higher eukaryotes, we have performed the
same study on a similar set of 18,389 fungal protein pairs. These results
are primarily located in the supplementary material and only discussed
briefly in the main text where notable differences compared to the
C. elegans–D. melanogaster dataset are found.

The correct alignment of distantly related proteins is a genuinely dif-
ficult problem and, since sequence alignmentmethods were developed
for structured proteins, it may be particularly troublesome to align dis-
tantly related disordered proteins [25]. Here, we have used HMM–

HMM alignments methods to obtain the best possible alignments of
all protein pairs in our dataset. Although using state of the art methods
shouldminimize the problem, the exact details of the alignments in fast
evolving proteins are sometimes difficult to conclusively establish.

Nevertheless, the general trends noted here are, to the best of our
knowledge, independent of the choice of alignment method.

All indels were classified to be ordered (b25% disordered), disor-
dered (>75% disordered) or mixed (25–75% disordered). The mixed
category was small, 5% regardless of disorder prediction method,
and was therefore not included below.

2.1. Long indels are disordered

In our analysis, each residue in an alignment is first classified as
either ordered or disordered, according to a disorder predictionmethod,
and, further, established as either alignedwith a gap, and shall herein be
referred to as an indel residue, or with another residue, here referred to
as an aligned residue, see Fig. 1.

First, we note that there is a tendency for indels to be longer at the
termini, see Fig. 2. It is well known that protein domains often are
added at the protein termini [7], which in part explains our observa-
tion. But it is also clear that indels shorter than a complete domain are
more common at the termini. We find that indels starting at the
N-terminal are the longest, spanning on average around 47 residues,
compared to 33 residues at the C-terminal while non-terminal indels
consist of about six residues. The fungal set shows a similar trend, but
the terminal indels are shorter. Naturally, the number of short indels
far exceeds the number of long ones, see Fig. 2, both at the termini
and internally. However, relatively short indels are less common
toward the termini.

Second, for longer indels, the fraction of disordered residues
grows as the length of the region increases, see Fig. 3. This suggests
that, while small changes may affect ordered regions, disordered
regions tend to accept larger changes. This is in agreement with earlier
observations of evolution of disordered regions in the centrosomes [26].
Further, given indels of the same length, those located at the internal
regions contain more disordered residues than terminal indels.

2.2. Terminal indels are often disordered

Next, we studied the length distribution of ordered and disordered
indels. From Fig. 4 it is clear that the shortest indels are the ordered
internal indels, followed by disordered internal indels, ordered terminal
indels and disordered terminal indels. Actually the length distribution
of disordered terminal indels is quite flat. The rapid increase of average
disorder in internal indels observed in Fig. 3 can be explained by the fact
that ordered internal indels are on average very short (average length 4
residues).

In comparison the frequency of long internal disordered indels is
much higher (average length 8 residues). The slower increase of aver-
age disorderwith length in terminal indels is a consequence of relatively
longer ordered indels at the termini (average length 21 residues).

Also, for the larger indels that occur at the termini it is clear, judg-
ing by Fig. 3, that indels at the C-termini are slightly more disordered

Table 1
Average proportion of positions and average proportion of gaps per position (GPP) per
alignment for the different position types (ordered, disordered and ambiguous) as
described in Materials and methods.

Disopred30 Positions [%] GPP [%] Positions [%] GPP [%]

Invertebrates Fungi

Ordered 80 12 80 8
Disordered 17 36 16 23
Ambiguous 3 0 4 0

Iupred30

Ordered 87 14 88 9
Disordered 9 34 8 21
Ambiguous 4 0 4 0
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