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ABSTRACT

We analysed structural properties of protein regions containing arrays of perfect and nearly
perfect tandem repeats. Naturally occurring proteins with perfect repeats are practically absent
among the proteins with known 3D structures. The great majority of such regions in the
Protein DataBank (PDB) are found in the de novo designed proteins. The abundance of
natural structured proteins with tandem repeats is inversely correlated with the repeat
perfection: the chance to find natural structured proteins in PDB increases with a decrease in
the level of repeat perfection. Prediction of intrinsic disorder within the tandem repeats in the
SwissProt proteins supports the conclusion that the level of repeat perfection correlates with
their tendency to be unstructured. This correlation is valid across the various species and
subcellular localizations, although the level of disordered tandem repeats varies significantly
between these datasets. On average, in prokaryotes, tandem repeats of cytoplasmic proteins
were predicted to be the most structured, whereas in eukaryotes, the most structured portion
of the repeats was found in the membrane proteins. Our study supports the hypothesis that in
general, the repeat perfection is a sign of recent evolutionary events rather than of exceptional

structural and (or) functional importance of the repeat residues.



INTRODUCTION

Genome sequencing projects are producing knowledge about a large number of protein
sequences. The understanding of the biological role of many of these proteins requires
information about their 3D structure as well as their evolutionary and functional relationships.
At least 14% of all proteins and more than one third of human proteins carrying out
fundamental functions contain arrays of Tandem Repeats (TR) [1]. The 3D structures of many
of these proteins have already been determined by X-ray crystallography and NMR methods.
Fibrous proteins with repeats of 2 to 7 residues (collagen, silk fibroin, keratin, tropomyosin)
were the first objects studied by methods of structural biology [2]. Proteins with the repeat
length from 5 to 50 residues gained special interests in 90s, when several unusual structural
folds, including B-helices [3], B-rolls [4], horse-shoe shaped structure of Leucine-Rich-Repeat
proteins [5], P-propellers [6], and a-helical solenoids [7] were resolved by X-ray
crystallography. Many proteins with repeats longer than 30 residues have a “beads-on-a-
string” organization with each repeat being folded into a globular domain, e.g. Zn-finger
domains [8], Ig-domains[9] and the human matrix metalloproteinase [10]. It was noticed that
frequently proteins with repeats do not have unique stable 3D structures [11]. Rough
estimates propose that half of the regions with TRs may be naturally unfolded [12, 13]. Low-
complexity regions of eukaryotic proteins that are enriched in repetitive motifs are rare among
the known 3D structures from the Protein Data Bank (PDB) [14]. Common structural features,
functions and evolution of proteins with TRs have been summarized in several reviews [7, 11,
15-18].

Perfect TRs occupy a special place among protein repeats which are usually imperfect
due to mutations (substitutions, insertions, deletions) accumulated during evolution. The high

level of perfection of repeats can mean high structural and functional importance of each



residue in the repeat as it was observed in collagen molecules or some B-roll structures [2, 19].
It can also mean recent evolutionary events that, for example, in pathogens, can allow a rapid
response to environmental changes and can thus lead to emerging infection threats and, in
higher organisms, can lead to rapid morphological effects [20].

Perfect and nearly perfect repeats occur in a significant portion of proteins. Recently,
by using a newly developed algorithm for ab initio identification of TRs, we detected this
type of repeats in 9% of proteins of SwissProt database [21]. To estimate the level of

’

perfection of the TRs we used a parameter called “Ps;,,” which is based on calculation of
Hamming distances between the consensus sequence and aligned repeats of TR region (see
Materials and Methods). In this work we analysed perfect and nearly perfect TRs with Pg;,
>=(0.7.

Specific structural and evolutionary properties of the perfect repeats pose challenges
for annotation of genomic data. First, in contrast to the aperiodic globular proteins, prediction
of structure-function by sequence similarity can not be directly applied to the perfect or nearly
perfect repeats due to their different evolutionary mechanisms. Second, although ab initio
structural prediction of proteins with TRs generally yields reliable results [11], very high
fidelity of sequence periodicity decreases the accuracy and reliability of the information
obtained from the sequence alignment of the repeats. Each position of the perfect repeats is
conserved and this hampers distinguishing between residues that form the interior of the
structure and those that face the solvent.

TRs are often found in proteins associated with various human diseases. For example,
expansion of homorepeats is the molecular cause of at least 18 human neurological diseases,
including myotonic dystrophy 1 (DM1), Huntington's disease (HD), Kennedy disease (also

known as spinal and bulbar muscular atrophy, SBMA), dentatorubral-pallidoluysian atrophy

(DRPLA), and a number of spinocerebellar ataxias (SCAs), such as spinocerebellar ataxia



type 1 (SCA1), spinocerebellar ataxia type 2 (SCA2), Machado-Joseph disease (MJD/SCA3),
SCA6, SCA7 and SCA17 [22, 23]. A number of clinical disorders, including prostate cancer,
benign prostatic hyperplasia, male infertility and rheumatoid arthritis are associated with
polymorphisms in the length of the polyglutamine and polyglycine repeats of the androgen
receptor [24].

Thus, proteins with perfect or nearly perfect TRs play important functional roles, are
abundant in genomes, are related to major health threats and, at the same time, represent a
challenge for in silico identification of their structures and functions. Along this line, the
objective of our work was a systematic bioinformatics analysis of arrays of perfect or nearly

perfect TRs to obtain a global view on their structural properties.

RESULTS AND DISCUSSION

The 3D structures of naturally occurring proteins with perfect repeats are practically
absent in PDB

Our analysis shows that among 20800 sequences of non-redundant PDB (95%
identity) only 9 naturally occurring proteins (0.04%) have perfect TRs with P;, =1 (Table 1).
Furthermore, these arrays of TRs are short (less than 19 residues) and they are missing from
the determined structures representing regions with blurred electron density. A common
reason for missing electron density is that the unobserved atom, side chain, residue, or region
fails to scatter X-rays coherently due to variation in position from one protein to the next, e.g.
the unobserved atoms are flexible or disordered. Exceptions are two proteins: (1) an antibody
molecule where Gly-rich TR region represents a crosslink between two domains (PDB code

1F3R) [25], and, (2) a substrate with (Arg-Ser)g tract that was co-crystallised with protein



kinase (PDB code 3BEG) [26]. This Arg-rich peptide being alone in solution, most probably,
will be unstructured due to the absence of non-polar residues and the presence of eight Arg
residues carrying charge of the same sign. Thus, this analysis suggested that regions of natural
proteins with perfect repeats have tendency to be unstructured.

To retrace this tendency, we analysed further the regions with less perfect TRs. The
TRs with 0.9 < P, < 1.0 are also rare among natural proteins of the PDB. Furthermore, the
conformation of almost all of them is not resolved by the X-ray crystallography because they
are located in regions with missing electron density. Only one of them, human CD3-e/d dimer
(PDB 1XIW) [27] has a short region of two 9 residue repeats corresponding to a loop
followed by B-strand. We also analysed TRs with 0.8 < Py, < 0.9 and found already 17 TRs
of natural proteins with the 3D structures (Table 1). In addition to relatively short regions of
less than 20 residues, corresponding to the a-helical elements, we also found longer regions
which form immunoglobulin-like structures (1D2P) [28], B-roll (1GO7) [29]; a-solenoid
(2AJA) [30] and unusual long B-hairpin (1JHN) [31] (Fig. 1). Three of these four structures

are formed by bacterial proteins.

De novo design proteins with perfect repeats fold into stable 3D structures

In the PDB, majority (80%) of the proteins having perfect TRs are de novo designed
proteins (Table 1). TR regions of a large portion of these proteins fold into the well-defined
repetitive 3D structures such as collagen triple-helices, a-helical coiled coils and a-helical
solenoids [2, 17]. The fact that the designed perfect TRs can form the stable 3D structures
indicates that the absence of such structures in natural proteins is due to evolutionary reasons

and not due to the problems with their folding propensities per se.



Prediction of intrinsically disordered regions in SwissProt database supports tendency
of TRs to be unfolded

The ability of TRs to be structured or disordered was further tested by using a larger
datasets extracted from SwissProt. The analysed dataset of TRs from PRDB
(http://bioinfo.montp.cnrs.fr/?r=repeatDB) were filled in by T-REKS program [21]. The TRs
with Pg, range from 0.7 to 1 are consisted of 51,685 repeats found in 33,151 proteins which
represent 9.1% of all proteins in the SwissProt release of January, 2009 (364,403 sequences).
The level of intrinsic disorder in these repeats and repeat-containing proteins was evaluated

by using several computational tools.

Compositional profiling

Intrinsically disordered proteins (IDPs) and intrinsically disordered regions (IDRs) are
known to be different from structured globular proteins and domains with regard to many
attributes, including amino acid composition, sequence complexity, hydrophobicity, charge,
flexibility, and type and rate of amino acid substitutions over evolutionary time. For example,
IDPs/IDRs are significantly depleted in a number of so-called order-promoting residues,
including bulky hydrophobic (Ile, Leu, and Val) and aromatic amino acid residues (Trp, Tyr,
and Phe), which would normally form the hydrophobic core of a folded globular protein, and
also possess low content of Cys and Asn residues. On the other hands, IDPs/IDRs were
shown to be substantially enriched in so called disorder-promoting amino acids: Ala, Arg, Gly,
Gln, Ser, Pro, Glu, and Lys [32-36]. These biases in the amino acid compositions of IDPs and
IDRs can be visualized using a normalization procedure known as compositional profiling [32,
33, 37]. In brief, compositional profiling is based on the evaluation of the (Cs; - Cy2)/Cs2
values, where Cg) is a content of a given residue in a set of interest (regions and proteins with

TRs), whereas Cy; is the corresponding value for the reference dataset (set of ordered proteins



or set of well-characterized IDPs). Negative values of the profiling correspond to residues
which are depleted in a given dataset in comparison with a reference dataset, and the positive
values correspond to the residues which are over-represented in the set of interest.

Figure 2 compares the amino acid compositions of (i) all TR regions analyzed in this
study, (ii) proteins containing these TRs, and (iii) a dataset of IDPs, with the composition of
ordered proteins. The datasets of IDPs and fully structured proteins were taken from our
previous analysis [38, 39]. It shows that the compositions of proteins containing TRs and TRs
themselves are different from compositions of ordered proteins. They follow the trend for
IDPs, being generally depleted in major order-promoting residues. This tendency towards
disorder is stronger for the TR regions indicating that they contribute to this trend. At the
same time, amino acid composition of the TRs has a bias when compared with the
composition of "typical" disordered proteins (Fig. 2). TRs have especially low occurrence of
order-promoting Met and disorder-promoting charged residues Asp, Glu and Lys. On the
other hand, TRs are highly enriched in Cys and disorder-promoting Pro, Gly, Ser and His.

To test the tendency of TRs towards disorder as a function of their level of perfection
the TRs were subdivided into four subsets accordingly to their Py, values (0.7 < Pg, < 0.8
(32691 TRs), 0.8 <Pgjm < 0.9 (8322 TRs), 0.9 < Pg, < 1.0 (1471 TRs), and homorepeats with
Py = 1.0 (5259 TRs). Homorepeats were analyzed separately from the other TRs because
they significantly outnumber the other types of repeats and being in the same group would
obscure the effect related to the other repeats. The amino acid compositions of these subsets
were compared with the compositions of fully structured proteins. Figure 3 represents the
results of compositional profiling for TRs with different level of perfection. Both homorepeats
and the other TRs show the same trend. With the increase in the perfection of the repeated

segment, the amount of order-promoting residues is gradually reduced, whereas the relative



contents of disorder-promoting polar residues are gradually increased. The content of Gly and

Pro residues does not significantly change.

Prediction of intrinsic disorder

Since the compositional profiling showed that TRs and repeat-containing proteins
have a noticeable increase in the number of disorder-promoting residues, we further analyzed
the abundance of predicted intrinsic disorder in these sequences by several computational
tools, including PONDR® VLXT [34, 40] and VSL2 [41, 42] algorithms, as well as predictors
such as IUpred [43, 44], FoldIndex [45], and TopIDP [37]. Results of this analysis are
summarized in Table 2, which clearly shows that both TRs and repeat-containing proteins are
highly disordered. Furthermore, TRs have higher percentage of disordered residues when
compared to the entire TR-containing sequences. Prediction of intrinsic disorder also
confirmed an observation that the amount of disorder in both datasets increases with an
increase in the repeat perfection (Table 2).

This observation is further illustrated by the distributions of values representing the
number of predicted disorder residues divided by the number of residues in the considered
region (Fig. 4). These distributions are generated for TR regions of different levels of
perfection (Fig. 4A) and for the corresponding repeat-containing proteins (Fig. 4B). Figure 4A
shows that all analysed TRs are highly disordered irrespective of the level of their perfection.
At the same time, as the perfection of TR increases, the relative content of disorder also
increases. For example, at least 70% of TRs with 0.7 < Py, < 0.8 are predicted to have
disorder ratio of more than 0.95. For TR regions with 0.8 < Py, < 0.9 this percentage
increases to 85%, for segments with 0.9 < Pg, < 1.0 it is 86% and for perfect homorepeats it
reaches 97% (Fig. 4A). Fig. 4B shows that only 6% of the whole sequences of proteins

containing perfect repeats are well-structured (disordered ratio less than 0.2). The rest of these



sequences is wide spread within the disordered ratio ranging from 0.25 to 1. Proteins
containing the least perfect repeats (0.7 < Pgm < 0.8) are almost evenly distributed among
various disorder ratios at the level of about 5%. Thus, perfect repeats preferentially occur in
proteins which have the disorder ratio of more than 0.2 and are poorly represented in more

structured proteins, while less perfect repeats are equally probable in sequences with different

disorder ratios.

Intrinsic disorder of tandem repeats across species and subcellular localizations

PONDR® VLXT predictor and TopIDP index were used to establish variation of the
disorder level among TRs of viral, eukaryotic and prokaryotic proteins. The tested dataset
included TRs with Py, > 0.9 identified in SwissProt. The homorepeats were excluded and
analyzed separately from the other TRs because their predominant occurrence in eukaryotic
proteins would obscure the results. Prior to the analysis, the redundancy of the dataset related
to existence of protein sequences from different strains of the same species (especially for
bacteria and viruses) had been filtered out by using the species name, consensus motif,
number and location of repeats. As a result the dataset contained 245 repeats from prokaryotic
proteins, 1059 repeats from eukaryotic proteins and 70 repeats from viral proteins. Our
analysis shows that TRs from all species have the tendency to be unstructured (Table 3). At
the same time, TRs from eukaryotic proteins have ratio of disordered proteins slightly higher
than TRs from viral or prokaryotic proteins.

The ratio of disordered repeats was also investigated as a function of the subcellular
localization of corresponding repeat-containing proteins. We performed this analysis
separately for homorepeats and the other TRs of SwissProt with Pg, > 0.8. The obtained
distribution among cellular compartments were similar in these two datasets, therefore, Table

4 represent the combined results for both types of repeats. The lowest portion of disordered
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repeats (54.3%) was found in the cytoplasmic proteins of prokaryotes (Table 4). The ratio
increases from cytoplasm to the cellular exterior, being equal to 72.3% and 83.6% in
membrane and secreted proteins, respectively. Survey of amino acid sequences of the
bacterial cytoplasmic repeats which were predicted to be structured revealed a large number
(90 TRs) of (GGM), repeats. These repeats are located at the C-terminal extremity of GroEL
chaperone and plays important role in refolding of proteins [46]. In the crystal structure of
GroEL complex, these C-terminal tails are not resolved and located inside the complex
chamber. This suggests that inside of the GroEL complex they are disordered. Such repeats
are also found in mitochondria of eukaryotes in HSP60, a eukaryotic homolog of GroEL. The
cytoplasmic TRs of prokaryotes with excluded GGM repeats still have the highest percentage
of predicted structured regions among the cellular compartments.

In eukaryotes, the ratio of disorder varies differently depending on the cellular
localization. The lowest level of TR disorder is found in membrane proteins, followed by
secreted and nuclear proteins. The cytoplasmic TRs are the most disordered in eukaryotes
(82%). The high percentage of ordered TRs in membrane proteins suggests that they may be a
part of transmembrane regions. However, our analysis revealed that only 12% of them

predicted to be within the TM regions.

MATERIAL AND METHODS

Detection of protein tandem repeats
A program T-REKS was used for ab initio identification of the TRs in protein sequences

(http://bioinfo.montp.cnrs.fr/?r=t-reks) [21]. It is based on clustering of lengths between

identical short strings by using a K-means algorithm. Benchmarks on several sequence

datasets showed that TREKS detects the TRs in protein sequences better than the other tested
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software. Several parameters of the program can be defined by users. Among them are: A/ -
allowed percentage of length variability (default value of 4/ used in this analysis is equal to
20% of the repeat length). It was chosen based on the analysis of known repeats of biological
importance. The program also evaluates the level of sequence similarity between the
identified repeats of each run by using the following approach. Based on the Multiple
Sequence Alignment (MSA) of the repeats constituting a given tandem array, T-REKS
deduces a consensus sequence and uses it as a reference for similarity calculation. In this
alignment an indel is considered as an additional 21st type of amino acid residue. We
calculate a Hamming distance D; [47] between the consensus sequence and a repeat R; with
1< i <m, where m is a number of repeats in one run. Then, we define a similarity coefficient
for the whole alignment as Py;,= ( N-2";=; D; )/N with N=m x [ (I is the repeat length). The
Py, value can be used to estimate the level of perfection of the TR region. The maximal value
Py =1 corresponds to the run of the perfect repeats. In this work we analysed TRs with Py,
>=(.70. The minimal length of TR regions was determined by estimation of the expected
number of perfect TRs found by chance in a random sequence dataset (of the SwissProt
database size) which follows a binomial distribution approximated by a Poisson Distribution
[21]. The lengths for which the expected number of perfect TRs is equal or close to zero
correspond respectively to 9 residues for homorepeats regions and 14 residues for the other
repeats.

Two databases were analyzed: (i) a non-redundant databank of sequences (with less
than 95% identity) from the July, 2008 release of PDB [48] and (ii) SwissProt, release of
January 2009 [49]. During analysis of PDB, artificial His-tags attached to proteins were not
taken into consideration. Short peptides of less than 20 residues which represent ligands
bound to proteins were also not taken into consideration. Several errors of PDB sequence

annotations were found and excluded from the analysis. The 3D structures of the remaining
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164 repeats divided into three groups by the level of perfection (Psim=1, 1>Pgin=>0.9,
0.9>Pgi=>0.8) were analysed manually (Table 1). The identified TRs were stored in Protein

Repeat DataBase (PRDB) (http://bioinfo.montp.cnrs.fr/?r=repeatDB).

Compositional profiling

Biases in the amino acid compositions of intrinsically disordered proteins (IDPs) and
intrinsically disordered regions (IDRs) can be visualized using a normalization procedure
known as compositional profiling [32, 33, 37]. Compositional profiling is based on the
evaluation of the (Cy; - Cy)/Cs; values, where Cg; is a content of a given residue in a set of
interest (regions and proteins with TRs), whereas Cs; is the corresponding value for the
reference dataset (set of ordered proteins or set of well-characterized IDPs). Datasets of fully

disordered and structured proteins were taken from DisProt and PDB databases [38, 39].

Prediction of disordered regions

Two disorder predictors from PONDR® family, VLXT [34, 40] and VLS2 [41, 42], as
well as a set of orthogonal predictors such as IUPred [43, 44], FoldIndex [45], and TopIDP
[37], were used to analyze the differences between the above-described datasets. PONDR®
VLXT is an integration of three artificial neural networks which were designed for each of the
termini and the internal part of the sequences, respectively. Each individual predictor was
trained in a dataset containing only the corresponding part of sequences. The inputs of the
neural networks were amino acid composition, hydropathy, net charge, flexibility, and
coordination number. The final prediction result was an average over the overlapping regions
of three independent predictors [34, 40].

PONDR®™ VSL2 utilized support vector machines to train on long sequences with

length > 30 and on short sequences of length < 30, separately. The inputs included
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hydropathy, net charge, flexibility, coordination number, PSSM from PSI-blast [50], predicted
secondary structures from PHDsec [51] and PSIPRED [52]. The final output was a weighted
average with the weights determined by a meta-predictor [41, 42]. VSL2 is accurate in
detecting both short and long disordered sequences.

[UPred assumes that globular proteins have larger inter-residue interactions than
disordered proteins [43, 44]. Hence, it is possible to derive a sequence-based pair-wise
interaction matrix from globular proteins of known structures. The averaged energy based on
this pair-wise interaction matrix for globular proteins should be different from that of
disordered proteins.

FoldIndex is a method developed from charge-hydrophobicity plot [35] by adding the
technique of sliding windows [45]. The charge-hydrophobicity plot was designed to
determine if a protein is disordered or not as a whole [35]. By applying a sliding window of
21 amino acids centered at a specific residue, the position of this segment on the charge-
hydrophobicity plot can be calculated, and the distance of this position away from the
boundary line is taken as an indication whether the central residue is disordered or not [45].

TopIDP index is an amino acid scale that discriminates between order and disorder
[37]. It is based on a set of general intrinsic properties of amino acid residues that are
responsible for the absence of ordered structure in intrinsically disordered proteins. The
corresponding TopIDP score for each amino acid along the sequence is an average over a
sliding-window of 21 residues. It reflects the conditional possibility of disordered status for
the central amino acid in the sliding-window [37].

All these predictors calculate a prediction score for each residue in the sequence. By
setting up the threshold value of the prediction score, all the residues whose prediction scores
were higher than the threshold value were assigned to be disordered, and the lower-score

residues were assigned to be structured.
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CONCLUSION

TRs of proteins with known 3D structures are generally imperfect. They have
consensus sequences with both conserved and variable amino acid residues. Analysis of these
3D structures reveals that each sequence repeat corresponds to a repetitive structural unit and
their tandem arrangement yields elongated regular structures [11]. The conserved residues of
repeats are frequently located inside of the structure, because they are important for its
stability, whereas variable residues are exposed on the protein surface. This may lead one to
expect that all residues of highly perfect TRs are conserved due to their important structural
roles. However, our present study shows that this rule does not work for perfect or almost
perfect repeats. We showed that increasing repeat perfection correlates to a stronger tendency
to be unstructured. This result is in agreement with the previous conclusion about a strong
association between homorepeats and unstructured regions [13]. Coding for protein disorder
is more permissive and does not require exact sequence motifs in contrast to the coding for
the 3D structures. It allows a higher variability in amino acid sequences. Therefore, TR
perfection cannot be explained by the necessity to encode disordered conformations. The
other reason of high conservation of amino acid residues may be their functional importance,
such as involvement of all or almost all residues of the repeat in interaction with the other
molecule. This scenario is also unlikely due to the fact that only some residues of the repeat
motif can be in contact with the other molecule and, therefore, will be conserved due to the
specific functional interactions. Thus, the TR’s structural role and functional interactions,
even when they are considered together, cannot explain repeat perfection. This consideration
favours explanations based on evolutionary reasons. For example, the perfection of TRs may
reflect their recent appearance during evolution. It is known that the repetitive regions evolve

more rapidly than the other parts of genes [53], such as in microsatellites where the mutation
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rate is 10° higher than in other regions (10 to 10 per locus per generation) [54]. This generic
instability of TRs together with the structurally permissive nature of their disordered state
may provide a higher chance for newly emerged repeats to be fixed during evolution and
allow a rapid response to the environmental changes [12, 55, 56]. The explanation of the
repeat perfection by the evolutionary reason is in line with previously suggested hypothesis
that [UP may evolve by repeat extension [12]. Functional constraints such as the ability of
TRs to bind to the repetitive surfaces of other molecules or to provide a spacer that can vary
in length in rapid response to the environmental treats may play a role in their selection during
evolution.

Our results suggest that until a certain level of repeat perfection, conservation of
amino acid residues has structural reasons and these types of residues may stabilize the unique
3D structure. However, when a certain threshold of the conserved residues in the repeat is
exceeded, the repetitive regions of proteins are predominantly disordered and the main reason
of residue conservation in TRs may change from a structural to an evolutionary one. This
hypothesis can be tested by further evolutionary analysis. The results of our analysis also
lead to a practical recommendation for prediction of structure and function of proteins. If one
sees a perfect TR in a protein of interest, this region is most probably unstructured by itself

but still may adopt 3D structures upon binding to the other molecular partners.
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TABLE 1

Number of structured and unstructured regions found for each range of Py, in the PDB TRs

dataset
Pgim ranges Sn Ln Un Sd Ld ud
Pin,=1.0 0 2 7 16 4 14
09<P;,<1.0 1 2 8 20 2 5
0.8 <P, <0.9 17 8 31 24 1 12

The following tags were assigned to each analysed region with TRs: Sn and Sd - fragments containing
secondary structures from natural and designed proteins correspondingly; Ln and Ld — fragments

connecting secondary structures; Un and Ud — fragments whose structure was not determined

TABLE 2

Analysis of intrinsic disorder distribution in TRs and TR-containing proteins

Pgim 0.7-0.8 | Pgim 0.8-0.9 | Pgim 0.9-1 Homorepeats
TRs* Total No. 34286 5519 1382 5259
Avg. Length 25.5 41.0 59.1 13.8
ID Ratio — VSL2 80.4% 88.6% 88.9% 98.4%
ID Ratio — [Upred | 56.0% 62.7% 67.2% 86.5%
ID Ratio — 62.4% 68.6% 70.3% 79.9%
FoldIndex
ID Ratio — TopIDP | 85.6% 88.8% 91.1% 74.4%
Sequences** | Total No. 25649 4915 1295 3663
Avg. Length 643.4 752.0 840.2 790.4
ID Ratio — VSL2 49.3% 58.6% 57.0% 61.6%
ID Ratio — [Upred | 32.1% 41.7% 41.7% 45.4%
ID Ratio — 46.6% 52.3% 52.3% 52.7%
FoldIndex
ID Ratio — TopIDP | 71.2% 75.3% 72.2% 74.9%

* Tandem repeat segments; ** Whole proteins containing these tandem repeats.
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TABLE 3

Variation of the disorder level among TRs of viral, eukaryotic and prokaryotic proteins

Prokaryotes Viruses Eukaryotes
PONDR® VLXT * 84% 85.0% 88.4%
TOP-IDP** 71.4% 72.4% 77.8%

*Protein regions with VLXT CDF distance less than 0 are identified as disordered. Py, range for this

dataset is 0.9-1. Disorder level is estimated as percentage of residues predicted to be disordered.

** Protein regions with TOP-IDP less than 0 are identified as disordered. Py, range for this dataset is

0.9-1. Disorder level is estimated as percentage of TRs with negative TOP-IDP values.

TABLE 4

Abundance of disordered repeats as a function of the subcellular localization of

corresponding repeat-containing proteins

Prokaryotes Eukaryotes
cytoplasm | membrane | secreted nucleus cytoplasm | membrane* | secreted
Ratio of 54.3% 72.3% 83.6% 74% 81.2% 60.2% 72.7%
TOP-
IDP
Number 459 264 140 3650 1181 1436 782
of TRs (1898 hr**) (476 hr) (637 hr) (178 hr)

* Membrane localization for eukaryotes combines “membrane” and “cell membrane” terms from

SwissProt. ** Number of homorepeats (hr) among TRs.
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LEGENDS TO FIGURES

FIGURE 1. The 3D structures of proteins with almost perfect tandem repeats. Repeat regions

are shown in color.

FIGURE 2. Compositional profiling of tandem repeats, entire sequences of proteins
containing these tandem repeats, and a set of fully disordered proteins from DisProt in

CStruct

comparison with the composition of fully structured proteins from PDB. Aa 1S the

cPaaset . is the content of this

content of a given amino acid in the set of structured proteins;
amino acid in the dataset of interest. Amino acids are denoted by one letter code and arranged

in order of decreasing structure-promoting property suggested by TOP-IDP scale [37].

FIGURE 3. (A) Difference of amino acid compositions between tandem repeat segments
subdivided into groups with different level of the repeat perfection and fully structured
proteins. The homorepeats are analyzed separately (B) due to their unusually high occurrence
in comparison to the other tandem repeats. For this purpose, a dataset of perfect and cryptic
homorepeats was created and subdivided in three groups depending on the Py, values. C"xn
and C"s4 are the contents of a given amino acid in the set of tandem repeats (excluding
homorepeats) and only homorepeats, correspondingly. Amino acids residues are arranged in
four sets: order-promoting aromatic and aliphatic amino acids (W, F, Y, I, M, L, V, and A)
which are denoted as non-polar; glycine, as order-neutral and, at the same time, specific
residue, disorder promoting polar residues (N, C, T, Q, S, R, D, H, E, and K) and disorder-

promoting proline.
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FIGURE 4. Length distribution of predicted disordered segments. (A) Length distribution of
predicted disorder for 4 groups of tandem repeats. (B) Length distribution of predicted

disorder for whole protein sequences containing the tandem repeats in 4 groups.
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