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ABSTRACT
Summary: Absence of any regular structure is increasingly
being observed in structural studies of proteins. These dis-
ordered regions or random coils, which have been observed
under physiological conditions, are indicators of protein plas-
ticity. The wide variety of interactions possible due to the
flexibility of these ‘natively disordered’ regions confers func-
tional advantage to the protein and the organism in general.
This concept is underscored by the increasing proportion of
intrinsically unstructured proteins seen with the ascension in
the complexity of the organisms.

The ‘natively unfolded/disordered’ state of the protein can be
predicted utilizing Uversky’s or Dunker’s algorithm. We utilized
Uversky’s prediction scheme and based on the unique position
of a protein in the charge–hydrophobicity plot, a derived net
score was used to predict the overall disorder of the human
housekeeping and non-housekeeping proteins. Substantial
numbers of proteins in both the classes were predicted to
be unfolded. However, comparative genomic analysis of pre-
dicted unfolded Homo sapiens proteins with homologues in
Caenorhabditis elegans, Drosophila melanogaster and Mus
musculus revealed significant increase in unfoldedness in
non-housekeeping proteins in comparison with housekeep-
ing proteins. Our analysis in the evolutionary context sug-
gests addition or substitution of amino acid residues which
favour unfoldedness in non-housekeeping proteins compared
to housekeeping proteins.
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INTRODUCTION
The multiple protein interactions may play a major role in con-
tributing towards the complexity of an organism. The earlier
notion of one protein one function does not hold valid any
longer and needs to be revised. Proteomics-based studies have
revealed proteins capable of having multiple interactions and
functions. These multiple interactions are afforded by plasti-
city of the protein structure (Dunkeret al., 2001; Wright and
Dyson, 1999). ‘Natively unfolded/disordered’ regions in pro-
teins confer considerable functional advantage to proteins as
they allow efficient interaction with several different regions
(Liu et al., 2002). Also, these predicted unfolded regions,
on binding to substrate/cofactors might undergo transition
to an ordered structure and would in turn provide a simple
mechanism for regulation of many cellular processes, such
as cell-cycle control, transcriptional and translational regula-
tion (Longhi et al., 2003; Uversky, 2002; Iakouchevaet al.,
2002).

With the finding of increasing disorder in the proteomes
of higher organisms, the earlier paradigm of amino acid
sequence→ three-dimensional (3D) structure→ function
needs to be modified (Iakouchevaet al., 2002; Liet al., 1999).
Dunker’s prediction scheme suggests that>25% of the pro-
teins in eukaryotic genomes may contain disordered regions.
The study of these ‘natively disordered’ regions in proteins
is more important now, as the elucidation of structural motifs
in proteins is currently in progress and would be incomplete
without gauging the contribution of these flexible regions on
the protein structure.

In the present study, we hypothesized that increase in
the disorder might be an important mechanism in regula-
tion and fine tuning of the protein function and may
have a strong evolutionary perspective. Our analysis of
homologous proteins inHomo sapiens, Mus musculus,
Drosophila melanogaster and Caenorhabditis elegans
indicates increased disorder along the evolution of
non-housekeeping proteins.
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Fig. 1. This figure shows the correlation between the Uversky protein foldedness prediction method and Dunker’s protein disorder prediction
scheme. In thisx–y plot, net score obtained by modified Uversky method for a protein is represented in thex-axis and the corresponding %
overall disorder predicted in the protein by PONDR is represented in they-axis. The triangles and squares in the graph represent non-hkp and
hkp, respectively. The correlation coefficient (ρ) between these two methods comes out to be 0.568. A set of 102 proteins comprising both
hkp and non-hkp were considered for this analysis.

METHODS
The list of human housekeeping genes was retrieved from
http:/ /www.compugen.co.il/supp_info/Housekeeping_genes.
html (Eisenberg and Levanon, 2003). The genes have been
categorized as housekeeping because of their ubiquitous and
high expression levels in 47 tissues. The data of the non-
housekeeping human genes was obtained from Eli Eisenberg
(personal communication). The protein sequences of these
two sets of genes were extracted from GenBank.

A simple method for predicting whether a protein is nat-
ively folded or unfolded, utilizing the primary amino acid
sequence information has been reported by Uverskyet al.
(2000). The net hydrophobicity of the protein (done by Kyte
and Doolittle approximation) and the net charge of the protein
are required as inputs for this method. The Kyte and Doolittle
approximation, using a window size of five amino acids was
used to calculate the hydrophobicity of each amino acid in

a given protein sequence (Kyte and Doolittle, 1982). The
hydrophobicity values for the amino acids were normalized
to a scale of 0–1. The mean hydrophobicity of a protein was
calculated by taking the sum of normalized hydrophobicities
of all the amino acid residues divided by the total number of
amino acid residues in the protein. The mean net charge was
obtained by calculating the absolute difference of positively
and negatively charged residues and dividing it by the total
number of amino acid residues. The standard Uversky method
defines a line (Uversky line) as a boundary between natively
unfolded and folded proteins in a plot of mean net hydro-
phobicity (x-axis) and mean net charge (y-axis), respectively
(Uversky et al., 2000). We have used a modified Uversky
method for predicting the natively folded/unfolded state of a
protein by deriving a mathematical equation using the original
equation of this boundary line(R) = 2.785(H) − 1.151
where (H ) and (R) are the mean hydrophobicity and the mean
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Table 1. The homologues of natively unfolded human hkp and non-hkp found inC.elegans, D.melanogaster andM.musculus

Category No. of
unfolded
proteins in
H.sapiens

No. of homologues in
C.elegans

No. of homologues in
D.melanogaster

No. of homologues in
M.musculus

Total Unfolded Total Unfolded Total Unfolded

House keeping proteins 135 27 21 37 25 101 95
Non-housekeeping proteins 965 114 23 182 43 814 212

net charge of the protein, respectively (Uverskyet al., 2000).
Since this equation is in the form ofy = mx + q, the
values of the slope of the Uversky line (m) and they-axis
intercept of the Uversky line (q) are 2.785 and−1.151,
respectively.

We defined the perpendicular distance of a point (rep-
resenting a protein) from the Uversky line on a charge–
hydrophobicity plot as the net score of the protein. This
net score is a combined measure derived from the mean
net charge, mean net hydrophobicity and the directionality
of the point representing a protein relative to the Uversky
line in a charge–hydrophobicity plot. For any protein ‘i’
the net score was calculated as the perpendicular distance
of the point coordinate (xi ,yi) from the Uversky line in
a plot of mean net hydrophobicity (x-axis) and mean net
charge (y-axis). The derivation of the equation for net score is
shown below.

Given an equation of lineax + by + c = 0;
Equation of the line can also be represented asy = mx + q;
i.e.y − mx − q = 0;
Equating both the equations,m = (−a/b) andq = (−c/b)

Then the perpendicular distanced, of the given point (xi ,yi)
from the lineax + by + c = 0 can be written as:
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Wherem = (−a/b); andq = (−c/b); (http://mathworld.
wolfram.com/Point-LineDistance2-Dimensional.html)

In case of Uversky line, they-axis is mean net charge, and
x-axis is mean net hydrophobicity, andm andq have values
2.785 and−1.151, respectively. Thus replacing these values
and variables, the formula for calculation of net score for a
protein ‘i’ comes out to be:

(Net score)i =
[(mean net charge)i − 2.785∗

(mean net hydrophobicity)i + 1.151]
2.952

where, the valuesm, q and square root of 1+ m2 are 2.785,
−1.151 and 2.952, respectively. We have omitted the mod-
ulus sign from the original perpendicular distance equation
to calculate net score, as the native sign of the net score
provides the information of the direction of the point relative

to the Uversky line. Thus, the proteins with a positive net
score value are predicted to be natively unfolded (left of
Uversky line) and the proteins with a negative net score
value are predicted to be natively folded (right of Uversky
line). All the programs utilized in calculating the net score
were developed in-house. A similar modified Uversky method
(Foldindex: http://bioportal.weizmann.ac.il/fldbin/findex) has
been described by Zeev-Ben-Mordehaiet al. (2003).

The overall percentage disorderedness in a protein was cal-
culated using the Predictor of Natural Disordered Regions pro-
gram (PONDR) available at http://www.pondr.com/ (Dunker
et al., 2000; Romeroet al., 1997, 2001). The default options
were used and the overall percentage disordered for a protein
was recorded.

Protein homologues of natively unfolded human house-
keeping proteins (hkp) and non-housekeeping proteins (non-
hkp) fromM.musculus, D.melanogaster andC.elegans were
retrieved using Homologene.

RESULTS AND DISCUSSION
Correlation of modified Uversky’s and Dunker’s
prediction programs
We analysed more than 100 proteins (from hkp and non-hkp
set) by modified Uversky’s method and by PONDR (Dunker’s
online prediction software). We compared the net score values
derived from Uversky’s method to overall percentage disorder
as predicted by PONDR (Fig. 1a) and obtained aR2 value of
0.34 and a correlation coefficient of 0.568. The correlation
between the two prediction schemes upholds the validity of
the modified Uversky’s method to predict overall percentage
disorder.

Measure of unfoldedness between housekeeping
and non-housekeeping proteins
A total of 531 hkp were compared against 5391 non-hkp
using modified Uversky method (data given in Supplementary
information). Of the hkp, 25.4% were predicted to be nat-
ively unfolded as against 17.9% in non-hkp. Wilcoxon rank
sum test returned a very lowP -value of 0.0009 indicating
that a significant number of hkp are unfolded in comparison
with non-hkp. A closer scrutiny of the hkp revealed that they
were enriched in ribosomal binding proteins (9.8%) as com-
pared to the non-hkp set. Out of 52 ribosomal proteins in

2906

http://mathworld
http://bioportal.weizmann.ac.il/fldbin/findex
http://www.pondr.com/


Evolution of disordered regions in proteins

(a)

(b)

Fig. 2. Continued.

the housekeeping set, 37 were found to be natively unfol-
ded and they contributed as much as 27% of the unfolded
proteins in housekeeping set. As ribosome-binding proteins
have been predicted to be disordered or natively unfolded in

many prediction schemes, it validates our modification of
Uversky’s algorithm. Elimination of these entries from the
hkp list and re-application of Wilcoxon rank sum test gave
a non-significantP -value of 0.399 indicating that this bias
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(c)

Fig. 2. All proteins predicted to be natively unfolded from the hkp and non-hkp sets were considered for this analysis. All the grey bars
correspond to human proteins and all black bars correspond to the homologues in the lower organisms taken for the study. The dotted line
shown in the figures separates the non-hkp and hkp homologues. (a), (b) and (c) show the comparison of net score values of the protein
homologues inH.sapiens versusC.elegans, H.sapiens versusD.melanogaster andH.sapiens versusM.musculus, respectively. The protein
homologues are arranged in descending order of their differences in net scores in both the non-hkp and hkp sets. Mann–Whitney test for
comparing the increase in unfoldedness in protein homologues fromC.elegans to H.sapiens, D.melanogaster to H.sapiens, M.musculus to
H.sapiens between hkp and non-hkp proteins yields aP -value of 1E − 4, 4E − 4 and<1E − 4, respectively.

in unfoldedness between the two groups could be because of
the preponderance of unfolded ribosome-binding proteins in
housekeeping set.

Evolutionarily non-housekeeping proteins attain
increased disorder in comparison with
housekeeping proteins
It has been reported that the disordered regions evolve at
a faster rate as compared to the ordered regions (Brown
et al., 2002). To test this hypothesis, we looked at the
homologues of human proteins predicted to be disordered
by modified Uversky’s method, in lower organisms. In this
study, we have analysed the homologues of the proteins pre-
dicted to be natively unfolded in hkp and non-hkp set in
C.elegans, D.melanogaster and M.musculus. Out of 531,
135 proteins from hkp set and 965 out of 5391 from the
non-hkp set ofH.sapiens were predicted to be natively unfol-
ded using modified Uversky’s method (Table 1). Among
135 natively unfolded hkp, 101 proteins had homologues in
M.musculus, 37 proteins had homologues inD.melanogaster
and 27 proteins had homologues inC.elegans. Among 965
natively unfolded non-hkp, 814 proteins had homologues in

M.musculus, 182 proteins had homologues inD.melanogaster
and 114 proteins had homologues inC.elegans (Table 1).
A total of 14 proteins from natively unfolded hkp set and
68 proteins from natively unfolded non-hkp set had homo-
logues in all the three organisms. We observed increased
native unfoldedness in proteins of higher organisms compared
with homologues in lower organisms. This increased disorder
was more pronounced in non-hkp in comparison with hkp.
In Figs 2a–c the hkp and non-hkp homologues are arranged
in descending order of their difference in net scores between
homologous proteins. Panel to the left of line (Fig. 2a and b)
demonstrates that homologues of human non-hkp are pre-
dicted to be less unfolded inC.elegans andD.melanogaster,
respectively. Similar phenomenon (right panel to the line) is
observed for hkp, though the amount of percentage change in
unfoldedness is much lesser than non-hkp. Wilcoxon rank sum
test of the percentage change in unfoldedness between hkp
and non-hkp categories returns aP -value of 0.001 and 0.004
for C.elegans andD.melanogaster, respectively, suggesting a
significant difference in the evolution of disordered regions
between the two categories. The plot of homologues of
H.sapiens andM.musculus proteins (Fig. 2c) also reveals a
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Table 2. Student’st-testP -values for the difference in net score between
homologues of natively unfolded human hkp and non-hkp sets of proteins in
the lower organisms

Organism Student’st-testP -value
for difference in net score
between the homologues
of human hkp and non-hkp
in the organism

Student’st-testP -value
for difference in net score
between corresponding
hkp and non-hkp
homologues inH.sapiens

C.elegans 5.214E − 09 0.162
D.melanogaster 1.670E − 07 0.153
M.musculus 3.793E − 31 0.015
H.sapiens 0.002 0.002

The Student’st-test P -values for the corresponding human homologues (natively
unfolded hkp and non-hkp)

similar pattern in the case of non-hkp but interestingly, there
is a shift in the disorderness of mouse hkp. They generally
seem to be more unfolded than their human homologues as
seen by the higher value of the net scores of the proteins. The
Wilcoxon rank sum test of the percentage change in unfolded-
ness between hkp and non-hkp categories returned aP -value
of <0.001. The basis and the implications of this increased
disorder in mouse hkp homologues as compared with human
counterparts remain unanswered. This might be possibly due
to the enrichment of charged residues and longer amino acid
repeats, generally seen in proteins ofM.musculus as compared
with their human homologues.

The difference in net scores between the homologues of
natively unfolded human hkp and non-hkp in all the lower
organisms was calculated using Student’st-test (Table 2). The
Student’st-testP -value output for the corresponding human
proteins is also represented in the same table. These significant
P -values further show the difference in the predicted unfol-
dedness between the hkp and non-hkp in the lower organisms.

Our analysis suggests that highly evolved organisms depend
significantly on complex protein–protein interactions for their
cellular processes. The increase in the flexibility of the pro-
tein structure along the evolutionary hierarchy as seen in our
data, might contribute considerably to this trend. Thus, by
increasing the native disorder of a protein these organisms
might be able to accommodate a variety of new interactions,
which may in turn aid in evolving novel functions. The pro-
teins encoded by non-housekeeping genes would probably
be playing regulatory roles and the increase in their disor-
derness across the genomes suggests diversification of their
function. The increase in protein unfoldedness from lower to
highly evolved organisms is not substantial in case of hkp.
This could be probably due to the slow evolution seen in these
genes (Zhang and Li, 2004). Thus, our results demonstrate an
increased evolutionary tendency towards native unfoldedness
in proteins belonging to non-housekeeping class compared to
housekeeping class.

ACKNOWLEDGEMENTS
The authors wish to acknowledge Dr Vladimir Uversky
(University of California, Santacruz, California) for his valu-
able insights into derivation of modified net score. The authors
wish to thank Eli Eisenberg for providing the gene lists.
Access to PONDR was provided by Molecular Kinetics (P.O.
Box 2475 CS, Pullman, WA 99165-2475; E-mail: mkinetics@
turbonet.com) under license from the WSU Research Found-
ation. PONDR is copyright ©1999 by the WSU Research
Foundation, all rights reserved. The authors wish to thank Dr
Mitali, Prof.Vani Brahmachari and Prof. Samir Brahmachari
for the valuable discussions and Dr C.B. Rao for statistical
help. The financial support from CSIR (CMM0017) is duly
acknowledged. M.G. also wishes to thank Pragya, Jinny and
Prashant for their help.

REFERENCES
Brown,C.J., Takayama,S., Campen,A.M., Vise,P., Marshall,T.W.,

Oldfield,C.J., Williams,C.J. and Dunker,A.K. (2002) Evolution-
ary rate heterogeneity in proteins with long disordered regions.
J. Mol. Evol., 55, 104–110.

Dunker,A.K., Lawson,J.D., Brown,C.J., Williams,R.M., Romero,P.,
Oh,J.S., Oldfield,C.J., Campen,A.M., Ratliff,C.M., Hipps,K.W.,
Ausio,J., Nissen,M.S., Reeves,R., Kang,C., Kissinger,C.R.,
Bailey,R.W., Griswold,M.D., Chiu,W., Garner,E.C. and
Obradovic,Z. (2001) Intrinsically disordered protein.J. Mol.
Graph. Model., 19, 26–59.

Dunker,A.K., Obradovic,Z., Romero,P., Garner,E.C. and Brown,C.J.
(2000) Intrinsic protein disorder in complete genomes.Genome
Inform. Ser. Workshop Genome Inform., 11, 161–171.

Eisenberg,E. and Levanon,E.Y. (2003) Human housekeeping genes
are compact.Trends Genet., 19, 362–365.

Iakoucheva,L.M., Brown,C.J., Lawson,J.D., Obradovic,Z. and
Dunker,A.K. (2002) Intrinsic disorder in cell-signaling and
cancer-associated proteins.J. Mol. Biol., 323, 573–584.

Kyte,J. and Doolittle,R.F. (1982) A simple method for displaying the
hydropathic character of a protein.J. Mol. Biol., 157, 105–132.

Li,X., Romero,P., Rani,M., Dunker,A.K. and Obradovic,Z. (1999)
Predicting protein disorder for N-, C-, and internal regions.
Genome Inform. Ser. Workshop Genome Inform., 10, 30–40.

Liu,J., Tan,H. and Rost,B. (2002) Loopy proteins appear conserved
in evolution.J. Mol. Biol., 322, 53–64.

Longhi,S., Receveur-Brechot,V., Karlin,D., Johansson,K.,
Darbon,H., Bhella,D., Yeo,R., Finet,S. and Canard,B. (2003)
The C-terminal domain of the measles virus nucleoprotein
is intrinsically disordered and folds upon binding to the
C-terminal moiety of the phosphoprotein.J. Biol. Chem., 278,
18638–18648.

Romero,P., Obradovic,Z. and Dunker,A.K. (1997) Sequence data
analysis for long disordered regions prediction in the calcineurin
family. Genome Inform. Ser. Workshop Genome Inform., 8,
110–124.

Romero,P., Obradovic,Z., Li,X., Garner,E.C., Brown,C.J. and
Dunker,A.K. (2001) Sequence complexity of disordered protein.
Proteins, 42, 38–48.

2909



N.Pandey et al.

Uversky,V.N. (2002) What does it mean to be natively unfolded?
Eur. J. Biochem., 269, 2–12.

Uversky,V.N., Gillespie,J.R. and Fink,A.L. (2000) Why are “natively
unfolded” proteins unstructured under physiologic conditions?
Proteins, 41, 415–427.

Wright,P.E. and Dyson,H.J. (1999) Intrinsically unstructured
proteins: re-assessing the protein structure–function paradigm.
J. Mol. Biol., 293, 321–331.

Zeev-Ben-Mordehai,T., Rydberg,E.H., Solomon,A., Toker,L.,
Auld,V.J., Silman,I., Botti,S. and Sussman,J.L. (2003) The intra-
cellular domain of theDrosophila cholinesterase-like neural
adhesion protein, gliotactin, is natively unfolded.Proteins, 53,
758–767.

Zhang,L. and Li,W.H. (2004) Mammalian housekeeping genes
evolve more slowly than tissue-specific genes.Mol. Biol. Evol.,
21, 236–239.

2910


