
Prediction of protein structure and function is one of

the general directions in structural genomics. Of special

interest is prediction of the so�called disordered regions

of protein chains (regions having no fixed spatial struc�

ture in the native state). Such disordered regions often

play an important functional role (see reviews [1, 2]).

Disordered regions are structured only when they bind to

other molecules (for example, the CREB–CBP complex

[3], where CREB is Cyclic AMP Response Element

Binding Protein, and CBP is CREB Binding Protein) or

under changing conditions of the biochemical medium

[4]. Disordered regions of protein chains often cause

complexities upon expression, purification, and crystal�

lization of such proteins. It is assumed that the absence of

globular structures under physiological conditions is an

essential functional advantage for natively unfolded pro�

teins because their large accessible surface for small pro�

tein size and their flexibility allow them to more effective�

ly interact with proteins and nuclear acids as compared to

globular proteins of the same size with confined confor�

mational flexibility [1, 5].

More than 500 proteins with disordered regions are

now known [6]. These proteins and domains are either

entirely unstructured in the native state (so�called native�

ly unfolded proteins) or have lengthy disordered regions.

It turns out that functionally important protein regions in

such proteins are often situated outside globular domains,

i.e. just in the disordered regions [4, 6].

Since disordered regions of the protein chain play an

important role in protein functioning, much attention is

being given to their prediction. At present, special pro�

grams such as FoldUnfold, PONDR, RONN, DISO�

PRED, PreLINK, IUPred, GlobPlot, FoldIndex, and

others are available for this purpose. The programs can be

separated in two groups according to the principle of their

operation. Programs FoldUnfold, PONDR, IUPred,

GlobPlot, PreLINK, and FoldIndex predict unstructured

regions of the protein chain based on physicochemical
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Abstract—We have performed a statistical analysis of unstructured amino acid residues in protein structures available in the

databank of protein structures. Data on the occurrence of disordered regions at the ends and in the middle part of protein

chains have been obtained: in the regions near the ends (at distance less than 30 residues from the N� or C�terminus), there

are 66% of unstructured residues (38% are near the N�terminus and 28% are near the C�terminus), although these termi�

nal regions include only 23% of the amino acid residues. The frequencies of occurrence of unstructured residues have been

calculated for each of 20 types in different positions in the protein chain. It has been shown that relative frequencies of

occurrence of unstructured residues of 20 types at the termini of protein chains differ from the ones in the middle part of

the protein chain; amino acid residues of the same type have different probabilities to be unstructured in the terminal regions

and in the middle part of the protein chain. The obtained frequencies of occurrence of unstructured residues in the middle

part of the protein chain have been used as a scale for predicting disordered regions from amino acid sequence using the

method (FoldUnfold) previously developed by us. This scale of frequencies of occurrence of unstructured residues corre�

lates with the contact scale (previously developed by us and used for the same purpose) at a level of 95%. Testing the new

scale on a database of 427 unstructured proteins and 559 completely structured proteins has shown that this scale can be suc�

cessfully used for the prediction of disordered regions in protein chains.
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properties of amino acids in proteins. Such properties can

include local amino acid composition and hydrophobici�

ty (PONDR) [7, 8], number of expected contacts

(FoldUnfold) [9�11], propensity of a chain region to form

a hydrophobic cluster (PreLINK) [12], or estimation of

the energy interaction between neighboring amino acids

(IUPred) [13, 14]. The GlobPlot program estimates the

tendency of residues to be present in a regular secondary

structure [15]. The FoldIndex program is based on a spe�

cially developed charge/hydrophobicity scale for amino

acid residues [16]. The other group of programs uses

alignments of homologous protein sequences. The

RONN program uses a neural network and compares the

given sequence with a number of sequences whose struc�

ture can be a priori determined as ordered, disordered, or

a mixture of such structures [17]. DISOPRED is a

method using the network trained in such a way as to dis�

tinguish regions that are missed in the structure obtained

by X�ray analysis [18].

It has been shown that unstructured proteins (or dis�

ordered regions in globular proteins) are enriched with

the following amino acid residues: Ala, Arg, Gly, Gln,

Ser, Pro, Glu, and Lys [19�22]. Of interest is the scale

TOP�IDP, which is a result of consideration of 517 differ�

ent scales elaborated for predicting disordered regions in

protein chains [23].

It is shown herein that the new scale obtained by us

based on statistics of unstructured residues in the Protein

Data Bank can be used for prediction of disordered

regions in a protein chain with help of our earlier method

FoldUnfold. It is interesting that the two scales obtained

from different statistics (statistics of contacts in globular

structures and statistics of unstructured residues in the

Protein Data Bank) correlate at a level of 95%.

METHODS OF INVESTIGATION

Creation of database of disordered regions in globular
proteins. We have considered all protein structures deter�

mined by X�ray analysis with a resolution higher than 3 Å

published by December 20, 2008. All 100% homologs

were grouped, and the data for them were averaged (all

analyzed protein chains with identical amino acid

sequences were taken with equal weight). The resulting

database includes 95,786 protein chains (among them

28,727 are unique chains, i.e. are not 100% homologs of

each other). In total, there are 7,487,366 residues in the

unique protein chains, from that 347,872 are unstruc�

tured residues, which make 4.65%. We consider residues

to be unstructured if they are not resolved by X�ray analy�

sis. To search for such residues, we have compared (for

each protein chain) the record SEQRES and the record

ATOM in the corresponding PDB file. Residues which

are present in the record SEQRES, but their coordinates

are absent in the record ATOM (namely, the coordinates

of Cα�atom are absent in the record ATOM), are consid�

ered as unstructured ones.

Databases of entirely unstructured (natively�unfold�
ed) and entirely structured (folded) proteins. The database

including 427 natively unfolded proteins has been com�

piled using the list of proteins from paper [9]. The data�

base including 129 natively unfolded proteins (http://

phys.protres.ru/resources/unfolded_129.html) has been

compiled using the list of proteins from work [13]. All

amino acid sequences have been taken from the SWISS�

PROT database [24].

The database including 559 entirely structured globu�

lar proteins (http://phys.protres.ru/resources/folded_559.

html) has been created by using PDB codes given in [13].

Observed average number of contacts in globular
state at a given distance. The average number of contacts

(average environment density) for each of the 20 types of

amino acid residues has been taken from our work [10].

The number of contacts (environment density) for

amino acid residues for each of the 20 types has been

determined from our earlier database of globular pro�

teins [10, 11] with identity not exceeding 80% (the data�

base consisted of 5829 proteins). Amino acid residues

are considered as having a contact if at least one pair of

their atoms is situated at a distance less than 8 Å. The

contacts of adjacent residues in the chain (±1) are not

taken into account because they are covalently connect�

ed with each other and therefore have contacts in any

conformation of the protein chain. For each amino acid

residue, the number of contacts with other residues was

calculated. Then the average number of contacts for

each of the 20 types of amino acid residues was calculat�

ed. These 20 values were used by us as a scale for calcu�

lating the expected average number of contacts (close

residues) based on the amino acid sequence of the pro�

tein [10, 11].

Basic principle of the FoldUnfold program. The

FoldUnfold program is accessible at http://calc.protres.

ru/ogu/ogu.cgi. The principle of its operation is described

elsewhere [9, 10]. Let us remind briefly the main points.

Each residue is assigned the expected number of contacts

in globular state (the expected number of contacts in

globular state is equal to the average number of the

observed number of contacts in spatial structures for

amino acid residues of a given type) upon prediction of

unstructured residues by amino acid sequence. Then

averaging of values is done by the region, which is equal

to the window width (an adjustable parameter; we used

the window size of 41 residues). The resulting average

value of expected contacts is ascribed to the central

residue in the chosen window. After that, the window is

shifted by one residue downstream the amino acid

sequence and the procedure is repeated. On the resulting

profile of expected contacts, a boundary is marked that

separates ordered and disordered regions. A region is con�

sidered to be disordered if after averaging all its amino



194 LOBANOV et al.

BIOCHEMISTRY  (Moscow)   Vol.  75   No.  2   2010

acid residues have the number of expected contacts less

than the chosen threshold value (as in previous works [10,

11] we used 20.4 contacts per residue as a threshold value,

which is optimal upon prediction of disordered regions

using the protein amino acid sequence) and its size is

larger than or equal to the window width of averaging as

shown earlier [9�11].

Evaluation of the quality of the prediction of disor�
dered regions. For estimation of the quality of the predic�

tions, standard definitions of sensitivity and specificity

have been used [25]:

Sn = TP/Nd,

Sp = TN/No.

Here Sn is sensitivity, Sp is specificity, TP (“true posi�

tives”) is the number of correctly predicted unstructured

amino acid residues, Nd is the total number of unstruc�

tured (disordered) residues, TN (“true negatives”) is the

number of correctly predicted structured amino acid

residues, No is the total number of structured (ordered)

residues. Thus, sensitivity is a fraction of correctly pre�

dicted unstructured residues, and specificity is a fraction

of correctly predicted structured residues [25].

Besides, in this work we consider the criterion of

evaluation of the quality of prediction that is used in the

CASP competition (“Community Wide Experiment on

the Critical Assessment of Techniques for Protein

Structure Prediction” is a competition devoted to the

evaluation of the quality of prediction of 3D protein

structure) in the category devoted to the evaluation of the

quality of prediction of unstructured residues [26, 27]

(http://predictioncenter.org/casp8/doc/presentations/

CASP8_DR_Sussman.pdf):

,

where FP (“false positives”) is the number of false positive

predictions (the number of residues predicted as unstruc�

tured although these residues are in fact structured), FN

(“false negatives”) is the number of false negative predic�

tions: the number of residues predicted as structured

although these residues are in fact unstructured, and W1

and W2 are coefficients calculated as follows:

,                                          ,

(N = Nd + No is the total number of amino acid resi�

dues).

As seen, the equation for calculation of Sw can be

rewritten using a smaller number of symbols than that in

[26]. Substituting equations instead of W1 and W2, we

obtain:

.

Taking into account that FN = Nd – TP and FP =

No – TN, we have:

.

Or, using the definitions for sensitivity and specificity

given above, we obtain:

Sw = Sn + Sp – 1.

RESULTS AND DISCUSSION

Distribution of unstructured amino acid residues in a
protein chain. Fraction of unstructured amino acid residues
at different positions of a protein chain. Statistical analy�
sis. To analyze the frequencies of occurrence of unstruc�

tured residues in protein structures, we have created a

database using all protein structures available in the

Protein Data Bank (PDB) by December 20, 2008 (see

“Methods of Investigation”). We considered residues to

be unstructured if they were not determined by X�ray

analysis, or more strictly residues with a non�determined

(i.e. having no coordinates) Cα atom. Our database is

maximally complete: all protein chains of all structures

(determined by X�ray analysis) available in the PDB (by

December, 2008) are present in it. This is especially

important for the analysis of disordered regions, since dif�

ferent structures of the same protein (or even different

protein chains in the same PDB file) can have non�iden�

tical disordered regions.

We have analyzed the distribution of unstructured

residues in the resulting database. The statistics of occur�

rence of disordered regions of different length has been

calculated. The N�terminal disordered regions and the

C�terminal ones, and internal disordered loops (disor�

dered regions at both ends of which there are ordered

regions) have been considered separately. The distribu�

tion of disordered regions by their lengths is shown in Fig.

1. As seen, the disordered regions one�residue�long occur

more frequently at the N� and C�termini of proteins.

Disordered regions four residues long occur the most fre�

quently in the middle part of the protein chain.

The statistics of distribution of unstructured residues

in protein chains is given in Table 1. It is interesting that

2/3 (66%) of all unstructured amino acid residues are near

the termini of protein chains (at a distance less than 30

residues from the N� or C�terminus of the protein chain),

although these terminal regions include only 23% of

amino acid residues of protein molecules. Therefore, for

further study of the occurrence of unstructured residues we
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considered separately the terminal regions (at a distance

less than 30 residues from the N� or C�terminus) and the

middle part of the protein chain (all the other residues).

We analyzed in more detail the frequency of occur�

rence of unstructured residues depending on the distance

from the N� and C�termini of a protein. The fraction of

unstructured residues depending on their position relative

to the N� and C�termini of a protein is presented in Fig.

2a. One can see that most of the disordered residues are at

the very termini of proteins, the first residue from the N�

terminus being unstructured in more than half of cases

(the fraction of unstructured residues in this position is

54%), and as the distance from the termini increases the

fraction of unstructured residues approaches the value

occurring in the middle part of the protein chain – 2.05%

(the horizontal dashed line in Fig. 2). At the N� and C�

termini, we separated the following regions: the first posi�

tion from the end (N1 and C1, respectively), positions

from 2 to 10 (N2�10 and C2�10), positions from 11 to 20

(N11�20 and C11�20), positions from 21 to 30 (N21�30 and

C21�30). In such a way, we separated (and considered sepa�

rately) nine regions (see Fig. 2b). The fraction (the prob�

ability of occurrence) of unstructured residues in each of

the nine regions p(region) is presented in Fig. 2c.

Then in each region we considered the fraction (the

probability of occurrence) of unstructured residues

depending on the type p(type, region), and also the nor�

malized fraction of unstructured residues depending on

their type:

р(type, region)

р~ =
_____________

.
р(region)

Such normalization is necessary to exclude terminal

effects to be able to consider the fraction of unstructured

residues of a specific type in different regions.

The fractions of unstructured residues (the probabil�

ities of occurrence) for each of the 20 types of amino acid

residues in each of the nine mentioned positions are pre�

sented in Fig. 3a. As one can see, maximal fractions of

unstructured residues are observed for histidine in the

four terminal regions (N1, N2�10, C2�10, C1), and also for

glycine and methionine (for both in region N1). In the

case of histidine, the large bursts in all four regions are

connected with poly�histidine tags at the N� and C�ter�

mini of protein molecules. If poly�histidine tags are

excluded from the database, then all four bursts observed

for histidine greatly decrease (the data are not presented).

So, histidine residues included in the composition of

poly�histidine tags are unstructured more frequently than

other histidine residues at the N� and C�termini of pro�

teins.

Then to compare the results of occurrence of

unstructured residues at the end and in the middle parts,

we normalized the fraction of unstructured residues of

each type to the total fraction of unstructured residues for

each region (see above). And if the amino acid residue of

the given type is unstructured more often than this is usu�

ally observed in the given region, then it will have р~ > 1,

and vice versa. From Fig. 3b, one can see the difference

between the relative frequencies of occurrence of

unstructured residues of 20 types at the termini of protein

chains and in the middle part of protein chains. As before,

one can see the bursts connected with poly�histidine tags

(His at the N� and C�termini of a protein chain).

Correlation coefficients of the probabilities of occur�

rence of unstructured residues of 20 types in the middle

part of a protein chain and in other regions as well as

Terminal
parts

38

28

Table 1. Distribution of unstructured amino acid residues in protein structures from the Protein Data Bank

66
11.5

11.5
23

30 residues near the N�terminus

30 residues near the C�terminus

Fraction of unstructured residues, %Fraction of all residues, %

Middle part (all other residues) 77 34

Fig. 1. Length distribution of disordered regions in protein chain

(separately for N�terminus, C�terminus, and internal disordered

loops).
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through the whole protein are given in Table 2. As one can

see, the correlation at the termini is minimal and then (as

the center is approached) tends to rise to 100%. The cor�

relation coefficient of the probabilities of occurrence of

unstructured residues in the middle part of protein chain

and through whole proteins is 69%. It is interesting to

note that the general difference in the given case is con�

nected with methionine (if methionine is excluded the

correlation coefficient increases to 97%).

The fraction of unstructured amino acid residues for

each of the 20 types in the middle part of protein chain is

presented in Fig. 4a (region M in Fig. 2b).  As it is seen

from the presented histogram, the fraction of unstruc�

tured residues in the middle part of a protein chain varies

from 0.01 (for tryptophan) to 0.03 (for serine). As should

be expected, the fraction of unstructured amino acid

residues is lower for hydrophobic residues and higher for

the hydrophilic ones. It is interesting that serine is more

often unstructured than any other type of amino acid

residues (including glycine and proline which (at least

one of them) are usually chosen [9, 15, 23] as the residues

with a higher “predisposition” to be in disordered

regions). The errors indicated on the histogram shown

that the difference is reliable.

In Fig. 4b, the probabilities of occurrence of un�

structured residues in the middle part of a protein chain

and through whole proteins are presented in the ordinate

and in the abscissa, respectively. It can be seen from the

figure that all amino acid residues were separated into

four groups. The first group (the fraction of unstructured

residues in the whole protein is less than 0.03 and in the

middle protein part it is less than 0.02) includes mainly

hydrophobic amino acid residues (Trp, Phe, Ile, Tyr, Cys,

Leu, Val). The second group (the fraction of unstructured

residues in the whole protein varies from 0.04 to 0.06)

contains hydrophilic and small amino acid residues

(besides Ser). The third and fourth groups include one

residue (correspondingly Ser and Met). As can be seen

from the figure, serine has a high probability to be

unstructured both in the middle part of a protein chain

and in the whole protein. On the contrary, the probabili�

ty of methionine to be unstructured in the middle part of

Fig. 2. a) Fraction of unstructured amino acid residues in depend�

ence on the distance to the end of a protein chain. The horizontal

line presents the total fraction of unstructured residues in the mid�

dle part of the protein chain. b) Scheme illustrating the separation

of protein chain into nine regions: N1, N2�10, N11�20, N21�30; the

same for the C�end (C1, C2�10, C11�20, C21�30); M, the middle part of

protein chain. c) Fraction of unstructured amino acid residues in

each position mentioned above for nine regions.
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Table 2. Correlation coefficients of probabilities of

occurrence of unstructured residues of 20 types in the

middle part of a protein chain and in the other regions as

well as through the whole protein
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Fig. 3. a) Fraction of unstructured amino acid residues for each of the 20 types in each of nine regions. b) Normalized fraction of unstruc�

tured amino acid residues for each of the 20 types in each of nine regions.
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Fig. 4. a) Fraction of unstructured amino acid residues for each of the 20 types in the middle part of a protein chain. b) Fraction of unstruc�

tured amino acid residues for each of the 20 types for the whole protein in comparison with the middle part of the protein chain.
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a protein chain is only a little higher than that of

hydrophobic residues, whereas in the whole protein

methionine has the highest probability from the other 20

types to be unstructured (0.089). It is interesting that such

a phenomenon is not observed for histidine despite its

high probability to be unstructured at the termini of pro�

teins (see Fig. 3) as a result of high disordered poly�histi�

dine tags.

Prediction of disordered regions of a protein chain
using the FoldUnfold program. The basic principle of the

FoldUnfold program for the prediction of unstructured

amino acid residues was based (initial version of the pro�

gram [9, 10]) on the scale of predicted (expected) con�

tacts, obtained by us [9�11] through an analysis of con�

tacts observed in globular protein structures (see

“Methods of Investigation”) and used by us for search�

ing regions forming an anomalously small number of

contacts. The statistics of occurrence of unstructured

residues in the middle part of a protein chain obtained

by us could be used also as a scale for prediction of

unstructured amino acid residues using the same

FoldUnfold program. The comparison of two scales

(contact and statistical) has shown that the resulting

scale of occurrence of unstructured residues in the mid�

dle part of a protein chain correlates with the scale of

contacts at about 95%. One can suggest that the new

scale will also predict disordered regions rather well if

the FoldUnfold program is used. We tested the results of

the FoldUnfold program with the new scale on the same

databases that had been used earlier [9] for testing the

FoldUnfold program with the contact scale: the data�

base of natively unfolded (427 proteins) and globular

(559) proteins. Consideration of the two databases

allows us to compare the results of our method for the

two scales (contact and statistical).

To estimate the fraction of true and false predictions

for disordered regions of a protein chain we constructed

ROC�curves (Fig. 5) for two scales varying the value of

threshold that separates ordered and disordered regions

(see “Methods of Investigation”). As seen from the fig�

ure, the ROC curve for the statistical scale passes slightly

higher than the curve obtained with the contact scale. In

other words, the FoldUnfold method works slightly better

if the statistical scale is used. The point with the maximal

value of Sw has been chosen as the optimal threshold value

(see “Methods of Investigation”). The point is indicated

by a large symbol in Fig. 5. The maximal value of Sw is

0.74. The position of the border separating ordered and

disordered regions is equal to 0.0212; this is slightly high�

er than the value of p(region) for the middle part of pro�

tein chain.

Besides, we have tested the results of the FoldUnfold

program with the statistical scale obtained for the whole

protein rather than for the middle part of amino acid

sequence. In this case, the program works worse (the

maximal value of parameter Sw is equal to 0.66).

Comparison of different methods for predicting disor�
dered regions of a protein chain. We compared the predic�

tions of our method with the results of four known meth�

ods of predicting disordered regions of a protein chain:

GlobProt [15] is a simple approach that estimates the ten�

dency of residues to be involved in a regular secondary

structure; PONDR VL3H [28] is a method which utilizes

a neuronal network trained to distinguish natively unfold�

ed proteins (whose disordered structure has been verified

experimentally) from globular proteins; DISOPRED [18]

utilizes a neuronal network trained to identify the regions

that have been omitted in the structure obtained by X�ray

analysis; IUPred [14] is a method which assigns the struc�

tured or unstructured status to a residue on the basis of its

capability to form advantageous pairwise contacts.

Sensitivity and specificity of predicting disordered

regions using protein amino acid sequence for five meth�

ods including our FoldUnfold, for two scales (contact and

statistical) are presented in Table 3. It is seen from the

data presented in the table that our method yields the best

results (for the given database of proteins) among the

considered methods of prediction of disordered regions

using protein amino acid sequence.

Thus, in this work we studied the statistics of

unstructured amino acid residues in the Protein Data

Bank. It has turned out that 38% of unstructured residues

are near the N�terminus of proteins, 28% are near the C�

terminus, and the remaining 34% are in the middle part

of the protein chain. It has been shown that the relative

frequencies of occurrence of unstructured residues at the

Fig. 5. Sensitivity and specificity for the FoldUnfold method upon

varying the value of the threshold separating ordered and disor�

dered regions. The thick curve shows the data obtained using the

statistical scale (the middle part of protein chain). The thin curve

shows the data obtained using the contact scale. Large symbols

indicate the points with the maximal value of Sw.
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termini of protein chains differ from the ones in the mid�

dle part of protein chain. It has been shown also that the

obtained scale (the fraction of unstructured amino acid

residues in the middle part of a protein chain) can be used

for the prediction of disordered regions using the

FoldUnfold program.
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Method

FoldUnfold (statisti�
cal scale)

FoldUnfold (contact
scale) [9�11]

IUPred [14]

PONDR VL3H [28]

DISOPRED2 [18]

GlobPlot [15]

Sensitivity

0.92

0.85

0.76

0.66

0.63

0.33

Sw

0.85

0.80

0.71

0.61

0.58

0.15

Specificity

0.93

0.95

0.95

0.95

0.95

0.82

Table 3. Comparison of different methods for predicting

disordered regions for two databases: database of native�

ly unfolded proteins (129 proteins) and database of glob�

ular proteins (559 proteins)


