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Assessing Conservation of Disordered Regions in Proteins

Agnes Téth-Petr(')czyl, Balint Mészéros', Istvan Simon', A. Keith Dunker?,

Vladimir N. Uversky>>** and Monika Fuxreiter'”*

Institute of Enzymology, Biological Research Center, Hungarian Academy of Sciences, H-1518 Budapest, Hungary,
’Department of Biochemistry and Molecular Biology, Center for Computational Biology and Bioinformatics, Indiana
University School of Medicine, IN 46202-2111 Indianapolis, USA, *Institute for Biological Instrumentation, Russian
Academy of Sciences, 142290 Pushchino, Moscow Region, Russia, Institute for Intrinsically Disordered Protein Re-
search, Indiana University School of Medicine, IN 46202-2111 Indianapolis, USA

Abstract: Intrinsically disordered regions (IDRs) are highly populated in eukaryotic proteomes and serve pivotal, mostly
regulatory functions. Many IDRs appear to be functionally conserved and analysis of protein domains indicates high pro-
pensity of conserved regions predicted to be disordered. Nevertheless, it is difficult to assess conservation of IDRs in gen-
eral due to their fast evolution and low sequence similarity. We propose three measures to evaluate conservation of IDRs:
1) similarities of the disorder profiles using different prediction conditions; ii) the conservation of amino acids with pro-
pensities for promoting either disorder or order; and iii) the overlap between disordered/ordered regions. These measures
are computed on multiple sequence alignments that also include low-complexity regions of proteins. Using three subunits
of the Mediator complex of transcription regulation from Homo sapiens and Drosophila melanogaster as an example we
show that despite of their sequence dissimilarity IDRs can be conserved and likely carry out the same function in different

organisms.

INTRODUCTION

The wealth of recent experimental and theoretical evi-
dence indicates that proteins or protein segments may exist
as a rapidly fluctuating ensemble of conformations both in
vitro and in vivo conditions [1, 2]. These intrinsically disor-
dered proteins (IDPs) or proteins with long intrinsically dis-
ordered regions (IDRs; >30 aa) can adopt a continuum of
structural states such as completely unstructured, molten
globules or locally disordered tails and linkers [3, 4]. The
variety of disordered states can be beneficial, even pre-
requisite for various biological roles [5-9].

IDRs can act as entropic chains (linkers, clocks, bristles)
as the Nup2p FG repeat region of the nuclear pore complex
for example is responsible for regulation of gating [10].
IDRs often serve as target sites for post-translational modifi-
cations (display sites) such as the KID domain of CREB,
which phosphorylation induces its binding to the KIX do-
main of CBP [11]. Binding of IDPs can also modulate the
effect of the partner (effectors). For example, p27<"! regu-
lates cell-cycle by binding to cyclin dependent kinases and
inhibiting their activity [12]. Intriguingly, malleability of
IDPs enables binding in different conformations leading to
unrelated, even opposite functions [13]. Activation and inhi-
bition of ryanodine receptor can be resulted by the binding of
the disordered C fragment of dihydropiridine receptor
(DHPR) in two conformations [14]. IDPs frequently partici-
pate in folding of proteins (like heat-shock proteins, Hsps
[15]) or RNA partly by unfolding the incorrect structures and
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facilitating formation of new contacts (chaperones) [16].
Formation of the scrapie form of prions is also critically de-
pendent on the intermediate disordered state [17]. Large mul-
tiprotein complexes also take advantage of IDPs that assist
assembly of these organizations (assemblers). The RNA po-
lymerase II disordered C-terminal domain provides a plat-
form for the mRNA processing machinery [18]. Alterna-
tively, IDPs can capture and store small ligands (scaven-
gers). This underlies the response to dehydration stress in
plants achieved by water retention by Desiccation stress pro-
tein (Dsp) 16 [19].

IDPs or proteins with long IDRs (> 30 aa) are highly
populated in eukaryotic proteomes [20, 21] and are often
associated with regulatory functions such as signal transduc-
tion or transcription [5]. Analysis of several sets of proteins
related to various diseases revealed that IDRs are highly
abundant in proteins associated with cancer [22], cardiovas-
cular disease [23], Parkinson’s disease and other synuclei-
nopathies, Alzheimer’s, prion diseases and diabetes. Addi-
tional confirmation of the high prevalence of intrinsically
disordered proteins in human diseases came from the func-
tional annotation over the entire Swiss Protein database from
a structured-versus-disordered point of view [24]. Thus, in-
trinsic disorder is very common in disease-associated pro-
teins, giving rise to the disorder in disorders concept, which
we are calling the “D* concept™ [25].

In spite of their biological importance, it is very difficult
to assess the conservation of IDRs based on simple sequence
comparisons. IDRs in general are located in low-complexity
regions, which is depleted in aliphatic (Ile, Leu, and Val) and
aromatic amino acid residues (Trp, Tyr, and Phe) [26], which
hampers formation of hydrophobic cores that promote fold-
ing of globular structures. Instead, they are enriched in
charged and polar amino acid residues: Arg, Gln, Ser, Glu,
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Lys and structure breaking residues (Gly, Pro) designated as
disorder-promoting residues [27]. Furthermore, as it has
been shown for 26 protein families, intrinsically disordered
regions evolve faster (Ka/Kg = 0.4 — 0.8) than globular pro-
tein domains (Ka/Kg = 0.1 — 0.2) [28]. Nevertheless, in mul-
tiple sequence alignments that underlie identification of do-
mains a high percentage of positions with conserved pre-
dicted disorder was found [29, 30]. These results suggest
conservation of IDRs even in the absence of apparent se-
quence similarity. This calls for a novel measure that can be
used to assess conservation of IDRs.

Recently we have carried out the bioinformatics analysis
on proteins of the Mediator complex of transcription regula-
tion (Fig. 1) (Téth-Petroczy et al., submitted). These proteins
play role in transmitting regulatory information from activa-
tors/repressors to the basal transcription machinery [31].
They exhibit low sequence conservation and lack globular
domains that are usually present in transcriptional proteins.
Using two independent predictors, [UPred [32] and PONDR-
VSL [33], we have shown the abundance of disordered re-
gions in the Mediator proteins, especially in those that par-
ticipate in regulatory signal transfer. We have also found that
in spite of the low sequence conservation of IDRs in Media-
tor proteins, they exhibit fairly similar location and distribu-
tion in different organisms. Motivated by these observations
we propose to assess conservation of intrinsically disordered
regions based on i) similarity of the IDRs predicted in differ-
ent conditions ; ii) conservation of propensities of amino
acid residues promoting order and disorder iii) an overlap
between ordered/disordered regions. These measures reflect
different aspects of intrinsic disorder/order properties of a
given system and their combination provides comprehensive
characteristics. We demonstrate the application of these
measures on Med4, Med9 and Med12 proteins of the Media-
tor complex of transcription regulation to assess the struc-
tural and thus the possible functional conservation of IDRs.

Fig. (1). The Mediator of transcription regulation. The Tail (yellow)
interacts with activators bound at enhancers, the Middle (green)
transmits regulatory signals, while the Head (orange) interacts with
RNA polymerase II. The Cdk module (blue) usually dissociates
prior to initiation of transcription. The analyzed subunits: Med4 and
Med9 of the Middle and Med12 of Cdk are labelled inividually.

ALIGNMENT OF PROTEINS WITH INTRINSI-
CALLY DISORDERED REGIONS

We designed an iterative, PSI-BLAST-based [34] align-
ment scheme to align full sequences of Mediator proteins
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containing low-complexity regions. First we generated pro-
files based on groups of sequences that fulfilled the E < 107
threshold (> 30 bits). Then, the PSI-BLAST search is re-
peated using these profiles and the resulting groups are com-
pared to the previously identified ones, from which the pro-
files have been extracted. If the two PSI-BLAST searches
resulted in identical groups, a multiple sequence alignment
can be carried out. Alternatively, the PSI-BLAST searches
are continued with profiles updated in each cycle until the
sequences in the resulted sequence groups converge. These
sequences are subjected to a multiple sequence alignment
using the profile, which has been extracted from the last PSI-
BLAST run. These multiple sequence alignments were per-
formed using the CLUSTALW algorithm [35].

The alignments for the Med4 and Med9 subunits of the
Middle module and for the Med12 of the Cdk module of the
Mediator complex from Drosophila melanogaster and Homo
sapiens generated by the iterative alignment algorithm are
shown in Fig. (2). In case of Med4 and Med9 these align-
ments show a fair agreement with previous results [36] as
indicated by the superposition between the marked ordered
segments. Advantages of using an iterative algorithm be-
came apparent when more sequences were considered. For
example, in case of Med9, sequences from Saccharomyces
cerevisiae (Sc), Saccharomyces pombe (Sp), Caenorhabditis
elegans (Ce), Drosophila melanogaster (Dm), Homo sapiens
(Hs) were found to be homologous based on ordered motifs
[36], while by our alignment only Ce, Dm, Hs sequences
could be aligned (Toth-Petroczy et al., submitted). A higher
value of sequence conservation on Ce, Dm, Hs organisms
can also be obtained on the alignment generated by the itera-
tive algorithm as compared to alignment based on ordered
motifs.

ASSIGNMENT OF INTRINSICALLY DISORDERED
REGIONS

Intrinsically disordered regions were predicted based on
the unfavorable contact energies according by the IUPred
algorithm (http://iupred.enzim.hu) that exploits the principle
that IDPs cannot fold as their amino acids cannot form suffi-
cient inter-residue interactions to overcome the entropic pen-
alty of folding [32, 37]. The overall interaction energy is
estimated by pairwise interresidue potentials, approached by
a low-resolution force field. In general, we distinguish two
types of disorder: short and long disorder. Short disorder is
associated with loops that are missing from crystal structures
and usually are 5-12 residues in length. In contrast, long dis-
ordered regions can span several hundred residues in length,
and may be functional on their own, even separated from the
rest of the sequence. The sequence window along which the
inter-residue potentials are computed can discriminate be-
tween these two types of disorder. In general, long disor-
dered regions are identified using a 100-residue window,
while for a short disorder a 25-residue window is used.
Changes in the predicted disorder profile upon altering the
sequence window size can discriminate far-lying and proxi-
mal sequence effects and may provide a general, inherent
feature of the sequence. In Fig. (2A and B) we indicated the
predicted short and long disorder (predicted with 25 and
100-residue windows, respectively) for human and droso-
phila Med4 and Med9 proteins. Disordered regions (IDRs)
were defined as continuous segments of residues with score
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(Fig. 2) contd....

Fig. (2). Alignments of sequences of A) Med4, B) Med9 and C) Med12 proteins from Homo sapiens (Hs) and Drosophila melanogaster (Dm)
generated by the PSI-BLAST based iterative algorithm. Intrinsically disordered regions predicted by the IUPred algorithm using 25 and 100 residues
windows are shown by green and brown bars above the sequence. Consensus predictions are marked on the corresponding sequences by yellow.
Conserved ordered regions predicted by previous alignments are shown by black boxes. Groups of similar amino acid residues are shown by cyan
(K/R/H), green (A/S/T), blue (I/L/V/M/C/F/Y/W), magenta (G/P), red (E/D/N/Q) [36]. Plots were generated by the Alscript program [48].
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> 0.5 with the minimum length of 5 residues. Above disor-
dered segment lengths of 10 residues a 3 residue ordered gap
was allowed. Interestingly, using a larger window in disorder
prediction does not necessarily increase the size of the pre-
dicted IDRs. In case of Med4 long disorder prediction identi-
fies shorter IDRs in both organisms than short disorder pre-

Toth-Petroczy et al.

separately for these two regions. Conservation of the groups
of similar amino acid residues (defined as R/K/H, A/S/T,
I/L/V/M/C/E/Y/W, G/P and E/D/N/Q [36]) exhibits higher
values, in agreement with the low-complexity of IDR se-
quences (Table 2B).

diction, while in Med9 an opposite trend can be observed  Taple2. Conservation of A) Individual Amino Acid Residues
(longer disordered segments were predicted in both se- (AA_CONS) and B) Groups of Similar Amino acid
quences using a 100 residue window). Overall, the propensi- Residues (GAA_CONS; Defined as R/K/H, A/S/T,
ties of residues belonging to disordered segments vary with I/L/V/M/C/F/Y/W, G/P and E/D/N/Q [36]) in the
the size of sequence window as shown in Table 1 (for 25 and Disordered Segments (DIS), Ordered Segments
100-residue windows, respectively). The trends are rather (ORD) and in the Whole Med4, Med9 and Med12
similar for the same protein from different organisms, as Proteins (TOT) in Homo Sapiens and Drosophila
they mostly depend on the preference for a certain type of Melanogaster. For Disordered and Ordered Seg-
disorder. This observation suggests that variation in disor- ments Only the Overlapping Regions were Consid-
dered segments upon altering the sequence context (over ered, Whereas for the Total Conservation§ Only the
which the prediction was performed) is an inherent property Gaps have been Excluded. The Conservation Scores
of the overall sequence. haye been Computed by. Using a Simple Sum-of-
Pairs Formula on the Alignment Generated by the
Based on propensities of residues predicted to be disor- Iterative Algorithm Described in the Text
dered using different windows for prediction, Med9 can be
considered as a disordered protein and Med12 as an ordered
protein that contains some long IDRs. The level of disorder AA_CONS
in Med4 is between Med9 and Med12 with an ordered N- A
terminal and a disordered C-terminal region (Fig. 2C). DIS ORD TOT
Table 1. Propensities of Amino Acid Residues in Intrinsically Medd 36.90 4207 4226
Disordered Segments of Med4, Med9 and Med12 Med9 13.9 51.36 26.99
Proteins from Homo Sapiens (Hs) and Drosophila
Melanogaster (Dm). The Disordered Regions were Med12 14.50 43.00 33.43
Predicted by the IUPred Algorithm [32], with 100
Residue and 25 Residue Windows, Respectively. O/D
Ratio Designates Ratio (.)f the P_ropens.ities o.f Diso'r— GAA CONS
der- and Order Promoting Amino Acid Residues in -
Exclusively Disordered Regions B
DIS ORD TOT
Disorder Disorder o/D Med4 58.33 62.07 61.92
(w=100) w=25) Ratio Med9 27.19 69.55 42.05
Med4 Hs 0.44 0.47 0.43 Med12 31.19 63.96 52.37
Med4 Dm 0.35 0.35 0.42
Med9 Hs 0.57 0.48 0.25 CONSERVATION OF AMINO ACID COMPOSITION
Med9 Dm 0.66 0.63 031 OF INTRINSICALLY DISORDERED REGIONS
Med12 Hs 0.32 037 030 Amino acid composi.tion of disordered regions in Med4,
Med9 and Med12 proteins as compared to an average com-
Med12 Dm 0.40 0.43 0.32 position of globular proteins [6] are shown in Fig. (3). All

SEQUENCE CONSERVATION OF INTRINSICALLY
DISORDERED REGIONS

Sequence conservations of human and drosophila Med4,
Med9 and Medl2 proteins were computed separately for
disordered and ordered regions, over individual amino acid
residues (Table 2A). As expected, the sequence similarity of
disordered regions is considerably lower than that of the or-
dered regions. It especially holds for Med9 and Med12 that
are equipped with over 400-residue-long IDRs. Please note
that since conservation in disordered and ordered regions
refer only to overlapping segments (cf., Fig. 4), the total con-
servation is not an average of the conservations obtained

proteins are enriched in Arg, Gly, Gln, Ser, Pro, Glu, and
Lys residues that are generally abundant in IDPs [27] (re-
ferred as disorder-promoting residues) and are depleted in
hydrophobic amino acids (Ile, Leu, Val, Trp, Tyr, and Phe)
(referred to order-promoting residues) in similar manner [26]
as inferred from the analysis of the DisProt database [38].
Although compositions in human and drosophila proteins are
biased for intrinsic disorder, remarkable deviations can be
observed (e.g. in propensities of Gly in Med9 and Pro in
Med4 that show an opposite deviation from the composition
of globular proteins), and also in the composition of charged
residues (K, E). Compositions of order-promoting and disor-
der-promoting residues in disordered regions however, are
considerably more stable as shown in column three of Table
1 by the ratios of the percentages of the two types of residues
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(referred as O/D ratio). The O/D ratios exhibit a good agree-
ment between the two organisms and in accord with the pro-
pensities of residues involved in disordered segments the
O/D ratios reflect a similar level of disorder of the protein in
different organisms. These results are further corroborated
by previous studies on Med4 from 15 organisms that exhibit
negligible variation in the composition of disorder- and or-
der-promoting amino acid residues (Téth-Petroczy et al.,
submitted).

06 Med4

0.16
0.14 -

012 4

AA propensity

CWIYFLHVNMRTDGAEKOQSTETFP
Amino acid

Medd

AA propensity

CWIYFLHVNMRTDGAIEK  SETP

Amino acid

Med12
0.18

0.16
0.14 4
012 4
0.10
0.08 -
0.06 -
0.04 4

AA propensity

0.02 4
0.00
-0.02 4

-0.04 4

-0.06

CWIYFLHVNMRTDOGAEKOSETFP

Amino acid

Fig. (3). Amino acid compositions in disordered segments of A)
Med4, B) Med9 and C) Med12 from Homo sapiens (red) and Dro-
sophila melanogaster (green), relative to the set of globular pro-
teins. Composition of IDPs of the DisProt database [38] is shown
by blue bars. The amino acids are arranged from left to right in
order of their increasing propensity to promote disorder.
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SEGMENTAL OVERLAP BETWEEN
CALLY DISORDERED REGIONS

INTRINSI-

In spite of their low sequence conservation, IDRs align
well in human and drosophila Med4, Med9 and Med12 se-
quences even by visual inspection (cf. yellow regions in Fig.
2). To assess the similarity of the IDR patterns, we quanti-
fied the overlap between ordered/disordered regions pre-
dicted in different sequences. Multiple alignments generated
by Clustalw algorithm [35] were converted into a binary
code, with two states (D and O, for disordered and ordered
regions, respectively) defined based on the [UPred predic-
tions. Gaps were excluded as they reflect variations in the
size of a given disordered/ordered segment. Estimating the
disorder/order properties in gapped regions of the alignment
is in progress in our laboratory. Similarly to the assessment
of the quality of secondary structure predictions, we com-
pared the overlap between residues predicted to be or-
dered/disordered in different sequence pairs.

The accuracy matrix M was built from the number of
residues that were predicted to conform to identical disor-
dered (D) or ordered (O) states. The two-state overall accu-
racy is defined as [39]:

100 &
=—SNM.
QZ N ; ii

i€ {D,O} (D

where N is the total number of residues and i runs over the
two conformational states.

In addition to the per-residue based evaluation the actual
overlap between patterns of disordered and ordered segments
can be computed using the so-called segmental overlap
(SOV) measure [40]. The advantage of using SOV is that it
effectively captures the segmental characteristics of the se-
quence that is schematically illustrated in Fig. (4). For M
conformational states, SOV is defined as:

SOV =

xlen(S,) @)

@iz minov(S,;S,)+6(S;;S,)
N3

5, maxov(S,;S,)

where S; and S, stand for segments in two distinct se-
quences, respectively, minow(S;; S;) is the length of the over-
lap between S; and S, maxov(S;; S,) is the total extent of S,
and S, in the given conformational state and len(S;) is the
length of the segment in the reference sequence. 8(S;; S,) is
the minimum of [(maxov(S;; S;) — minow(Sy; S,); minow(Sy;
S,); int(len(S;)/2); int(len(S;)/2)]. The normalization factor N
is given by the number of residues in conformational state i
and the second summation runs over all M conformational
states. We have to note that computing SOV separately for
disordered and ordered segments is also meaningful.

} o | )yl | o At l

1 1 1 1 1 1

1 1 1 1 1 1
| - = | |
[ i ] H |

1 ] 1 ] 1 1

1 I ] I 1 ]

1 | ] ] ] 1

L___JNL _________ o4 [ p—— d

disordered gap

Fig. (4). Schematic representation of the segmental overlap analy-
sis. Disordered regions are colored by yellow, ordered regions by
white, and gaps by black. The actual overlap is marked by dashed
boxes.
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The overall accuracy values obtained for Med4, Med9
and Med12 proteins are shown in Table 3 for the full se-
quences as well as separately for disordered and ordered
regions. The high Q values indicate that more than 70% of
the residues in total belong to identical regions in human and
drosophila in sequences of the same protein. In the more
ordered Med4 and Med12 proteins the match between disor-
dered residues is lower than that of ordered residues, while
in Med9 a contrary behavior can be observed, likely due to
the abundance of disordered regions. Please note that by
definition, the total Q is not an average of the values ob-
tained in disordered and ordered regions separately (cf., Fig.
4). The SOV values are expected to be smaller than the accu-
racy measures due to the variations in the length of IDRs.
This is indeed the case for Med9 and Med12, where the pre-
dicted IDR in the drosophila sequence is significantly longer
than in human. For Med4, the SOV value is 100% reflecting
a very small deviation between the predicted regions, which
is compensated by the 0 term in eq. 2. The statistical signifi-
cance of the accuracy measures and segmental overlap val-
ues has been assessed by comparing them to the correspond-
ing Q and SOV values obtained on shuffled sequences (ran-
domizing the sequence 50 times). The resulting RQ and
RSOV values are considerably lower than the Q and SOV

Table3. Overlap between Ordered (ORD) and Disordered
(DIS) Regions in Med4, Med9 and Med12 Droso-
phila and Human Proteins. For Disordered and Or-
dered Segments Only the Overlapping Regions were
Considered, Whereas for the Full Proteins (TOT)
Only the Gaps have been Excluded. A) Q is the
Overall Two-State Accuracy Computed Based on
the Number of Residues in Identical Ordered or
Disordered States. B) SOV is the Segmental Overlap
[40] that is Obtained Based on the Actual Corres-
pondance between the Disordered/Ordered Segments
in Different Sequences. The Reference Values RQ
and RSOV were Obtained Using Shuffling the
Sequences (50 Times). For the Total Conservations
Only the Gaps have been Excluded (so it is not an
Average of the Q and SOV Values Obtained on Dis-
ordered and Ordered Segments, Separately)

Q RQ

DIS ORD TOT DIS ORD TOT

Med4 94.7 96.8 95.8 435 57.1 435

Med9 79.8 72.9 755 70.9 28.8 54.8

Med12 79.1 89.9 86.4 349 66.5 55.8

SOV RSOV

DIS ORD TOT DIS ORD TOT

Med4 100.0 100.0 100.0 322 299 299

Med9 55.1 52.4 542 335 17.9 29.1

Med12 44.4 523 494 16.8 28.7 25.1

Toth-Petroczy et al.

obtained on the actual sequences corroborating the signifi-
cance of the results. Differences between the SOV and
RSOV values are lower than those between the Q and RQ
values reflecting that disordered regions are primarily deter-
mined by the amino acid composition rather than the actual
sequence.

DISCUSSION

Proteins with intrinsically disordered regions are ubiqui-
tous in eukaryotic proteomes: almost 33% of proteins have
long (>30 aa) disordered regions [20, 21]. Depending on
their actual amino acid compositions, IDRs may conform to
different categories of structural disorder such as a confor-
mational ensemble, a pre-molten or molten globule or a dis-
ordered tail or linker of an otherwise globular protein [3, 4,
8, 41]. These properties are generally determined by the
amino acid composition rather than the actual sequence indi-
cated also by their separation in the charge-hydropathy space
[3]. Hence, despite their low sequence conservation (as
shown in Table 2 for Med4, Med9 and Med12 proteins)
IDRs can have similar structural characteristics and thus can
carry out homologous functions in different organisms.

Thus, even in the absence of apparent sequence homol-
ogy functional information can be inferred from conserved
IDRs. Therefore, instead of the conventional sequence con-
servation we propose three measures to assess conservation
of IDRs in different organisms: i) the similarities between
disorder patterns using different prediction conditions, ii) the
conservation of the propensities of disorder- and order pro-
moting residues and iii) the overlap between or-
dered/disordered patterns.

We demonstrated the application of these measures for
three Mediator proteins. All were shown to contain long
IDRs that in case of Med9 and Med12 span several hundred
residues. Studies on these three proteins illustrate that de-
spite of sequence dissimilarities, IDRs in Mediator proteins
can be aligned well. A similar level of disordered in different
organisms was witnessed by the similar disorder/order pro-
moting amino acid ratios in different organisms. The agree-
ment between patterns of disordered/ordered regions was
quantified using the segmental overlap measure (SOV)
adopted for IDRs. High values of SOV and overall accuracy
(Q) and their significant deviation from the corresponding
measures obtained on shuffled sequences corroborate the
conservation of IDRs in Med4, Med9 and Med12 proteins.

All three proteins are involved in complex regulatory
pathways of the Mediator complex. Med4 and Med9 belong
to the Middle module of the Mediator complex that transmits
regulatory signals for transcription from the Tail module to
the Head [42] that in turn interacts directly with the RNA
polymerase II-TFIIF for pre-initiation complex formation
[43]. The Middle module also receives repression signals
from the CDK module, which dissociates prior to transcrip-
tion [44]. The Med9 was shown to physically and genetically
interact with Cdk8 and CycC of the CDK module. Based on
the abundance and conservation of IDRs in Med9 we pro-
pose that these IDRs play critical role in mediating these
interactions and induce large-scale conformational rear-
rangements of the complex that accompany transcription
[45]. The conserved IDR in Med4 contains a phosphoryla-
tion site (T237 in yeast) that plays a role in enhancement of
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CTD phosphorylation by TFIIH [46]. Med12 belongs to the
CDK module, which can inhibit, but also activate transcrip-
tion [47]. Such complex functioning with opposite outcomes,
often termed as moonlighting is also facilitated by the malle-
ability of IDRs [13]. Thus it is likely that such complex func-
tioning of Med12 is also linked to the conserved, long IDRs
in this protein.

In conclusion, we find that important functional informa-
tion can be inferred from identifying conserved IDRs. As
sequence similarities of IDRs are generally low, we propose
to apply alternative measures such as disorder pattern simi-
larity and segmental overlap between disordered regions to
evaluate the conservation of these regions.
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