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To investigate the determinants of protein order and disorder, three primary and one
derivative database of intrinsically disordered proteins were compiled. The segments in each
primary database were characterized by one of the following: X-ray crystallography, nuclear
magnetic resonance (NMR), or circular dichroism (CD). The derivative database was based
on homology. The three primary disordered databases have a combined total of 157 proteins
or segments of length > 30 with 18,010 residues, while the derivative database contains 572
proteins from 32 families with 52,688 putatively disordered residues. For the four disordered
databases, the amino acid compositions were compared with those from a database of ordered
structure. Relative to the ordered protein, the intrinsically disordered segments in all four
databases were significantly depleted in W, C, F, I, Y, V, L and N, significantly enriched in
AR, G, Q, S, P, EandK, and inconsistently different in H, M, T, and D, suggesting that the
first set be called order-promoting and the second set disorder-promoting. Also, 265 amino
acid properties were ranked by their ability to discriminate order and disorder and then
pruned to remove the most highly correlated pairs. The 10 highest-ranking properties after
pruning consisted of 2 residue contact scales, 4 hydrophobicity scales, 3 scales associated
with B-sheets and one polarity scale. Using these 10 properties for comparisons of the 3
primary databases suggests that disorder in al 3 databases is very similar, but with those
characterized by NMR and CD being the most similar, those by CD and X-ray being next,
and those by NMR and X-ray being the least similar.

Introduction

1.1 The Extended Central Dogma of Molecular Biology

Information flow in molecular biology is generally taken to be:
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DNA Sequence — RNA Sequence — AA Sequence — 3 D Structure — Function,
where prediction of AA Sequence — 3 D Sructure” is called “the protein folding
problem"1 and where AA Sequence — 3 D Sructure — Function” is the generally
accepted protein structure/function parad?gm

1.2 Intrinisic Disorder

In contradistinction to the scheme given above, many protein se@ﬁhﬁd a few
whole protein§'7 don't fold under their putative physiological conditions and yet
exhibit function. The existence of such intrinsic disorder has led to a call for the re-
assessment of the protein structure function parafligm.

Recognizing the over-simplification of the partition into two states, order and
disorder, and recognizing that all protein structure is condition-dependent, we are
nevertheless focusing on an admittedly simplified problem: the prediction of
intrinsic order and disorder from amino acid sequ&ﬁé ,or what we herein call
“the protein non-folding problem.” Application of our predictors to sequence
databases suggests that there is a high amount of intrinsic disorder, with perhaps
more than 25% of all proteins having disordered regions of 40 residues orjrénger.

Here we report a substantial enlargement of our databases of intrinsic protein
disorder and comparisons of these with ordered protein structure. The results provide
insight into amino acid sequence features that determine whether a segment is likely
to be intrinsically ordered or disordered. These new insights should lead to
improved predictions of disorder and to an improved classification of types, or
“flavors” 11, 14of disorder.

2 Materialsand Methods

2.1 Databases

As before?12 residues with missing backbone coordinates the Protein Data Bank
(PDB)Y16 were classified as disordered. We used PDB_Selett185ather than

PDB itself to avoid redundancy. Segments and proteins characterized as disordered
by nuclear magnetic resonance (NMR), by circular dichroism (CD) or protease
sensitivity (PS) were located by key word searches using PUBMED, and the
specifications of order and disorder made by the authors were used.

A derivative database was developed using sequence homology. BLAST
searchekd were followed by Clustal\® to find and align sequences related to an
arbitrary group of 32 disordered proteins or segments, with 12 characterized by X-
ray diffraction, 14 by NMR, 5 by CD and 1 by PS. Putative regions of disorder were
identified by their homology to the known region of disorder.
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2.2 Comparison of Amino Acid Compositions

To compare amino acid compositions of a specific disordered database, a, with those
of the ordered database, b, the following was computed for each amino acid,

(M- M)/ M? @)

where M/*is the mole fraction of amino acid j in the disordered database, a, and Mjb
isthe mole fraction of this same amino acid in the ordered data base.

From statisti cs,20 the variances for these ratios are:
Var (M~M)/M” = (M/M")* {Var(M)/(Mj)* + Var(M")/(M")?}, 2

where M and Mjb are as before and where Var (M) and Var(Mj“) are the variances of
amino acid j for databases a and b, respectively, and where, the standard deviation is
the square root of the variance..

2.3 Amino Acid Properties

The vaues for various amino properties such as hydropathy, polarity, volume, etc.,
were compiled by database and literature searches. Altogether 265 distinct property
scales were found, but many of these scales are highly correlated with each other.
These 265 scales along with a matrix of correlations coefficients are available on our
website: disorder.chem..wsu.edu.

2.4 Comparison of Amino Acid Properties

Using balanced numbers of ordered and disordered segments, plots of the
conditional probabilities of order and disorder versus the property values were
constructed for each of the 265 properties. The properties were then ranked by the
relative degree of separation of the two probability curves using the area ratio
method described in more detail previously.21.22 Next, the correlation coefficients
were calculated for the highly ranked properties; for sets with pair-wise correlation
coefficients 2 0.9, only the highest-ranking property was kept.

3 Reaults

3.1 Databases of ordered and disordered proteins and segments
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The database of ordered structure, called O_PDB_Sdlect 25, and the four databases
of disordered structure, called dis X-ray, dis NMR, dis CD and dis Fam32, are
summarized in Table 1. An additional database, called dis ALL, is the union of the
three primary databases. The sequences and identities of the ordered and disordered
residues for the proteins and segments in these databases can be found on our
website: disorder.chem.wsu.edu.

Table 1. Data Summary

Group Number of Segments Number of Residues
O_PDB_Select_25 1,111 220,668
dis X-ray 59 3,907
dis NMR 43 4,108
dis CD 55 10,818
dis ALL 157 18,001
dis Fam32 572 52,688

3.2 Comparison of the Amino Acid Compositions

In order to compare each of the four databases of disordered protein, a, with the
ordered database, b, the fractional difference, (M" - Mjb) / Mjb, was determined for
each amino j (Figure 1). Thus, a negative peak for amino acid j indicates that the
given disordered database is depleted in that amino acid compared to the ordered
dataset, while a positive peak indicates enrichment. The amino acids in this figure
were arranged by Vihinen et al.’s flexibility indé®,which is inferred to relate to
the tendency of a given amino acid type to be buried (left) or exposed (right).
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Figure 1. Amino acid composition of each database relative to the ordered dataset.
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For all four databases, disordered regions are consistently depleted in W, C, F, I,
Y, V, L, and N, and consistently enriched in A, R, G, Q, S, P, E, and K. As
indicated by the error bars, most of these enrichments and depl etions are greater than
3 standard deviations from the value for ordered proteins.

3.3 Comparison of Amino Acid Properties

The disordered residues in dis ALL, were balanced by an equal number of ordered
residues selected at random from the ordered database. From this balanced data and

with an averaging of the property values over windows of 21 residues, the
conditional probabilities of order and disorder were determined and plotted versus

the property values as described previous;ly.22 This procedure was repeated 5 times,

with 5 random selections of ordered protein without replacement. The resulting 5
ordered and 5 disordered curves for the 14 A contact number of Nishikawa and
00i24 are shown in Figure 2. This property measures the exposure of a residue to
the solvent, and is related closely to the distance from the center of mass of a
protein. It is defined as the number of C alpha atoms surrounding the residue located
within a sphere of the radius of 14 A, and is derived from a statistical analysis of
residues in proteins with known 3D structure.

I -

) /X\
0.2

-2.28 -1.78 -1.28 -0.78 -0.28 0.22 0.72
Attribute Value

Conditional Probabililty

\

Figure 2. Conditional probability curves for 5 ordered datasets vs. dis_ALL for the
14 A Contact Number

The greater the separation of the two curves, the better a given property
distinguishes between the order and disorder of the inpufdafhis separation
can be quantified by dividing the area bounded by the two curves by the total area to
give the area ratio (AR). Application of this procedure to the 5 pairs of curves in
Figure 2 gives AR values of 0.536, 0.533, 0.535, 0.543, and 0.538 or an <AR> of
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0.537 £ 0.004. Thus, the AR is insensitive to the randomly selected sets of order
used in the analysis.

The conditional probability curves are shown in Figure 3 for this same property
but with the three primary databases of disordered proteins used individually. The
different databases of disorder show similar but distinguishable curves for this
attribute. Each of these curves was constructed 5 times with different collections of
ordered segments as before, with the resulting AR values of 0.424 + 0.014 for
dis X-ray, 0.605 + 0.004 for dis NMR, and 0.540 + 0.003 for dis_CD.
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Figure 3. Conditional probability curvesfor each of the disordered databases for the
14 A Contact Number
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Using dis_ALL as for Figure 1, this same procedure was repeated for each of
the 265 property scales and the resulting AR values were used to rank-order the
properties. Upon removing properties with correlation coefficier@s9, the top 40
reduced to a set of 10. These 10 properties are given in Table 2 along with their AR
values and rankings for each of the four disorder databases. For the most part,
rankings were similar for the different databases, for example between 1 and 9 for
the first property, 3 and 13, for the second property, etc.

Correlation coefficients (values of r) and levels of significance (p-values) for
the 10 properties are given as a matrix (Table 3), with the r-values above the
diagonal and the p-values below. These 10 properties exhibit a range of correlation
coefficients, from 0.604 to 0.894, with an overall average for their absolute values of
0.76 = 0.09.
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Table 2. Selected properties that distinguish intrinsic order and disorder.

PROPERTY Ref ALL CD NMR X-ray Fam32

1 14 A Contact 0537[1] 0540[2] 0.605[2] 0.424[9] 0.424[8]
Number 24 0.004 0.003 0.004 0.014 0.003

2 Optima matching 0528[3] 0538[4] 0588[9 0.418[13] 0.424[9]
hydrophobicity 26 0.003 0.004 0.004 0.015 0.001

3 Betasheet 0510[19] 0504 [15] 0.612[1] 0.406 [20] 0.396 [20]
propensity 27 0.003 0.006 0.005 0.011 0.003

4 HPLC 0.494[21] 0501[17] 0.534 [41] 0.438[4] 0.370[36]
Hydrophobicity 28 0.002 0.003 0.004 0.013 0.003

5 Hydrophobic 0.489[24] 0.493[21] 0.529 [42] 0.415[15] 0.355 [56]
parameter pi 29 0.002 0.005 0.005 0.012 0.001

6 Fraction of site 0.476 [35] 0.478[32] 0.526 [46] 0.366 [45] 0.394[21]
occupied by water 30 0,003 0.005 0.007 0.015 0.003

7 Information measure 0478 [33] 0.482[29] 0.560[27] 0.326[79] 0.373 [30]
for pleated sheet 31 0.003 0.007 0.005 0.011 0.002

8 Partition free 0.481[30] 0.471[42] 0.563[24] 0.410[18] 0.381[25]
energy 32 0.003 0.004 0.005 0.016 0.002

9 Coordination 0.476 [34] 0.464[50] 0.563 [25] 0.418[14] 0.438[5]
number 33 0.003 0.001 0.006 0.007 0.002

10 Free-energy beta- 0.472[40] 0467 [49] 0.568 [21] 0.356 [53] 0.359 [45]
strand conformation 34 0,002 0.006 0.005 0.014 0.002

Table 3. Correlation coefficients (above) and p-values (below) among properties.

1 2 3 4 5 6 7 8 9 10

1 0865 0809 0841 0.893 -0.855 0810 -0.877 0.816 -0.840
0.0001 1 0809 0825 0847 -0.687 0799 -0.798 0.628 -0.802
0.0001 0.0001 1 0691 0720 -0.633 0.89%4 -0.701 0.705 -0.888
0.0001 0.0001 0.0007 1 0873 -0679 0604 -0.746 0.662 -0.633
0.0001 0.0001 0.0003 0.0001 1 -0758 0660 -0.847 0.609 -0.674
0.0001 0.0008 0.0028 0.001 0.0001 1 -0659 0864 -0.694 0.695
0.0001 0.0001 0.0001 0.0048 0.0015 0.0016 1 -0.674 0.685 -0.888
0.0001 0.0001 0.0006 0.0002 0.0001 0.0001 0.0011 1 -0708 0.714
0.0001 0.003 0.0005 0.0015 0.0043 0.0007 0.0009 0.0005 1 -0.755
0.0001 0.0001 0.0001 0.0028 0.0011 0.0007 0.0001 0.0004 0.0001 1
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4 Discussion

4.1 The Input Data

Compared to our previously published studies 11 the number of disordered
residues reported here is increased by more than 100-fold. The largest amount of
primary data is from characterization by CD, which is only semi-quantitative and
which lacks position-specific information. However, these disordered data are
similar to those obtained by the other methods of characterization.

Use of homology provides a means to rapidly increase the amount of disorder
data (Table 1) An argument against use of homology is that such sequences are
correlated and so adding sequences by this method does not increase the information
content very effectively. However, for many proteins with disordered regions, the
disordered parts show significantly less sequence similarity than do the ordered parts
(work in progress), suggesting that identification of disordered regions by homology
is apparently an effective way to increase the information content after al. An
additional problem is that a corresponding region could be disordered in one protein
but ordered in its homol ogue as observed for proteinsin the prion family.32

4.2 Amino Acid Compositions

The flexibility index used to specify the arrangement of the amino acids in Figure 1
was based on the B-factor values of the backbone atoms associated with each
residue type, averaged over 92 unrelated protei ns.23 These values are determined
less by intrinsic flexibility and more by the tendency of a given amino acid type to
be buried (left) or exposed (right). Thus, the ordered proteins contain a higher
proportion of amino acids that tend to be buried, while disordered proteins have a
higher proportion of amino acids that tend to be on the surface of ordered proteins.

For the ordered database, 45% of the amino acids are from the W to A set (e.g.
the 10 left-most), with 55% from T — K (e.g., the 10 right-most). For dis_ALL, the
left-most 10 comprise 34% and the 10 right-most 66%, while for dis_Fam32 the
corresponding numbers are 37% and 63%. Thus, the balance of order-promoting
and disorder-promoting amino acids correlates with whether a protein or segment is
intrinsically ordered or disordered.

Disordered segments are not substantially enriched in T, N and D as
expected from the behaviors of the neighboring amino acids in Figure 1. We
speculate that the anomalous behavior of these three amino acids results from their
polar B-carbon branches, which can form hydrogen bonds with the peptide group.

These hydrogen bonds would lower the configurational entropy of the backbone in
the disordered state and thereby reduce the promotion of disorder by T, N and D.
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4.3 Amino Acid Properties

We sought to identify a set of 10 attributes that were ranked in the top 15% for
discriminating order and disorder and at the same time were correlated as little as
possible with each other. Meeting the first criterion meant that only the top 40 were
considered, e.g. 40/265 = 15%. Meeting the second criterion led to a pruning cut-off
of 0.9 for the correlation coefficient, which reduced the group from 40 to 10.

The flexibility index was used for Figure 1 because of our prior experience that
this property gave good discrimination between segments of order and disorder 9,25
and because a scale based on flexibility is easy to explain for this purpose. However
this scale does not appear in Table 2. Its absence is not due to a poor discrimination
between order and disorder, however: this scale ranks 9, 13, 3, and 3 for dis ALL,
dis CD, dis NMR, and dis_X-ray, respectively. This scale does not appear in Table
2 because it has a 0.95 correlation coefficient with the top-ranked property and so
was lost in the pruning process.

The top-ranked property for distinguishing order and disorder for the dis ALL
database is the 14 A contact nunffeand so was used for illustration in Figures 2
and 3. Note that a related property, the coordination number, also ranks high, at
position 9 in Table 2 and at number 34 overall. Note also that these two scales have
a correlation coefficient of 0.865 with a level of significance of 0.001. Both of these
properties relate to the number of side chains found close to a given side chain in a
set of proteins of known structure. In a sense, these numbers provide a ranking of
the ability of the various amino acids to be tightly packed. It is interesting that a
measure of “packing capacity”, not hydropathy or net charge, ranks first for
discriminating order and disorder for the data currently on hand.

Of the 10 properties in Table 2, four are associated with hydrophobicity: entries
2,4, 5, and 8; and one is associated with polarity: entry 6. Of special note is that the
Kyte and Doolittle scaf®®, which is perhaps the most widely used scale of this type,
ranked below the 5 similar scales in Table 2. That is, the Kyte and Doolittle scale
gave an AR value of 0.420 and ranked #9 dis_ALL, while the 5 similar scales in
Table 2 gave values ranging from 0.528 to 0.476 and rankings from 3 to 35. From
the perspective of protein folding, the hydrophobicity scale of Sweet and
Eisenberé’)6 is evidently the best so far.

The remaining 3 properties at positions 3, 7 and 10 in Table 2 all relate to the
propensity of amino acids to form P-strands. There may be a simple structural
explanation for this result. Amino acids with branches at the B-carbon both reduce
flexibility and favor B-strand formation, suggesting that the two scales should be
negatively correlated. Indeed, the B-strand propensities (number 3 in Table 2) and
the flexibility index of Figure 1 have a correlation coefficient of — 0.83. In addition,
there might be biological selection against intrinsically disordered regions with a
high propensity to form sheets. Such sequences could be expected to have a
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tendency to form amyloid-type B-polymers. To test this possibility, we studied the
prion sequence. Theregion identified as crucia to polymer formation has a segment
of disorder that also has a high propensity for B-sheet. Further studies of this issue
are clearly warranted.

4.4 Smilarity of Disorder Characterized by Different Methods

The regions of intrinsic disorder characterized by different methods exhibit similar
amino acid compositions (Figure 1). Differences in AR values (Table 2) provide a
second way to compare pairs of databases. For this comparison, the absolute values
of the AR differences were calculated for the 10 propertiesin Table 1 and averaged
for pairs of databases: CD / NMR, 0.07 £ 0.03; CD / X-ray, 0.10 £ 0.03 and NMR /
X-ray, 0.17 + 0.04. By this measure, disordered sequences characterized by CD and
NMR are most similar to each other, those by CD and X-ray are next in similarity,
and those by NMR and X-ray are the least similar, although the standard deviations
indicate that the overall differences are small. NMR and CD might yield the most
similar disorder because amost all of the proteins in both sets are likely to be fully
unfolded (e.g. random coil-like), while X-ray might yield a dightly different type of
disorder because a significant proportion of the protein in this set could be partially
folded (e.g. molten globule-like).

4.5 Work in Progress and Future Directions

The increased sizes of our disordered databases and the increased understanding of
the sequence determinants of order and disorder are enabling us to identify different
types or flavors of disorder. When predictions are carried out on a flavor-by-flavor
basis, accuracies seem to improve. The next goal will be to determine whether there
are relationships between disorder flavor and protein function.
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