Is the unfoldome widespread in proteomes?
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Abstract

The term unfoldome has been recently used to itelitee universe of intrinsically disordered
proteins. These proteins are characterized by aenalole of high-flexible interchangeable
conformations and therefore they can interact \miiny targets without requiring pre-existing
stereo-chemical complementarity. It has been sugdébat intrinsically disordered proteins are
frequent in proteomes and disorder is widespresd ial structured proteins. However, several
studies raise some doubt about these views.

It this paper we estimate the frequency of intaaBly disordered proteins in several living
organisms by using the ratio S between the likelthdor a protein sequence, of being composed
mainly by order-promoting or disorder-promotingide®s. We scan several proteomes from
Archaea, Bacteria and Eukarya. We find the follayfigures: 1.63% for Archaea, 3.91% for
Bacteria, 16.35% for Eukarya. The frequencies wedocan be considered an upper bound to
the real frequency of intrinsically disordered pins in proteomes. Our estimates are lower than
those previously reported in several studies. Aisicey of proteins in the Protein Data Bank
(PDB) searching for segments of non-observed residaveals that segments of non-observed
residues longer than 30 amino acids, are rare.

Our observations support the idea that the sprétdteainfoldome has been often overestimated.
If we exclude some exceptions, the structure-fomcgparadigm is generally valid and pre-
existing stereo-chemical complementarity amongcsiines remains an important requisite for
interactions between biological macromolecules.



Background

An important paradigm of structural biology statkat proteins fulfil their biological function
through a well-defined three-dimensional configiomat This structure-function paradigm is
important to explain the high specificity in thégractions among many proteins and substrates,
as for example in enzyme catalysis [1-3]. In tressical view, substrates bind to the active site
of stereo-chemically compatible proteins. In thigywtheir interaction is characterized by high
specificity and affinity. In the last decade it hbsen discovered a growing number of
intrinsically disordered proteins characterizeddnyensemble of high-flexible interchangeable
conformations [4]. The biological function of imgically disordered proteins has been
extensively studied [4-9], as well as their roléhie development of several diseases [4,8,10-14].
Their discovery suggests that pre-existing stetemygcal complementarity is not necessary for
the interactions among proteins and substratese tlaee proteins that assume a three-
dimensional structure complementary to the tanggttgn-fly, after the interaction has begun. In
this way, the interaction is highly specific, bbetaffinity between protein and substrate is low.
Moreover, since disordered proteins are thermodyeeiy unstable, they quickly change the
conformation they get in the interaction, losing @tereo-chemical complementarity with the
substrate and unbinding it. Therefore, they havsigh turn-over. The considerations above
reported suggests that it is necessary to devedopigeas on the way these proteins work.

It is important to note that in the literature tteem disorderis used to indicate both folded
proteins with unstructured domains in their teytistructure and globally unfolded proteins. To
avoid confusion, in this paper we indicate the fermroteins agtrinsically disorderedand the
latter asnatively unfoldedIn recent papers the teramfoldomehas been introduced to indicate
the universe of intrinsically disordered protei8s 14-16]. An interesting point is the question
whether this unfoldome is widespread in proteomesnot. It has been suggested that
intrinsically disordered proteins are highly abumdan living organisms [16-19]. However,
several studies in the literature are controverdialthis study we revisit this question by
estimating both the frequency of disorder in foldawteins and the frequency of natively
unfolded ones.

The spread of disorder in structured proteins isimportant issue since it gives valuable
information on their affinity to a specific targethis issue has been investigated by several
authors. They analyse the tertiary structures efpioteins deposited in the Protein Data Bank
(PDB) [20]. Le Gallet al. consider both non-observed and ambiguous resj@désA residue is
non-observedf its atom spatial coordinates are not experirayntresolved, whereas it is
ambiguousdf its spatial coordinates are resolved in somectiires and they are not resolved in
other structures sharing the same amino acid sequéntheir study Le Ga#t al. conclude that
about 40% of the proteins in the PDB have domaimslenof non-observed or ambiguous
residues [21]. More recent papers observe thatguobs residues might be due to experimental
or environmental conditions [22,23], therefore theiesence is not to be related to intrinsic
functional reasons. Ambiguous residues are notidered by Lobano\et al. in compiling a
library of disordered patterns from proteins in #BBB [24]. It should be interesting to re-
estimate the frequency of unstructured domainsoldefl proteins by considering only non-
observed residues in the PDB.

As regards to natively unfolded proteins, theigtrency in proteomes has been investigated by
means of different computational methods [4, 17-T8Ese studies are important since they help
in understanding how low affinity interactions avedespread both in healthy and pathological



cellular processes. Unfortunately, the publishesultse are highly dependent on the method
adopted. Wardet al. use the DISOPRED predictor to estimate the peagentof natively
unfolded proteins in proteomes [18]. They repoe fitllowing figures: 2% in Archaea, 4.2% in
Bacteria, 33% in Eukarya. These estimates are different from those reported by Dunketr

al. by using PONDR [17]. In some cases, the differsrane really surprising. As an example,
the frequency of natively unfolded proteins in Qupkila Melanogaster is estimated as some
36.6% by DISOPRED and about 63% by PONDR [4, 17, TBese discrepancies deserve a
discussion and they raise the question about t#lespeead of the unfoldome in proteomes.

In this study we re-evaluate the occurrence ofrdsoin folded proteins by looking at the
protein structures deposited in the PDB. With disowe operationally indicate the presence of
residues missing spatial coordinates in the tgrisaructures deposited in the PDB [18, 25]. A
residue therefore is disordered if its spatial dowtes are missing in the experimentally
resolved tertiary structure. In the following wedereto disordered residues asn-observed
Consequently, a polypeptide chain segment is diseddif it is made by consecutive non-
observed residues. We consider 133pi@ein chains, including complexed proteins, witho
considering the structural or functional class theyong to. We do not consider ambiguous
residues and experimental conditions. In this wayestimate the greatest amount of disorder
that it is possible to extract from known folds. Vired 69%o0f the structures in the PDB with at
least one non-observed residue; of these prot@in% have segments longer than 10 non-
observed residues and 5% have segments longeBthaesidues. Therefore, the frequency of
proteins with long disordered segments is low. Ackiicheck has revealed that 51% of the
segments of non-observed residues found are madiesbythan 5 amino acids, indicating that
they might be noise of the experimental procedseduo resolve the structure. The other 49%
of the segments found are generally of short leagththey involve less than 20% of the amino
acids. From these observations we conclude thatd#is in structured proteins is rare and it
hardly implies low affinity interactions with subbstes. Further studies however are necessary to
check whether the presence of these segments ibdo#insic propensities of the amino acid
sequence to have unstructured domains of possiletibnal importance or to an intrinsic
difficulty to crystallize.

It is also probable that the frequency of nativehjolded proteins in living organisms has been
overestimated in some works. As said above, u®% 8f the proteins in Eukaryotic organisms
have been reported as natively unfolded. More pedgi Wardet al. consider amino acid
sequences with segments predicted as disordergdritiman 30 residues [18]. The estimate they
report therefore is significantly higher than theqguency of structured proteins with long
segments of non-observed residues that is aboutts&hgoet al. [26] report that about 80% -
90% of the amino acid sequences in living organisars be associated to a known fold. The
rationale behind their analysis is the observati@t many amino acid sequences share the same
fold. To obtain their result, they align proteirggences through Hidden Markov Model (HMM).
A direct consequence of their result is the follogvionly 10% - 20% of amino acid sequences in
proteomes cannot be associated to a known foldeltonsider that about all folds have been
already discovered [27], we conclude that nativelfolded proteins must not exceed 20% of the
sequences in proteomes, so the frequency of nativdgblded proteins reported in the literature
seems to be overestimated. In a previous work wee Ishown that different predictors of
natively unfolded proteins generally do not agmeelassifying as folded or unfolded a certain
number of amino acid sequences; the percentageesé t‘ambiguous” proteins depends on the
dataset and it ranges from 10% up to 30% [28]. Biypgia consensus scoey among three



predictors of natively unfolded proteins, namely&e-W [29], gVSL2 [28, 30, 31] and mean
pairwise energy [32], we have shown that the “ambigs” proteins belong to a twilight zone
between order and disorder, in the amino acid caitipoal space [28]. The structural properties
of proteins in the twilight zone have not been getensively investigated. However, we have
shown that they do not exhibit a tendency to hawng fflexible segments or loops in their tertiary
structure (see figure 6 in [28]).

It has been reported that folded polypeptide chamesenriched in T, C, F, I, Y, V and L, while
unfolded one are enriched in M, A, R, Q, S, P, B EnThe first type of amino acids have been
named order-promoting, the second one disorder-@iom [33]. Interestingly, we have shown
in [26] that proteins classified as unfolded 8y, are enriched in disorder-promoting amino
acids. We evaluated the ratio S between the ligelils, for a sequence, of being composed
mainly by order-promoting and disorder-promotingiramnacids [34]. Proteins classified as
unfolded bySsy generally have a negative S score. In this pageuse the S score to separate
amino acid sequences enriched in order-promotisglues (S > 3.24) from those enriched in
disorder-promoting residues (S < -0.83), the lateng candidates to be natively unfolded [28].
Proteins with S scores between -0.83 and 3.24a@rsidered to belong to the twilight zone. We
verify that proteins with S scores lower than -Ol&8/e a higher probability that their non-
observed residues make long segments in the pdlgpeghain. These observations suggest that
proteins with long non-observed segments in thggegtide chain must be searched for among
those with S scores lower than -0.83. However, np@oteins in the PDB with negative S scores
do not have a high frequency of non-observed resida their tertiary structure. This result
indicates that amino acid composition is not sidfit to infer structural properties of proteins.
The frequency of proteins with S scores lower #a83 can be considered therefore as an upper
bound to the real frequency of natively unfoldeadteins. The application of S to several
proteomes from Archaea, Bacteria and Eukarya hasngihe following figures: 1.63% for
Archaea, 3.91% for Bacteria, 16.35% for Eukarya.eApected, our estimates of the frequency
of natively unfolded proteins are lower than thgseviously reported. Interestingly, our
estimates are consistent with the observation bgn@vet al. [26]. The consistence of our
estimates with those by Orengb al. suggests that the spread of the unfoldome has digesm
overestimated in several works and it should naees 16% of proteins in living organisms.
Natively unfolded proteins seem to be exceptionkhéuniverse of functional protein sequences
and pre-existing stereo-chemical complementaripeaps to be important for a protein to fulfil a
cellular function.

Results

Analysis of disorder in the folded proteins deposit ed in the PDB

In this paper we evaluate the frequency of disordethe proteins deposited in the PDB by
considering non-observed residues in their tertsnycture. Non-observed residues in a protein
tertiary structure are those missing atom spatatdinates. To find these residues we align the
protein sequence as extracted from the SEQRESsfaadd from the ATOM fields of the PDB
files. Residues that are present in SEQRES fialdstlaat are not present in the ATOM fields are
considered non-observed [18, 25].

In figure 1 we plot the distribution of non-obsedvwesidues in the PDB. We observe that 43% of
the proteins do not have non-observed residues;,eabehe fraction of non-observed residues is



below 10% of all residues in the protein sequemntds % of the proteins analysed, it is between
10% and 20% in 7% of the proteins analysed ansl abiove 20% in only 1% of the proteins in
the PDB. We conclude that, generally, in the stmeg deposited in the PDB, the frequency of
non-observed residues is low. In table 1 we refhartfraction of proteins with segments of non-
observed residues shorter than 10 amino acidseeetd0 and 30 amino acids and longer than
30 amino acids, respectively. As we can see, 69%hefproteins considered have segments
shorter than 10 non-observed residues, 27% haveesgg between 10 and 30 residues and only
5% have segments longer than 30 non-observed essidumore detailed statistics reveals that
46% of the proteins have segments shorter tharsiBues and 29% have segments between 5
and 10 residues. From these results we concludehbdrequency of structured proteins with
long disordered segments is low.

We now investigate about the length of segment®afobserved residues and their relationship
with the length of the amino acid sequence. InrBgl we plot the frequency of segments of
non-observed residues as a function of their ler\yd find a distribution similar to that reported
by Lobanovet al[24]. About 15% of non-observed residues are stogke and 30% makes
segments shorter that 4 amino acids. There is osuosein the idea that segments of non-
observed residues shorter than 4 amino acids nbghtdue to noise in the experimental
procedures used to resolve the tertiary structs@shese segments do not indicate the presence
of disorder in proteins. On the other hand, 55%hef segments that we observe can indicate
unstructured loops or domains in the protein stmast

In figure 3 we plot the distribution of the ratie@tiveen the length of segments made of non-
observed residues and the length of the aminosszidence. We see that the distribution rapidly
decreases, indicating that generally segments mfohserved residues involve a low fraction of
the amino acid sequence. More precisely, 64% o$é#genents found involve a percentage lower
than 3% of the amino acids that make the polypeptidain, 28% of the segments involve a
percentage of amino acids between 4% and 10%, 7%heokegments involve a percentage
between 11% and 20% and only 1% of the segmentdviemore than 21% of the amino acids
that make the protein sequence.

From the above results we conclude that non-obdem&dues generally are singletons or they
make short segments in the tertiary structure aitgims, involving a low fraction of the
polypeptide chains. Long disordered segments, lothge 30 residues, are rare.

Analysis of disorder in proteomes

The frequency of natively unfolded proteins in figiorganisms can be estimated by scanning
proteomes with predictors of global disorder. Aglsgbove in the Background, the estimated
percentage of natively unfolded proteins is higiipendent on the predictor used. Werdl.
used DISOPRED to scan several organisms from AeghBacteria and Eukarya, searching for
sequences with segments predicted as disordergeridnan 30 residues [18]. They report the
following figures: 2% in Archaea, 4.2% in BacterB8% in Eukarya. In a previous work we
considered three predictors of natively unfoldeotgins: Poodle-W, gVSL2 and mean pairwise
energy [28]. In this paper we re-evaluated the gr@age of natively unfolded proteins in living
organisms by using both gVSL2 and mean pairwiseggndy using gvVSL2 we obtained the
following figures: Archaea 5.45%, Bacteria 11.11B6karya 36.15%. By using mean pairwise
energy, we obtained the following figures: Archdes3%, Bacteria 10.48%, Eukarya 28.20%.
The complete results are reported in the Appenisxwe can see, the percentage of natively



unfolded proteins is highly dependent on the methmséd. gVSL2 returns percentage
significantly higher than those obtained throughampairwise energy.

In an important study Orengg al. show that the percentage of protein sequencestegmes
that cannot be associated to a known fold is 1@%% [26]. This observation raises the question
whether the frequencies of natively unfolded pridegvaluated by disorder predictors are not
overestimated. In a previous work we used a consessoreSsy among Poodle-W, gvVSL2 and
mean pairwise energy to analyse proteins in dad28}. We have found that a percentage from
10% to 30% of sequences belong to a twilight zoesveen order and disorder, in the amino
acid compositional space. These proteins are Giledsiy some predictors as folded and by other
predictors as unfolded; therefore they have an angicid composition that makes hard an
unambiguous classification in the folded or unfdladdass. In [28] we have shown that proteins
in the twilight zone do not show a tendency to haudgh frequency of non-observed residues
(see figure 6 in [28]).

Proteins classified as unfolded 8y, are enriched in disorder-promoting amino acid$28] we
have characterized the bias in the amino acid ceitipp by using the ratio S between the
likelihood, for a sequence, of being composed mainy order-promoting and disorder-
promoting residues. The score S is positive (negptif the protein is enriched in order-
promoting (disorder-promoting) amino acids (see hdds). We have shown that proteins
belonging to the twilight zone have an S score adod, indicating a balanced mixture of order-
promoting and disorder-promoting residues. In sk we consider all protein sequences with
an S score between -0.83 and 3.24 as belonginigetawtilight zone. The thresholds of the S
score have been determined so to include 90% opribkeins classified in the twilight zone by
Ssu (see Methods for details). In figure 4 we repbe logarithm plot of the probability that non-
observed residues make segments of a given lesghfinction of the lengths of the segments.
We observe that the fraction of non-observed residicales as -1.31 £ 0.11 in proteins enriched
in order-promoting residues, as -0.58 = 0.14 ingns enriched in disorder-promoting residues
and as -0.92 = 0.13 in proteins belonging to thiéglat zone. This result shows that, in proteins
enriched in disorder-promoting residues, non-olEtiamino acids have the highest probability
to make long segments in the polypeptide chainréfibee, proteins candidates to be natively
unfolded must be searched for among those cladsiiainfolded b¥syor, alternatively, among
those with negative S scores, lower than -0.83.

It is important to note however that only a frantiof the proteins with negative S scores have a
high frequency of non-observed residues. In figuree plot the distributions of these residues in
proteins with S scores lower than -0.83, betweeB3-@nd 3.24 and above 3.24, respectively. It
is evident that a high frequency of proteins wittlgative S scores do not have non-observed
residues in their structures. This result shows #maino acid composition is not sufficient to
infer whether a protein sequence has non-obsem&dues in their tertiary structure. Amino
acid composition, therefore, is only a necessanglitmn to have long non-observed segments in
the polypeptide chain, but it is not a sufficiemteo Proteins with negative S scores do not
necessarily have long non-observed residues inetftiary structure, since other factors affect
the stabilization of protein domains, as the omfethe amino acid in the primary structure and
environmental conditions. On the other hand, theeokation that proteins with long non-
observed segments of the polypeptide chain havighagrobability to have negative S scores
suggests that the frequency of natively unfoldemtgins obtained through S can be consider an
upper bound to the real frequency of these proieipsoteomes.



In table 2 we report the frequency of natively udéal proteins obtained by scanning with S
several proteomes from Archaea, Bacteria and Eakae find the following figures: 1.63% in
Archaea, 3.91% in Bacteria, 16.35% in Eukarya. regengly, the frequency of natively
unfolded proteins that we estimate with the S st®tewer than those previously reported and
consistent with the finding by Orengtal [26].

Discussion

In several papers it has been suggested that sidaily disordered proteins are abundant in
living organisms [4, 8, 17-19]. The existence oég# proteins shifts the classical structure-
function paradigm that postulates a strict relabetween the tertiary structure of a protein and
its biological function. High-flexible domains inrgiein structures imply that proteins and
substrates can bind through dynamics that do nquim@ pre-existing stereo-chemical
complementarity. In this way the interaction betweeprotein and a substrate is characterized
by a high specificity, but a low affinity and a rdpgurn-over. This kind of interactions can be an
advantage in signalling and cell regulation proesssince they allow to proteins to bind
different targets and therefore to trigger différprocesses [4-9]. However, in some cases, they
can facilitate the onset of diseases through tmelibg to erroneous targets or through the
aggregation in amyloidal fibrils [10-16]. An estiteaof the spread of unfoldome is of
importance, since it gives valuable information @bbow protein interaction networks of
organisms are organized

It has been reported that the frequency of nativelplded proteins is higher in Eukarya than in
Archaea and Bacteria [17-19]. As an example, \\ral. report 2% of the proteins in Archaea,
4.2% in Bacteria and 33% of the proteins in Eukaay@a natively unfolded [18]. The higher
frequency of natively unfolded proteins in Eukatyas been related to the tendency of these
proteins to be involved in cellular regulation atedthe more complex regulatory processes
typical of Eukaryotic organisms [18]. The estimatiedquency is highly dependent on the
computational method used. In some cases the pmucees are really significant. As an
example, the estimated frequency in Drosophila Najaster is 33% by using DISOPRED and
62% by using PONDR [4, 17, 18]. Disorder predictoossider mainly amino acid composition
to infer whether a protein sequence folds intoratgy structure. In this paper we have shown
that amino acid composition is not sufficient taedtmine whether a protein has disordered
segments in their polypeptide chains, confirminggastion by several papers [35]. This fact can
explain the discrepancies observed in evaluatiagrdguency of natively unfolded proteins. We
have shown that the score S is effective in selgctiut from dataset sequences enriched in
disorder-promoting amino acids, and these sequemmes a higher probability that their non-
observed residues make long segments in the pdlgpeghains. Therefore, we think that the
frequency of natively unfolded proteins estimatebagh the S score can be considered as an
upper bound to the real frequency of natively whéddl proteins in proteomes. We find that
1.63% of proteins in Archaea have amino acid coitipastypical of unfolded ones, 3.91% in
Bacteria and 16.35% in Eukarya. In our opinionred frequency of natively unfolded proteins
in living organisms does not exceed these figunestherefore it is lower than those previously
suggested in the literature. Interestingly, oumastes are consistent with the results reported by
Orengoet al. [26]. In their work they observe that a large ne@mbf the protein sequences in
proteomes share the same fold. By aligning amim sequences with Hidden Markov Model,
they estimate that only a percentage from 10% % 20 sequences in proteomes cannot be



associated to a known fold. These sequences ane sifigletons, and they suggest that natively
unfolded proteins must be searched for among tHems. interesting that we obtain similar
estimates for natively unfolded proteins in Eukarghout 16%, lower than the percentage of
33% previously reported. It will be interestingrsestimate the frequency of proteins enriched
in disorder-promoting amino acids in protein intdi@n networks and in proteins involved in the
development of diseases.

The frequency of disorder has been probably ovemattd also in structured proteins. A
significant amount of unstructured domains in folgieoteins can indicate that sequences with a
tertiary structure can bind targets with low atffyni as done natively unfolded proteins.
Therefore, an estimate of the amount of disordéololed proteins is an important issue. Le Gall
et al. analyse the tertiary structures of the proteingodied in the PDB searching for non-
observed and ambiguous residues [21]. The lateeidantified by considering the redundancy in
the PDB: residues are considered ambiguous if éineybserved in some structures but they are
non-observed in other structures sharing the samroaacid sequence. On the other hand, a
residue is non-observed if it is impossible to datee its spatial position in all structures with
the same amino acid sequence. They report that d88a of the proteins in the PDB contain
segments of the polypeptide chain longer than 3Rlues ambiguous or non-observed, and the
percentage arises to 40% if segments between 18&adino acids are considered. From these
observations it is possible to speculate that des@d domains are frequent in the tertiary
structures of proteins and it may influence thgmainics. The existence of ambiguous residues
has been studied also by Zhaetal. [23]. They observe that segments of the polypeptiten
made of ambiguous residues agal personality fragmentthat can be ordered or disordered
depending on the environmental conditions. Theyssgthat this dual personality behaviour is
due to a peculiar amino acid composition and iegito proteins the ability to modify their
dynamics in response to a change in the environnmdohan et al. [22] report that the
identification of non-observed residues in protesndependent from the experimental conditions
used to resolve the structure, like temperature,gat concentration and time of crystallization.
They analyse protein structures with sequence itgemgher than 90% and resolved in different
experimental conditions and they observe that imyneases non-observed residues do not
coincide in the structures analysed. These obsengtherefore suggest that the presence of
ambiguous residues is due to environmental comditithat can affect the structure of the
proteins. In our opinion these two studies aresudficient to conclude whether the presence of
ambiguous residues in a protein structure is anngit property written in its amino acid
sequence of it is an effect of environmental coodg related to the experimental set-up. It is
well-known that the presence of osmolytes in sotuttan shift an amino acid sequence towards
the folded or the unfolded state by modulatingrtbhmber of hydrogen-bonds in the backbone of
the polypeptide chains, and this effect does ngeded from amino acid composition of the
protein sequence [36]. In any case, it seems raasorno conclude that the presence of
ambiguous residues does not necessarily implyat@dmain in a protein fold has an intrinsic
propensity to remain unstructured. Ambiguous ressdoave not been considered by Lobasibv
al. in compiling a library of disordered patterns frpnoteins in the PDB [24].

In the present study we re-evaluate the frequeriagismrder in the proteins of the PDB by
considering only non-observed residues in theasristructures. We consider a residue as non-
observed if its spatial coordinates are missingha tertiary structure experimentally resolved.
Differently by Le Gallet al. [21], therefore, we do not include in the numberdifordered
proteins those witlambiguous observeesidues. We find that 69% of the proteins in tBBP



have non-observed residues, but generally thegiagietons or they make short segments of the
polypeptide chain, of the order of 5 amino acidbjlevonly in 5% of the proteins they make
segments longer than 30 residues and in 27% qdrthteins they make segments between 10 and
30 residues. Our estimates therefore indicate guémrcy of proteins with disordered segments
lower than the previously reported one and theygesgthat disorder is not frequent in structured
proteins. A quick analysis has shown that 45% efdlsordered segments found are singletons
or they are made by less than 4 residues, so thelyaply do not indicate intrinsically
unstructured domains in the protein fold but theght be due to experimental noise in the
characterization of the structure. The remainingo5& them are mainly of short length. An
analysis of the relation of the length of the segim®f non-observed residues and the length of
the amino acid sequence has revealed that theseseggenerally involve a low fraction of the
polypeptide chains, and there is no evidence tteit tength is dependent from the length of the
protein sequence. The frequency of proteins witigldisordered segments that involve more
than 20% of the polypeptide chain is not above f%h® structured proteins currently known.
From the experimental data currently at disposalcaeclude that in the structured proteins
disordered segments involve generally short regodribe polypeptide chains and therefore they
hardly affect significantly protein dynamics or imgow affinity interactions with substrates.
Further studies however are necessary to clear lugther the presence of long disordered
segments in these proteins are due to an intrprsipensity to have unstructured high-flexible
loops of possible functional importance or to amimsic difficulty to crystallize.

In conclusion we think that the spread of the whdohe has been overestimated in many works.
There is no doubt that there exist high-flexibl®tpms that interact with substrates without
requiring pre-existing stereo-chemical complemetytarowever, unstructured domains are not
frequent in the known structured proteins, and ftequency of natively unfolded proteins in
proteomes probably does not exceed 16%. Thesetggsoint to a general validity of the
structure-function paradigm and pre-existing stereemical complementarity is generally
important for the interactions among biological neawgolecules.

Methods

Datasets

To study the frequency of disorder in folded pnageiwe extensively analysed all protein
structures deposited in the Protein Data Bank (P@Babase, version 23, November, 2010 [20].
In the total we analysed 63590 proteins.

To delimit the twilight zone in the S space we d¢desthe set C used in [28] to t&%f,. Folded
proteins are extracted from PDBSelect25 [37, 38fsion October 2007, which contains 3694
proteins with sequence identity lower than 25%u&tires with a resolution above 2 A and an
R-factor above 20% are excluded. A restricteddis2369 is obtained, 1573 of which with a
percentage of disordered amino acids below 5%. @peally, a residue is considered as
disordered if it is present in the SEQRES but nahe ATOM field of the PDB file [18, 25]. A
list of 81 natively unfolded proteins, with at [€d9% of disordered amino acids and sequence
identity below 25%, are extracted from the DisRiatabase [39], version 3.6.



Strictly unanimous consensus score among predictors of natively
unfolded proteins

The strictly unanimous consensus scB¢gis a consensus index among different predictors of
natively unfolded proteins. It combines three pctatis: mean pairwise energy [38VSL2[30,

31], and Poodle-W [29]. The protocol used to coraghbese indexes is described in the previous
chapters [28]. Mean pairwise energy is the ariticnaean of the global pairwise energy of the
protein sequence, and therefore it is an estimiatieeopairwise energy per residue [32]VSL2

is the arithmetic mean of the disorder scores nbththroughvSL2[30, 31], a good performing
disorder predictor. Poodle-W [29] evaluates wheth@rotein sequence is disordered through a
spectral graph transducer [40].

The strictly unanimous consensus sc&g [28] considers the three predictions by mean
pairwise energygVSL2and Poodle-W. If the three predictors agree issfging a protein as
folded, Sgy classifies the protein as ordered. If the thredlipters agree in classifying a protein
as unfolded,Ssy classifies the protein as disordered. If at lemsi predictors disagree in
classifying a protein as folded or unfold&d, assigns the protein to the twilight zone.

Log-odds ratio of the likelihoods that a sequence has amino acidic
composition typical of folded and unfolded proteins

Referring to a simple probabilistic model, one asss to have reliable estimates of the
probability of occurrence of each amino acid irdés and unfolded proteinsg™} and {r"},
respectivelywhere a runs over all amino acid labels. We esath#ttese probabilities on the set
of folded and natively unfolded proteins selectgdShimizu et al. to test Poodle-W [109]. Then,
a folded protein can be thought of as if its seqeewere sampled fromm{”} through a
sequence of independent extractions. The likelihdbdt a sequence has amino acidic
composition typical of a folded protein is:

Ny

Le =ﬁ(”f))

where 74" is the probability of amino acid andn, is the occurrence of amino acidin the
sequence. The probabilistic model implicit in theoee definition is a 0-order Markov chain.
Similarly we can defindy by using 7z"Y). Le/Ly is the ratio of the likelihoods, for a given
sequence and through its amino acidic compos{tigh to have been generated frdng™} and
{5}, respectively. The log-odds ratio of a given seage is then defined as:

20 n—(F)
S=) n, n 2+
Order-promoting amino (disorder-promoting) acidatabute with positive (negative) terms to
S, since their ratiogg”/7z”) are bigger (lower) than one. Therefore, S is pasitnegative) if
the protein is composed mainly by order-promotidgdrder-promoting) amino acids. When a

protein is composed by approximately the same nunobeorder-promoting and disorder-
promoting amino acids, its S score has a valueedimzero.



Definition of the twilight zone in the S space

To define the twilight zone in the S space, we theefollowing procedure. We compute the S
score of the 2369 proteins selected in [28] to$egtFor these proteins, we have the list of those
classified bySsy as folded, unfolded and in the twilight zone, exdjvely.

We consider in first instance proteins classifigd 3y as folded and those classified in the
twilight zone. We plot the histogram of the S seoi@ these two groups of sequences and then
we search for a discriminating line so to identiigre than 90% of the proteins classified3ay

in the twilight zone, with the lowest level of falpositives. We set the threshold to 3.24.

In second instance we consider proteins classtie@sy as unfolded and in the twilight zone
and we repeat the procedure sketched above. Weestttreshold to -0.83.

We consider in the twilight zone all protein sequeswith S scores between -0.83 and 3.24.

Probability that a non-observed residue is found in a segment of
length |

The probability that a non-observed residue is dbumna segment of lengths computed by the
following algorithm.

Let beng(l) the number of segments madelbmon-observed residues. Non-observed residue are
identified by aligning the protein sequences exéddrom SEQRES and ATOM fields of PDB
files. Each residue that is present in the SEQR&S8sfbut there are not its spatial coordinates in
the ATOM fields is considered a®n-observedLet beny the total number of non-observed
residues in the protein structures deposited inRDB&. The probability that a non-observed
residue is found in a segment of lenptk given by:

_n,() 1l

d

P (1)
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Tables

Table 1 - Frequency of proteins with segments of non-observed residues
of a given length

Length of segments Frequency of proteins
From 1 to 10 residues 59%

From 11 to 30 residues 27%

Above 30 residues 5%




Table 2 - Frequency of proteins enriched in disorder-promoting amino
acids in several proteomes

Proteomes have been download from UniProt:
http://www.uniprot.org/taxonomy/complete-proteomes

ORGANISM N. proteins S<-0.81
N. %
Aeropyrum pernix 1773 37 2.81
Archaeoglobus fulgidus 2409 43 1.78
Methanococcus jannaschii 1771 24 1.36
Pyrococcus abyssii 1786 27 1.15
Thermoplasma volcanium 1524 20 1.31
9263 151 1.63
Agrobacterium tumefaciens C58 5358 200 3.73
Aquifex aeolicus 1554 45 2.90
Chlamydia pneumoniae 2739 145 5.29
Chlorobium tepidum TLS 2281 81 3.56
Escherichia coli K12 5270 129 2.45
Haemophilus influenzae Rd 31792 835 2.62
Mycobacterium tuberculosis
H37RV 60323 3009 4.99
Neisseria meningitidis MC58 1900 67 3.53
Salmonella typhi 5350 143 2.67
Staphylococcus aureus COL 2680 88 3.28
Synechocystis species PCC 6803 3530 116 3.29
Thermotoga maritima 1887 44 2.33
Treponema pallidum 3438 110 3.20
128102 5012 3.91
Anopheles gambiae 14833 1936 13.05
Arabidopsis thaliana 50056 5741 11.47
Bos taurus 15318 2554 16.67
Caernorhabditis elegans 23353 2959 12.67
Drosophila melanogaster 33213 6198 18.66
Gallus gallus 8158 1295 15.87
Homo sapiens 94909 16978 17.89
Mus musculus 64890 12629 19.46
Oryza sativa 97933 19063 19.47
Plasmodium falciparum 5349 142 2.65
Saccharomyces cerevisiae 41069 3951 9.62

449081 73446 16.35
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Figure 1 - Distribution of non-observed residues in the tertiary
structures of proteins deposited in the PDB

The fraction of non-observed residues (horizonkad)as the ratio between the number of non-
observed residues and the number of the amino ac@grotein sequence. The fraction of non-
observed residues has been divided in bins. Thelfin refers to proteins without non-observed
residues. The second bin refers to proteins wiltaeion of non-observed residues between O
and 10%, the third bin refers to proteins with &fion of non-observed residues between 11%
and 20% and so on. The frequency of occurrenceqakaxis) is the number of proteins with a
given fraction of non-observed residues dividedih®y number of proteins considered. 43% of
the proteins considered do not have non-obsen&dues. The frequency of proteins rapidly
decreases as the fraction of non-observed residuke polypeptide chain increases.
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Figure 2 - Frequency of segments of non-observed residues as a function
of the length of the segments

In the horizontal axis it is reported the lengibf a segment made by non-observed residues. In
the vertical axis it is reported the number of segtas with length divided by the number of all
segments found. 18% of non-observed residues aggetins. 53% of segments found are
shorter than 5 amino acids. The frequency of setsnepidly decreases as segment length
increases.
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Figure 3 — Distribution of the ratio between the le  ngth of segments of

non-observed residues and the length of the aminoa  cid sequence

In the horizontal axis it is reported the ratiovbetn the length of segments made of non-
observed residues and the length of the amino sexridences. In the vertical axis it is reported
the frequency of these ratios in the structuredtgmme analysed. The distribution rapidly
decreases. Segments of non-observed residuesaendotve short fraction of the polypeptide
chains in the known structured proteins.
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Figure 4 — Logarithm plot of the probability that a non-observed
residue is found in a segment of length | in proteins predicted as

ordered and disordered and in the twilight zone

In the horizontal axis it is reported the lengtbf a segment made by non-observed residues. In
the vertical axis it is reported the fractiogl)-| / nyg, whereng(l) is the number of segments of
lengthl andng is the number of non-observed residues in the eatddroteins with S > 3.24
(ordered) are plotted in red, proteins with S <830(disordered) are plotted in blue, proteins
belonging to the twilight zone are plotted in greBroteins predicted disordered 8y, exhibit

the higher fraction of non-observed residues in@dlin segments longer than 30 residues.
Fraction of residues involved in segments of lerigibales as -1.31 + 0.11 in proteins predicted
ordered, as -0.92 + 0.13 in proteins belongindhéotwilight zone and as -0.58 £+ 0.14 in proteins
predicted disordered.
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Figure 5 — Distribution non-observed residues in pr oteins predicted

as ordered, disordered and in the twilight zone

Red bars refer to proteins with S > 3.24 (orderghen bars refer to proteins belonging to the
twilight zone, blue bars refer to proteins with S-&83 (disordered). The fraction of non-
observed residues (horizontal axis) is the rattaben the number of non-observed residues and
the number of the amino acids in a protein sequéehue fraction of non-observed residues has
been divided in bins. The first bin refers to pnasewithout non-observed residues. The second
bin refers to proteins with a fraction of non-oh&e residues between 0 and 10%, the third bin
refers to proteins with a fraction of non-observesidues between 11% and 20% and so on. The
frequency of occurrences (vertical axis) for eaaug of proteins is the number of proteins with
a given fraction of non-observed residues dividgdhe number of proteins considered. A large
fraction of proteins predicted as disordered anthantwilight zone do not have non-observed
residues.



Appendix

Frequency of proteins predicted as natively unfolde by gVSL2 and mean
pairwise energy <k>

ORGANISM N. proteins Predictions
gVSL2 <E:>
N. | % N | %
ARCHAEA
Aeropyrum perni 177¢ 129 7.26 38 2.14
Archaeoglobus fulgidi 2411 134 5.56 36 1.49
Methanococcus jannasc 178¢ 93 5.21 16 8.95
Pyrococcus abyss 1787 76 4.25 18 1.01
Thermoplasma volcanit 152¢ 74 4.86 34 2.23
9282 50€ 5.4F 142 1.52
BACTERIA
Agrobacterium tumefaciens C 535¢ 454 8.47 452 8.44
Aquifex aeolicL 1557 93 5.97 18 11.56
Chlamydia pneumonii 275¢ 336 | 12.19 169 6.13
Chlorobium tepidum TL 228¢ 247 | 10.80 172 7.52
Escherichia coli K1 533¢ 392 7.35 343 6.43
Haemophilus influenzae | 3191( 2357 7.39 1758 5.51
Mycobacterium tuberculosis H37 6040¢ 8917 | 14.76 9397 15.56
Neisseria meningitidis MC! 1901 126 6.63 132 6.94
Salmonella typt 535¢ 386 7.21 355 6.63
Staphylococcus aureus C 268( 265 9.89 205 7.65
Synechocystis species PCC € 353 256 7.25 231 6.54
Thermotoga maritim 1891 125 6.61 35 1.85
Treponema pallidul 349¢ 317 9.07 198 5.67
128463| 14271 11.11 13465 10.48
EUKARYA
Anopheles gambi 15821 4430 | 28.00 3748 23.69
Arabidopsis thalian 51094 | 15678 | 30.68 10788 21.11
Bos tauru 15658 4986 | 31.84 3774 24.10
Caernorhabditis elegal 23354 6717 | 28.76 5041 21.59
Drosophila melanogast 34043 | 13117 | 38.53 10861 38.53
Gallus gallu 8392 2603 | 31.02 1988 23.69
Homo sapier 95581 | 34749 | 36.36 28732 30.06
Mus muscult 65284 | 24519 | 37.56 18624 28.53
Oryza sativ. 98035 | 43272 | 44.14 34890 35.59
Plasmodium falciparu 5356 1974 | 36.86 914 17.06
Saccharomyces cevisiae 41117 | 11975 | 29.12 8612 20.95
453735| 164020| 36.15| 127972 28.20




