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Abstract

Amino acid composition is an important determinahtprotein structures. In this
paper we investigate the relationship between amianb composition and mechanical
stability of protein sequences. We divide the protstructures deposited in the
Protein Data Bank (PDB) as ordered, disorderedimnie twilight zone, depending
on their amino acid composition. We use a consersamse Ssy among three
predictors of global disorder, Poodle-W, gVSL2 amtean pairwise energy.
Mechanical stability is evaluated through Miyaza¥esinigan potential. We find that
the three groups of protein sequences have diffecentact energy, disordered
sequences being the most unstable and orderedeimgsthe most stable. Secondary
structure energy and global mechanical stabiliythee other hand, are about the same
in the three groups of proteins, pointing to a fameéntal role of backbone
interactions in the stabilization of the tertiatyusture. Proteins with relative high
contact energy tend to remain short in length drey tdo not enrich in disorder-
promoting amino acids. Moreover, several short @nst in the twilight zone
compensate their relative instability through diskal bridges. Our results support the
hypothesis that backbone interactions play a furehdah role in the stabilization of
protein structures. However, the role of long-rangeractions and its relation with
protein length must be further investigated. Itniscessary to develop a more
fundamental theory to understand the exact reldigiween amino acid composition
and the mechanical stability of protein sequences.



Background

Tertiary structure is important to protein functiddowever, particularly in the last
decade, several proteins have been discovereddamportant biological functions
but lacking a well-defined three-dimensional (3€Mucture.lt is known that these
intrinsically disorderedproteins (IDP), which functionally display an endsenof
flexible conformations are involved in DNA bindingignalling, targeting and other
important cellular functions, as well as in candavelopment and amyloidotic
diseases. These proteins have been denoted varradilyonly as IDP, but also as
intrinsically unstructuredor asnatively unfoldedoroteins. Despite the term disorder
might be misleading (an intrinsically structuredein is clearly not a fragment of an
ordered, periodic solid) we follow here what seetmsbe the prevailing choice.
Nevertheless, we believe that a terminologicalgiewi is heeded, based on empirical
classifications. A comprehensive introduction te fleld is given in the recent book
by Peter Tompa [1], several significant papersisted in the bibliography [2-13]
and a cured database is available on the net [14]

From a physical point of view, there is consensusonsidering the tertiary structure
of a protein as an equilibrium configuration copmsding, in the protein
conformational space, to a minimum of the free gnéaindscape. Protein folding can
be viewed then as a pathway in which the protequeece rolls down on the energy
landscape [15-19]. Since there is a high energyidrabetween the folded and the
unfolded configuration, a protein in the foldedtgsacannot leave this conformation
unless it is forces by denaturant agents. In thisliérium configuration, the protein
is able to fulfil its biological function. Nativelynfolded proteins, on the other hand,
are characterized by free energy landscapes withy mainima separated by low
energy barriers, of the order &T. Therefore, they cannot have a stable tertiary
structure, but they are characterized by an ensewibhigh-flexible interchangeable
extended three-dimensional conformations [20, 21].

It has been observed that ordered and disordexdiprsequences have a different
amino acid composition. Romeret al. report that well-structured segments of
polypeptide chains have a higher frequency of TFQ, Y, V and L than disordered
ones. They indicate these amino acids as ordergirng: Analogously, unstructured
segments of polypeptide chains are enriched inrdisepromoting amino acids (M,
A R, Q, S, P, E and K). [22] In many papers, amaca composition is the main
physical-chemical properties used to infer, from amninitio analysis, whether a
protein sequences is structured or not. This olsierv leads to the conclusion that
amino acid composition is important for a proteanréach a free energy minimum.
Sequences enriched in disorder-promoting amino eaidd have high free energies
than those enriched in order-promoting ones.

Interestingly, however, several recent studies hawicated that amino acid
composition is not sufficient to determine the folida protein sequence. Szilagti

al. [23] observe that ordered and disordered protewerlap when plotted on a
hydrophobicity-charge plane, pointing to the exsee of atwilight zone between
order and disorder, an overlap volume in the vedpace of amino acidic
compositions, occupied by both ordered and disediexequencedn their work
Szilagyiet al.report that the twilight zone is wider for shorogins, and by means of
lattice models, they infer that amino acidic compos alone is not sufficient to
determine whether a protein sequence of short hefadtls into a tertiary structure.
They also observe that longer proteins, on therdthed, can sample a comparatively
higher number of conformations and then they havegher probability to reach a
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stable one. In these cases, the order of the aauis in the sequence is less crucial
and amino acidic composition only is sufficientdetermine whether the sequence
folds or not. The main merit of [23] is to haverdiad the interplay of composition
and length in determining the tendency of a proteifold.

In this paper we investigate about the relatiorwbet amino acid composition and
mechanical stability of protein sequences. Meclarstability is highly related to
thermodynamic stability, as we discuss in the Ddsmn section. We take into
consideration protein structures deposited in ttoéelh Data Bank (PDB). Searching
the PDB [24] for disordered amino acids can beuldef evaluate the occurrence of
disorder in structured proteins, as a starting fpimward understanding how disorder
influences their biological function. Le Gadt al. [25] report that about 10% of
proteins in the PDB have disordered fragments Iptiggn 30 amino acids, and the
percentage raises to 40% if protein fragments shadttan 30 amino acids are
considered. This indicates that in the PDB therea imon-negligible fraction of
putatively intrinsically disordered proteins. Let note that the connection between
the global stability of the fold of a protein anketpresence of highly flexible
segments (possibly related to the occurrence ofat@ervable, disordered residues)
is still controversial, and it is one of the madtef the present paper to contribute a
critical assessment of the problem. In this papersean the proteins in the PDB by
means of sequence-only global predictors of folddighotomic classifiers which, in
general, evaluate the amino acidic composition pfaiein and compare it with the
compositions of typical folded and unfolded progein a training set. In particular,
we consider three IDP predictors and we combinentimgo a strictly unanimous
consensus Scoi®y [26]. We use mean pairwise energy,SL2and Poodle-W [26].
Mean pairwise energy has been introduced by Dogz&tnal. [27] to discriminate
ordered and disordered residues in proteins, anotmp@emented in the IUPred
program [28].gVSL2[26] is the arithmetic mean of the disorder saeterned by the
VSL2 predictor [29, 30]. Poodle-W is a predictor wéditively unfolded proteins
developed by Shimizet al. [31] and is based on a spectral graph transd@&r [
Operationally, the strictly unanimous consensusesgq, [26] classifies a protein as
ordered if all three indexes agree in classifyingsi folded and classifies a protein as
disordered if all three indexes agree in classgfyinas disordered. If at least one
index disagreesSsy classifies the protein in the twilight zone. Wevéahown that
Sy is effective in selecting out proteins in the tghit zone between order and
disorder from a generic set of proteins [26]. ByngsSsy we classify about 3% of
proteins in the PDB as disordered and 12% are rasditp the twilight zone between
order and disorder. Generally, a protein prediagdlisordered by a global predictor
is considered as lacking a well-defined three-disimmal conformation. Following
this assumption one should consider the predictainsatively unfolded proteins in
the PDB as false predictions. In this paper howeweradopt the view of considering
unstructured proteins asructured proteins with peculiar amino acidic carsfions
similar to those of unfolded sequences, and westy&te their distribution in the
PDB. We also start here to investigate the physio@aning behind the peculiar
amino acidic compositions. More precisely, we inigage the relation between amino
acidic composition, length of the proteins and rthmeechanical and thermodynamic
stability.

Thermodynamic stability is an important properincs it is related to the propensity
of a protein to reach a minimum of the free endeggscape, and therefore to fold
into a tertiary structure, to crystallize, to bind aggregate with other biological
macromolecules and to other important biologicakfions [33]. As stated above, we
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take into consideration mechanical stability, a pemty strictly related to
thermodynamic stability. To estimate mechanicabifitg, we use the Miyazawa-
Jernigan (MJ) potential [34-37]. We separately eatd, in the MJ potential,
secondary structure energndcontact energythe first term is the interaction, in a
specific protein conformation, between a tripeptated the residue located at its
centre, and therefore it considers short-rangegllonteractions; the second term is
the interactions among residues in contact, i.e@s@lgeometric centres are closer, in
the structure, than 6.5 A, and therefore it consideng-range interactions between
residues which are far apart, along the backbbeeus anticipate here what we have
found: i) MJ energy correlates with protein lengtbnsistently with the observation
that longer proteins are more stable than shomes ¢33]; on the contrary, ii)) MJ
energyper residuedoes not depend on protein length; iii) secondamycture energy
does not discriminate ordered from disordered prsieas classified bySsy,
indicating that it does not depend on amino acidimpositions; whereas iv) contact
energy is different in ordered and disordered pnstehe latter in fact, have a higher
energy per residue than the former. Moreover, prsten the twilight zone have a
contact energy per residue intermediate betweeh dhardered and disordered
proteins, with the exception of a certain numbessiodrt proteins with a quite low
contact energy per residue, that, as we discusbanpaper, make their structure
mechanically more stable by means of disulfide deg] a property that it is not
exhibited by disordered proteins. In a nutsh&}|, acts as a filter of the MJ contact
energy per residue.

The analysis of MJ contact energy distribution he DB shows that ordered and
disordered proteins differ in their long-range ratgions, which strongly depend on
amino acidic composition, whereas the contributthre to secondary structure is
comparable in both groups. Interestingly, the sdreeaondary structure and contact
energy does not distinguish between ordered ordksed proteins, suggesting that
secondary structure energy gives an important ibrion to the overall mechanical
stability of proteins, quite independently of amamdic composition.

Disordered and twilight zone proteins result todepleted in order-promoting and
rich in disorder-promoting amino acids, and thigresponds to higher contact
energies and lower mechanical stability. These emettend also to have short
polypeptide chains, due to the fact that they bexarmre and more unstable and hard
to be found in the PDB as their length increaseappears therefore, also from the
analysis here presented, that a strict relatiorwéen long-range conformational
energy and protein length exists, and worth touptiér investigated.

Results

Analysis of the amino acidic compositions of the pr oteins in the PDB

As mentioned above and detailed in the Methods,camabined three global IDP
predictors into a strictly unanimous consensus esc®y [26], which allows
classification of protein sequences into threesdgasin this work, we investigate the
occurrence of these three classes of structuratroim the PDB, seeking for a
physical, energetic meaning behind this classificat From now on,ordered
disordered or twilight zone in denoting a protein of the PDB, refers to this
classification.



We selected from the PDB 70684 sequences, excludingplexes. As expected, the
majority of proteins are classified sy as ordered; of the rest, about 3% are
classified as disordered and 12% in the twilightezo

Since the predictors of intrinsically disorderedotpins combined IinSgy are
functionals of amino acidic compositions, then dissed and twilight zone proteins
should have measurably different residue frequenaih respect to ordered ones.
This is shown in figure 1, where we show histograrhsesidue frequencies for the
three classes. Ordered proteins are rich in W, G, V, L, M, A,N,D,Hand T, a
list consistent with the list of order-promotingsidues of Romeraet al. [22].
Disordered proteins are rich in R, Q, S, P, E, iKd &. This list also coincides with
the list of disorder-promoting amino acids proposefl?2]. Proteins assigned to the
twilight zone have frequencies of W, F, I, Y, V, R, Q, P, E, K, G and N
intermediate between those of ordered and disaldeateins. The amino acids C, A,
S, D and T, on the other hand, are more frequeptateins in the twilight zone than
in those belonging to the other classSes.investigate the distribution of amino acidic
compositions in the PDB, we computed the log-oddi® IS of the likelihoods, for a
protein sequence, of being composed by either guamsmoting or disorder-promoting
amino acids [26, 38] (see Methods). The S distidiouin the PDB is shown in figure
2. Ordered proteins are characterized by positalees of S (mean value 18.22
0.06, median 15.73), and are mainly composed bgrgytbmoting amino acids,
while disordered proteins tend to display negatigkies of S (mean value -2.64
0.18, median -1.68), being composed mainly by diesepromoting amino acids.
Proteins in the twilight zone have intermediateaBsgs, centred around zero (mean
value 3.73* 0.05, median 2.79) with a slight shift of the dimition towards positive
values.

Estimate of the conformational energies of proteins through Miyazawa-
Jernigan contact potential

In this section we investigate whether orderedprdisred and twilight zone proteins
in the PDB differ in the conformational energy béir tertiary structure. It has been
reported that conformational energy can be relatetie thermodynamic stability of
proteins, as we discuss below (see Discussion) [23, To estimate the
conformational energy, we used the MJ potentiat33}} sum of the locadecondary
structure energyand of the long-rangsontact energysee Methods for details).

We checked that the MJ potential is strongly catexl with protein lengths
(Pearson's correlation coefficient -0.93): longeat@ins have a lower conformational
energy. Increasing the number of residues incretagesumber of interactions inside
the protein structure making the fold mechanicatlgre stable. This result is in line
with the observation by Ghogt al. [33] that thermodynamic stability increases with
the number of residues in a polypeptide chain. Traewstand whether the
conformational energy of proteins depends eithethenrmere number of amino acids
(the protein length) or on their physical-chemipabperties, we consider the MJ
energy per residue. It does not significantly dateewith protein length (Pearson’s
correlation coefficient is equal to -0.20). Moregveecondary structure energy per
residue does not discriminate ordered, disordenedtwilight zone proteins; contact
energy per residue, on the other hand, is highelisardered proteins and lower in
ordered ones (see figure 3). In the supplemergatdi 1 we report the distributions of
contact MJ energy per residug iB ordered, disordered and twilight zone proteins;
average values are: (-0.25H 0.0003) arbitrary energy unit (a.e.u) for ordered



proteins and (-0.05& 0.003) a.e.u. for disordered ones, so disorderaips have a
lower <E> than ordered ones. Proteins in the twilight zbage an average contact
energy per residue <& equal to (-0.165 0.001) a.e.u., intermediate between that of
ordered and disordered proteins. We observe, haweveertain number of short
proteins in the twilight zone with especially lowntact energies per residue; we
discuss these proteins, potentially rich in disldfbridges, below.

Let us now express the MJ contact energy of a prexjuence as:

EC = nOO < 500 > +nOD < gOD > +nDD < gDD > (l)

where noo, Npp and nop are the number of contacts between order-promoting,
between disorder-promoting and between order-primgand disorder-promoting
residues, respectivelygeoo>, <epp> and<eop> are the corresponding mean contact
energies (see Methods for definitions). Then, atnenergy per residue can be
expressed as:

E n n n
<=V < >+ < >+-L<g > 2)
N N N N

whereN is the number of residues in the protein sequéneechecked thatcoo> is
equal to -0.284 £ 0.025 a.e.sgpp> is equal to 0.200 + 0.030 a.e.u. anghp> is
equal to 0.036 £ 0.018 a.e.u.; it is evident, th&wat a global reduction in contact
energy per residue is mainly due to the contacisngnorder-promoting residues, and
only marginally to the contacts among disorder-psbny ones. Moreover and
interestingly, if one considers the sum of the sdewoy structure (short-range) energy
per residue with the contact energy (long-range) rpsidue, then the distinction
among ordered, disordered and twilight zone preteia lost, as shown in
supplemental figure 2. There the distributions gf,Ehe MJ energy per residue, are
shown for ordered, disordered and twilight zonetgins of the PDB, and it is clear
that they tend to overlap, particularly with regpecwhat is shown for the contact
energy per residue, in contrast, in supplemengré 1. This indicates that the
distinction between ordered, disordered and twiligbne proteins is mainly due to
the contact Miyazawa-Jernigan energies, and tien the consensus predict®yis

an effective filter of MJ contact energy per residun the space of protein sequences.

Protein lengths and amino acidic compositions

In figure 4 we report the logarithmic plot of thember of ordered, disordered and
twilight zone proteins, versus the length of tlegquences. The number of disordered
proteins is about constant until sequences areteshtiran 90 amino acids, then it
tends to decrease as lengths increase. A simdadtrs shown by proteins in the
twilight zone; these proteins however tend to lightlly longer than disordered ones.
In both groups the number of proteins longer th@@ @mino acids is negligible. On
the contrary, the number of ordered proteins reaehmaximum for sequence lengths
comprised between 120 and 400 residues, and adewable number of longer
proteins is present. We conclude that disorderedl tanlight zone proteins are
generally shorter than ordered ones. As said almrdered proteins are rich in order-
promoting amino acidslhe previous result therefore indicates that pnstenriched

in order-promoting amino acids are generally longen the other proteindVe
evaluated the correlation between the log-odds f&tand the length of proteins in the
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PDB. Pearson's correlation coefficient is equad.@2 for ordered proteins, 0.52 for
those in the twilight zone and -0.10 for the disvedl ones. Regression lines are
shown in figure 5. The strong positive correlatiogtween the S score and chain
lengths, observed for ordered proteins, indicates these proteins become enriched
in order-promoting amino acids as their chain langtreases. On the other hand, S is
substantially uncorrelated with protein length fdisordered and twilight zone
proteins, indicating that the balance of order-psbng and disorder-promoting
amino acids in these proteins is independent froaminclength. The dependence of
amino acidic composition on protein length has b#ensubject of recent studies.
Bastollaet al. [39] note that the frequency of positively chargedidues decreases
with chain length, while the frequency of alanined aglycine increases, moreover
they also observe that the frequency of V, I, L,AViT, W, D and E does not depend
on protein length. We checked that these obsenstoe confirmed in the PDB.

Our key observations, based on figure 5, are: dewd proteins are longer than
disordered proteins, and tend to be enriched iergpdomoting amino acids as their
chain length increases; ii) twilight zone proteapgpear to have also a slight tendency
to increase the fraction of disorder promoting amigcids with length; iii) in
disordered proteins there is a weak tendency toease the fraction of disorder-
promoting amino acids with length.

Since amino acidic composition modulates contaetgnper residue, we investigate
now the relation between contact energy per resahaelength of protein sequences.
From relations (1) and (2) in the previous sectiga,observe that contact energy per
residue is decreased mainly by contacts among -@rd@noting amino acids. We
checked that the number of contacts among ordengiiog amino acids and the
number of these amino acids are strongly correl@®edrson’s correlation coefficient
is equal to 0.98). We found a similar correlaticgtviieen the number of disorder-
promoting amino acids and the number of contactslemamong them and also
between the number of order-promoting amino acmdsthe number of their contacts
made with disorder-promoting amino acids.a protein sequence contains a high
number of order-promoting (disorder-promoting) amacids, it contains also a high
number of contacts among them. If we wnitgp ~ no and npp ~ o, relation (2)
becomes:

Ec _ng No n
~ D —_
_“‘_<£oo>+W<£OD >+W<£DD >= fo(<goo>+<gOD >)+ fo <é&pp >

N N
(3)

wherefg is the frequency of order-promoting amino acids fands the frequency of
disorder-promoting amino acids. We can say theeetbat a protein enriched in
order-promoting amino acids has a low contact enemyd, conversely, a protein
enriched in disorder-promoting amino acids hasgh ltontact energy (compare the
values ok eoo>, <epp> and<epop™> given above).

In figure 6 we graph cumulative probabiliti®s(l) for a PDB protein to be longer
than a fixed length, versus the length of the pnot€he cumulative probability is
evaluated for different ranges of contact energyrpeidue (see the last section of
Methods). From this figure it is evident that oiflfhe contact energy per residue is
sufficiently low, it is possible to observe in tR®B stable long proteins having that
energy content. In contrast, considering the cutivégrobabilities corresponding to
the energy ranges typical of disordered and twiligne proteins (black, red and blue
lines) is evident that there is a cut-off length.
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To be more quantitative, in table 1 we collect, ¥arious contact energy ranges the
values ofl_,, a threshold corresponding to a cumulative prdibglaf 20%. From the
table it is evident that proteins with contact gygper residue below -0.24 a.e.u. have
a Ly greater than 200 while in proteins with higherrgres this characteristic length
tends to decrease, indicating that long proteirth Wwigh conformational energy per
residue are rarely observed in the PDB. Since pr®tnriched in disorder-promoting
amino acids tend to have high conformational eesrgier residue, this can explain
why the examples of disordered proteins in the RIBB in general, quite short.

Disulfide bridges stabilize short proteins in the t wilight zone

We have previously mentioned that some proteinsngghg to the twilight zone
between order and disorder are characterized bhod shain length (less than 100
residues) and a quite low conformational energy mesidue (see figure 3). To
understand the low energy of these proteins, weémattd their amino acidic
frequencies and compared them with those of thergtloteins in the PDB, of the
same length. The result is reported in figure 7. d&fe see that twilight zone proteins
with conformational energy lower than -0.4 a.e.te quite rich in cysteines and
glycines. Then, these are the amino acids respensin the decreasing of the
conformational energy of these proteins. Being aigstrich suggests that these
proteins reduce their potential energy through Itidei bridges. To validate this
hypothesis, we checked that the correlation betvieemumber of cysteines and the
number of disulfide bridges in the proteins of thelight zone is 0.96, against a
correlation of 0.88 exhibited by ordered proteifi$is points out that about all
cysteines in the twilight zone proteins form digildfbridges, differently from ordered
proteins where we find a large number of cysteim&t @are not saturated in this
covalent bond. Our result is in line with that repd by Bastolleet al. [39] who also
point out that the frequency of cysteines decreasischain length and that in short
proteins cysteines often link themselves in disiglfbridges. It is then reasonable to
conclude that twilight zone proteins are rich isuliide bridges that compensate their
intrinsic tendency to remain unstable.

Discussion

Let us now synthesize and discuss the observatiorikis paper, devoted to the
distribution of disorder in the PDB and aiming atadiminating the relative
importance of amino acidic compositions and stnattenergetic for the folding
propensity of proteins. Through tt&, consensus score we classify uncomplexed
PDB proteins into three groups: ordered, disordened twilight zone These three
groups differ in their amino acidic composition,itis evident from the histograms of
amino acidic frequencies and from the distributiohshe log-odds ratio roteins
classified as ordered have an amino acidic compastypical of folded proteins,
while proteins classified as disordered have amanacidic composition typical of
unfolded ones (e. g. proteins in the DisProt [14pvertheless, both groups of
proteins have a tertiary structure experimentalgracterized and deposited in the
PDB. Amino acidic composition, therefore, is not sufici to determine whether a
protein acquires a tertiary structure or not, last,shown in the Results and as we
further discuss below, it modulates the mechargcal thermodynamic stability of
protein structures.



The MJ potential is here used to estimate the cordtional energy of proteins at a
residue level [34-37]. This choice is sound, sitide potential is commonly used in
several bioinformatics tasks (e.g., in threadirgpathms and in discriminating native
from non-native tertiary structures ab-initio irfeat from sequences). Moreover, it is
well known that conformational energies are reldatethe thermodynamic stability of
proteins [23, 39]. Let us now discuss this poinithwspecific reference to the MJ
potential. Consider the unfolding Gibbs free eneatiffierence of a generic protein as:

AG = AE — TAS 4)

where4E = Eigiged - Eunfoided aNAAS = Soided - Sunfoided W€ can assume that the
conformational energy of the unfolded state is z#ren4E = Eq4eq ENtropy change
is due to two contributions: entropy change duéraosfer of amino acids into the
protein coredSyanster and entropy change due to re-ordering and packingnono
acids4S.ont As pointed out by Ghosét al.[33], both terms scale with the numbér
of residues in the polypeptide chain. Thereforecam write:

AG ~ Eground = NTAS (5)

From relation (5) we see that higher conformatiogaérgiesEsiqeq imply higher
Gibbs free energies and then a lower thermodynataltulity.

We verified that the MJ potential can be assumed asarse-grained estimator of
Gibbs free energy. We considered 67 proteins szldoy Robertsomt al. [40], for
which we have enthalpy and entropy of unfoldingtedmined by differential
calorimetry or optical spectroscomnd we found a significant correlation coefficient
equal to -0.71 between MJ energy and both enthaly Gibbs free energy of
unfolding. As recalled above, MJ potential is themsof two terms: secondary
structure energy and contact energy. We have shioatrsecondary structure energy
per residue does not discriminate ordered fromrdesed proteins, whereas contact
energy per residue is generally higher in disord@mteins than in ordered ones. We
conclude that ordered and disordered proteinsrdifféheir long-range interactions,
and these are modulated by amino acidic compositiordered proteins have lower
contact energy per residue than the others. Siooénational energy correlates
with Gibbs free energy, we can deduce that ordpretkins are more stable than the
other proteins. Secondary structure energy, onother hand, does not depend on
amino acidic composition. Interestingly, the sumsetondary structure and contact
energy per residue does not discriminate betwedered proteins and disordered
ones. This result points to the important role ladrs-range interactions in stabilizing
protein structures.

Actually, the relative importance, for the stalyiliof protein structures, of the
hydrophobic effect and of backbone hydrogen bosdsatter of debate. Hydrophobic
effect is commonly considered as the driving fan€¢he folding process [15-19]. In
this view, the protein free energy landscape iswmred as funnel-shaped, and in the
folding process a protein reduces its free energycending the gradient of the
landscape toward the folded ground state. Theangstof amino acids with different
hydrophobicities implies a rugged energy landscagib several local metastable
states; these states are thought to be circumvémtedolution through the selection
of minimally frustrated amino acidic sequences #ng smoothing the free energy
landscape [16, 19]. From this point of view, evimntin the space of amino acidic
composition plays a fundamental role in the stahilon of protein structures. A
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different point of view consider the protein backbas fundamental to build a stable
tertiary structure, while amino acid side-chaingeha minor role, limited to a local
selection between alpha-helices or beta-sheethidrscheme hydrogen bonds play a
fundamental role, as shown by Rose and collabardtit-44]. These authors give
several arguments to support their hypothesisrdhihstance, they have been able to
construct topology of several proteins from secoypdstructure alone, without
considering long-range interactions [43, 44]. Secdhey report that the hydrophobic
effect has been usually over-estimated [42]. Moeeothey point the attention on the
fact that a polypeptide chain can be driven tovtaedfolded or the unfolded state by
the presence of denaturing or protecting osmolytek, 42]. Denaturing osmolytes
stabilize the unfolded state favouring residue-solvinteractions, whereas protecting
osmolytes stabilize the folded state favouringamtolecular interactions. This effect
is due mainly to the backbone, so osmolytes modub@ickbone hydrogen bonds
formation: the polypeptide chain folds if it gaiassufficient number of backbone
hydrogen bonds, and this can be favoured or disfi@gbby osmolytes [39, 40]. Our
results on the MJ stabilization of structures iatkc that short-range secondary
structure energy plays the major role in the foramabf a stable fold, supporting the
hypothesis that backbone hydrogen bonds are indaadamental. Secondary
structure energy must be considered to decide whethsequence has a structure.
Amino acidic composition modulates only long-raniggeractions; therefore the
analysis of the amino acidic composition of a groie not sufficient to determine
whether it gets a tertiary structure since it does give us information about its
secondary structure energyisordered proteins in the PDB have an amino acidic
composition that, as an effect of long-range irdoas, makes them less stable than
ordered ones. But they can nonetheless have a dwide their global mechanical
energy can be stabilized by secondary structureggnenainly due to backbone
hydrogen bonds.

As mentioned in the introduction, Szilaggi al. investigated the relation between
conformational energy and protein length by meahdatiice models [23]. In a
nutshell, they suggest that short proteins mayhrealy a limited number of
conformations, so they gain a stable conformatiath wore difficulty than longer
proteins, which can exploit a higher number of e conformations. This means
that short proteins have a lower probability toctea contact map compatible with a
fold. The number of residues therefore plays anomamt role to make a fold stable;
in long proteins, amino acidic composition is su#nt to determine the
conformational energy of a protein, while it is rsoffficient in short proteins, where
the order of the residues and the interactions gntbem are more important. We
have shown that amino acidic composition modulatég the contact energy. On the
other hand, we have shown the important role obmse@ary structure energy in
reaching a stable fold. It is reasonable that s#&onstructure energy is highly
dependent from the order of residues in the polygepchain, since the order of
residues modulates dihedral angles among adjaesiolues and these angles, in turn,
modulate secondary structure energy.

Our results, however, suggest that there is a eulelation among amino acidic
compositions and protein length that must be furtheestigated. We have shown
that the probability to have long proteins with higonformational energy is low;
proteins enriched in disorder-promoting amino achdsse high conformational
energy, since disorder-promoting amino acids gil@iacontribution to the decrease
of contact energy; this explain can explain whyodiered proteins, rich of disorder-
promoting amino acids, generally have short polyidepsequences. It will be
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interesting to further investigate the relation ag@amino acidic composition and
protein length. We have observed also that a certamber of short proteins in the
twilight zone tend to compensate their relativetabgity by means of disulfide
bridges (see last sub-section of the Results). @ordtional energy is reduced mainly
by order-promoting amino acids, so they largelytabate to make the fold of a
protein stable. Disordered proteins and thoseenhlight zone tend to remain more
unstable than ordered proteins due to their loveertent of order-promoting amino
acids. These proteins tend also to have short pphige chains. We have shown that
the probability to have long chains decreases hapid proteins with high
conformational energy per residue; since protegmdeted in order-promoting amino
acids have higher conformational energy per residoey are generally of short
length. Moreover, there exists a family of shorbtpms, that we classify in the
twilight zone between order and disorder, that diselfide bridges to enhance their
mechanical stability. The reason of this behavioust be further investigated.

This paper is one of the first explorations of th&tribution of structural disorder in
the PDB. It is clear that the final goal of thisearch would be to understand how
many different flavours of intrinsically disorderatiuctures are distributed among
different structural and functional classes and hdisorder is evolutionarily
conjugated with the need for functional stabilibet us just recall that we have
screened 70684 structures classifying 75% of thewrdered and the remaining 15%
as twilight zone and disordered. The problem tteses: is this distribution peculiar
of the set of proteins sampled in the PDB or tl@scpntages are representative of the
general probabilities for a protein to be foldedumfolded? Just as a preliminary
observation, we checked on TrEMBL database (rel@f@4® 06) that of 1908802,
146774 entries (roughly 7%) have a negative S vahok whereas 1762028 entries
(about 93%) have a positive S value. On the othedOrengo and co-workers [45]
using Hidden Markov models have estimated thaaetifsn between 10% and 20% of
protein sequences in a genome are singletons, lgmally unrelated to other
sequences within their own genome or in other gersooreover, we have checked
that a significant fraction of these singletonsegp to have low secondary structure
and therefore are candidates to be intrinsicalbpitiered. This just to conclude that
the percentage of disorder found in the PDB, sdente consistent with the general
expectation for proteins in general.

Conclusions

This work has been focussed on the relative rolentiho acidic composition, protein
lengths and mechanical and thermodynamic stallitjetermining whether a protein
gets a stable fold or remains partially or introadily unstructured. We think to have
gained some insight.

Through the analysis of the two terms of the MJpbal, we have shown that amino
acidic composition modulates long-range interagidProteins enriched in disorder-
promoting amino acids have a lower mechanical halthan proteins enriched in
order-promoting amino acids, since their long-ranigéeractions are weaker.
Nonetheless, our study has shown that secondargtiste energy gives an important
contribution in making a fold stable. As previousliscussed, this is in line with
recent works stressing the importance of backbgdedgen bonds for the stability of
protein tertiary structures. Since the analysiswiino acidic composition does not
give us information about this secondary structemeergy, it is intrinsically
insufficient to determine whether an amino acidigraent has a well-defined three-

-12 -



dimensional conformation or not. When a disordezdmtor classifies a protein
segment as disordered, this segment can have aifflldsucceeds in making a
sufficient number of backbone hydrogen bonds, dmd information cannot be
inferred from amino acidic composition; however, gan nonetheless say that if the
tertiary structure exists, it has a low mechangtability, since it is characterized by
weak long-range interactions. This can explain wieyfind disordered proteins in the
PDB, where we know that proteins have a tertiargucstire experimentally
characterized. Further studies are necessarydbles$t the relation about mechanical
stability due to long-range interactions and dyrenaf the protein.

It is important to point out that the previous alvsgions do not mean that amino
acidic composition has no role for a protein toeénavstable structure. Our analysis
has evidenced that proteins enriched in disordempting amino acids, then with
low mechanical stability, tend to be quite short.

Methods

Selection of proteins in the PDB

We extensively analysed all non-complexed proteiegosited in the Protein Data
Bank (PDB) database [24]. To determine whetheraéepr is complexed with other
macromolecules, we parsed protein annotation in ®BB searching for
“COMPLEX” or “COMPLEXED” keywords. All proteins remrting these keywords
were excluded from out dataset. To parse theviitieused the Molecules To Go web-
server application (http://molbio.info.nih.gov/dgir/pdb). In the total we selected
70684 proteins.

Strictly unanimous consensus score among predictors of natively unfolded
proteins

The strictly unanimous consensus sc8gg is a consensus index among different
predictors of natively unfolded proteins. It comdsnthree predictors: mean pairwise
energy [27, 28],gVSL2[26, 29, 30], and Poodle-W [31]. The protocol uged
compute these indexes is described elsewhere [R26fould be noted that pairwise
energy between residues does not take into acawether the two residues are in
contact in the protein structure [27] or not. Meaairwise energy is simply the
arithmetic mean of the global pairwise energy efphotein sequence, and therefore it
is an estimate of the pairwise energy per residj¥SL2is the arithmetic mean of the
disorder scores obtained througBL2[29, 30], a good performing disorder predictor.
Poodle-W [31] evaluates whether a protein sequendesordered through a spectral
graph transducer [32].

The strictly unanimous consensus sc8¢g considers the three predictions by mean
pairwise energygVSL2and Poodle-W. If the three predictors agree issfging a
protein as folded$sy classifies the protein as ordered. If the thredipters agree in
classifying a protein as unfoldeSsy classifies the protein as disordered. If at least
two predictors disagree in classifying a proteifaded or unfoldedSsy assigns the
protein to the twilight zone.
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Log-odds ratio of the likelihoods that a sequence h as 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 amith folded and unfolded proteins
{7 and {7}, respectively where a runs over all amino acid labels. We
estimated these probabilities on the set of folded natively unfolded proteins
selected by Shimizet al. to test Poodle-W [31]. Then, a folded protein dan
thought of as if its sequence were sampled from™} through a sequence of
independent extractions. The likelihood that a sega has amino acidic composition
typical of a folded protein is:

“T1(")

a=1

where %" is the probability of amino acia andn, is the occurrence of amino aad
in the sequence. The probabilistic model implicithe above definition is a 0-order
Markov chain. Similarly we can defing, by using7z"). L¢/Ly is the ratio of the
likelihoods, for a given sequence and through msna acidic compositiofng}, to
have been generated fropme™} and {7}, respectively. The log-odds ratio of a
given sequence is then defined as:

S= in Eﬂn(zszJ

Order-promoting amino (disorder-promoting) acids ntabute with positive
(negative) terms to S, since their ratisg™/7z"”) are bigger (lower) than one.
Therefore, S is positive (negative) if the protéesncomposed mainly by order-
promoting (disorder-promoting) amino acids. Whenpmtein is composed by
approximately the same number of order-promoting disorder-promoting amino
acids, its S score has a value close to zero.

Miyazawa-Jernigan potential

MJ potential is used in this paper to estimate raewal stability of proteins. We
used the definition of the potential following rgg4].

Miyazawa-Jernigan potential can be expressed asutineof two terms: the secondary
structure energy and the contact.

Secondary structure energy is an estimate of tieeaction between a tripeptide in a
given conformation and a residue located at itdreefVe indicate with{Sp.1, S, S+1)
the conformation of a residue at positipin the sequence, whesandicates one of
five possible conformationsy, B, proline B, left-handeda, left-handedp [34]. The
conformation adopted by the residue depends guepitide dihedral angleB and¥.
We estimate secondary structure energy as [34]:

Es :Zp‘,l.dsp—l’s p+1)+54S -1 p’ p+1’ip)]
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wheree($-1, S S+1) is the energy of the backbone afels,.1, S, S+1, Ip) IS the
interaction between the tripeptide and the siderclod the residue located at its
centred. The sum is over all amino acids in thegimcssequence. Note that, differently
from [26], we chose to include also the backbonekbane interactions since we
expect that they contribute to the mechanical btaloif the protein.

Contact energy is an estimate of the interactiansray residues in contact in the
protein structure. Two residues are consideredomact whether their geometric
centres are less distant than 6.5 A.

We estimate contact energy as [34]:

Ec :%Zp:zj:nipi E(qu _err)

where n, Is the number of residues of typen contact with residue of typeat

positionp, e . is the pairwise energy between residue of iyped typg ande, is a

pj
reference collapse energy.

Finally, the total conformational energy is the sofmthe secondary structure and
contact energy, as in the following:

E=E+E,

Conformational energy per residue is simply thefaonational energy divided by
the number of residues in the protein sequence.

Probability for a protein to belonger than afixed length
Let p(l) be the probability distribution, for proteins, tave lengtH. This distribution

can be evaluated operatively as the ratio betweemamben(l) of observed proteins
with length betweehandl+ 4l and the number of all proteins considered.

p()=P( <A<l +d|)=%

The probability, for a protein, to be shorter thiams distributed following the
cumulative probability distributioR(l) defined as:
|
P() =P <l)= | p(A)d
This probability can be estimated as:
1 |
P(I):ﬁZn(A).

A=0

Conversely, the probability for a protein to bedenthan can be expressed as:
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+00

P'()=PA=1)=1-P()=1- '[p()l)d)l = j p(1)dA

and this is the quantity estimated with the pratamthe PDB, which is plotted in
figure 6. In table 1 are reported, for several eengf contact energy per residue,
values oflLyo a length which is defined by the following equation

P (L,,)=0.2
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Tables

Table 1 - Threshold lengths Ly, as a function of the range contact energy per
residue

E., Contact energy per residue Lo
<-0.80 34
[-0.80 , -0.69] 351
[-0.68, —0.58]] 365
[-0.57, -0.47] 248
[-0.46, -0.36] 323
[-0.35, -0.25] 362
[-0.24, -0.14] 208
[-0.13, -0.03] 54
[-0.02, 0.08] 90
[0.09, 0.19] 66
[0.20, 0.30] 6

" For the equation defininig, see the last section of Methods.
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Figure 1 - Frequencies of amino acids in the three flavours of disorder in the

PDB

Amino acidic frequencies of ordered, disordered amidight zone proteins in the
PDB, as selected by the strictly unanimous consessareSsy (see text). Red bars
refer to ordered proteins, blue to disordered aeermyto proteins in the twilight zone.
Ordered proteins are enriched in order-promotingnanacids whereas disordered
proteins are enriched in disorder-promoting amicidsa Proteins in the twilight zone
have amino acidic composition intermediate betwtbese of ordered and disordered
proteins, with the exceptions of residues C, AD&nd T that are more present in this
class of proteins. The error bars are standarchtiexs from the mean.
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Figure 2 - Distribution of the log-odds ratio S of ordered, disordered and

twilight zone proteins; as selected in the PDB by t he strictly unanimous
consensus score Sy

Ordered proteins have mainly positive values ofd&ordered proteins mainly
negative, and twilight zone proteins have S-vainésrmediate between those of the
other two classes, centred around 0. Twilight zamo¢eins are then characterized by a
balanced composition of order-promoting and disadgromoting amino acids.
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Figure 3 - Miyazawa-Jernigan contact energy (long- range) per residue of the
ordered, disordered and twilight zone proteins in t he PDB, as a function of
their length

Red points refer to ordered proteins, blue poiatslisordered proteins and green to
proteins in the twilight zone. Ordered proteins tire most stable (&= -0.2511+
0.0003), disordered proteins are the least statitg>(= -0.058+ 0.003). Proteins in
the twilight zone have values of contact energyrpsidue distributed between those
of ordered and disordered proteins {&E -0.165% 0.001). Note the presence of
proteins in the twilight zone with particularly losontact energies per residue.
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Figure 4 — Double logarithmic plot of the number of ordered, disordered and
twilight zone proteins in the PDB, versus their len gths

The number of disordered proteins and of thos@entwilight zone decreases starting
from chain length of 90 — 140 amino acids. The nends ordered proteins exhibits a
maximum for chain length between 120 and 400 araitids. Ordered proteins are
generally longer than proteins in the twilight zamel disordered ones.
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Figure 5 - Log-odds ratios S of ordered, disordered and twilight zone proteins

in the PDB as a function of the respective protein lengths

Regression lines between S and protein lergéhreported as solid lines in black.
Pearson's correlation coefficients are: 0.82 fateoed, -0.10 for disordered and ,
0.52 for proteins of the twilight zone. This obsaron clearly shows that structured
proteins, rich in order-promoting amino acids, barnonger than proteins with higher
relative content of disorder-promoting amino acids.
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Figure 6 - Cumulative probability = P*(I) for an uncomplexed protein in the PDB

of being longer than a fixed length | (see Methods), for several ranges of MJ
contact energies per residue.

For the sake of illustration, note that the probigbio have proteins longer than 100
residues is close to 10% in the range of contaetgynper residue [-0.25, 0.14] and it
is above 60% for proteins in the remaining lowesrgy ranges.
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Figure 7 - Frequencies of amino acids in the ordere  d, disordered and twilight

zone proteins shorter than 100 residues.

Red bars refer to ordered proteins, blue bars tefelisordered proteins, green bars
refer to proteins of the twilight zone with a casttanergy per residue higher than -0.4
arbitrary energy units (a.e.u), light blue barerdd proteins of the twilight zone with
a contact energy per residue lower than -0.4 aMote that the latter proteins are
quite rich in cysteines and glicines.
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Supplemental figure 1 - Distribution of Miyazawa-J  ernigan contact energy per
residue for ordered, disordered and twilight zone p roteins in the PDB

Red bars refer to ordered proteins, blue to disedi@nd green to proteins in the
twilight zone. Ordered proteins are the most stabik respect to E(<E-> = -0.2511

+ 0.0003), disordered proteins are the least sialg> = -0.058+ 0.003). Proteins
in the twilight zone have values of contact enepgy residue distributed between
those of ordered and disordered proteing¥<E-0.165+ 0.001).
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Supplemental figure 2 - Distribution of the Miyazaw  a-Jernigan energy
(Ems=Es+Ec) per residue for ordered, disordered and twilight zone proteins in

the PDB

Red bars refer to ordered proteins, blue bars sordered proteins, green bars to
proteins in the twilight zone. Ordered proteins thie most stable (> = -0.3072
0.0005), disordered proteins are the least stat#tg,& =-0.320+0.007 ). Proteins in
the twilight zone have values ofyEdistributed between those of ordered and
disordered proteins (s> = -0.293+ 0.002).
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