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ABSTRACT Hubs in the protein–protein in-
teraction network have been classified as ‘‘party’’
hubs, which are highly correlated in their mRNA
expression with their partners while ‘‘date’’ hubs
show lesser correlation. In this study, we explored
the role of intrinsic disorder in date and party hub
interactions. The data reveals that intrinsic disor-
der is significantly enriched in date hub proteins
when compared with party hub proteins. Intrinsic
disorder has been largely implicated in transient
binding interactions. The disorder to order transi-
tion, which occurs during binding interactions in
disordered regions, renders the interaction highly
reversible while maintaining the high specificity.
The enrichment of intrinsic disorder in date hubs
may facilitate transient interactions, which might
be required for date hubs to interact with different
partners at different times. Proteins 2007;66:761–
765. VVC 2006 Wiley-Liss, Inc.
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INTRODUCTION

Intrinsically unstructured regions in proteins almost
completely lack tertiary structure under physiological con-
ditions.1 Such proteins or regions (also known as disor-
dered or intrinsically disordered or natively unfolded) con-
tain characteristically high net charge and low content of
hydrophobic amino acids, and have been shown to have a
biased distribution of certain amino acids.2–4 These regions
are increasingly being implicated in several important,
regulated cellular functions such as binding interactions,
proteolysis, post translational modifications, etc.5

There are several reports of the involvement of
unstructured regions in binding interactions.5–10 Intrinsi-
cally disordered proteins have been shown to be enriched
in nucleic acid and protein binding classes.11–14 Disor-
dered domains involved in DNA/RNA/protein binding
have also been shown to be conserved.15

Natively unfolded regions are implicated in multiple
interactions as their structural plasticity allows them to

efficiently interact with several regions.2,16–18 There have
been few studies wherein the multiple interactions of a
protein have been correlated with the presence of
intrinsically unstructured regions.13,19,20 Unstructured
regions have been reported to undergo disorder to order
transition as they bind to their interaction partners. This
transition is associated with a large decrease in confor-
mational entropy, which uncouples binding strength from
specificity and causes highly specific interactions to
become reversible.10,21

In this study, our objective was to explore the role of
intrinsic disorder in date and party hub interactions. The
data set of Han et al. (2004), which classifies hubs in pro-
tein interaction network as ‘‘party’’ and ‘‘date’’ has been
used in this study.22 It has been recently shown that hub
proteins contain more intrinsic disorder when compared
with nonhub proteins,19,20 and this has been inferred to
facilitate the multiple interactions of hub proteins. To fur-
ther the current understanding of the role of intrinsic dis-
order in protein-interaction networks, we analyzed the
subclasses of hubs (date and party hubs) categorized on
the basis of correlation of mRNA expression of hub with
its partners.

Hubs in yeast interaction network have been defined
as proteins with greater than five interaction partners.22

For each hub, average Pearson correlation coefficient
(PCC) was calculated between the expression level of the
hub and with the expression level of each of its respective
interaction partner. It has been inferred that hubs with
lower average PCC (date hubs) bind to different partners
at different times while hubs with higher PCC (party
hubs) interact with most of their partners simultane-
ously.22 We have used the date and party hubs dataset of
Han et al. (2004) for examining the role of intrinsic disor-
der in date and party hub interactions.
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MATERIALS AND METHODS
Data

Protein interaction network data was obtained from
Han et al. (2004). This dataset involves 1379 proteins
with 2493 high-confidence interactions. Among the 2493
interactions, 931 interactions involved date hubs and 907
interactions involved party hubs. In this set, hubs were
defined as proteins with more than five interacting part-
ners.22 The average Pearson correlation coefficient (PCC)
for the subnetworks comprising the hub and its interact-
ing partners was obtained from Han et al. (2004).
A dataset of 70,647 derived binary interactions data

along with the socioaffinity index score for the interaction
was obtained from the genome-wide yeast protein com-
plex data of Gavin et al.23 This list is available at http://
yeast-complexes.embl.de/complexview.pl?rm¼download.

Prediction of Disordered Regions

We have used four different methods for prediction of
intrinsic disorder, namely, modified Uversky’s method,
IUPRED, GlobPlot, and DisEMBL (REM465).
Modified Uversky’s method is based on observation

that disordered proteins have high mean net charge and/
or low mean hydrophobicity.24 It is a global disorder pre-
dictor and gives a net score to each protein.24 A protein
with positive net score is predicted to be disordered, while
negative score predicts ordered protein. The net score is
also quantitatively related to degree of unfoldedness of
the protein.
IUPRED is based on an assumption that disordered

regions do not form sufficient favorable interactions to
fold and thus have high estimated energy content.25

GlobPlot is based on propensities derived from nonglob-
ular regions in PDB.26

Remark 465 method of DisEMBL is an artificial neural
network-based method trained on regions with nonas-
signed electron densities in PDB.27

Secondary Structure Prediction

Consensus secondary structure for proteins was pre-
dicted using NN, SOPM, DPM, DSC, GOR4, PHD, PREDA,
and SIMPA96 algorithms available at NPS server (http://

npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page¼/NPSA/
npsa_seccons.html).

RESULTS
Intrinsic Disorder Inversely Correlates
With Average PCC of Hubs

We calculated the intrinsic disorder of the hub proteins
and studied its correlation with the corresponding average
PCC of the subnetwork. The plot between average PCCs
and intrinsic disorder of hub proteins showed a weak yet
significant negative correlation as determined by two in-
dependent disorder prediction methods [Fig. 1(a,b); modi-
fied Uverksy’s method-PCC of �0.253, P value ¼ 3.2E-04;
IUPRED-PCC of �0.3155, P value ¼ 5.6E-06].

Predicted Intrinsic Disorder in Date and Party
Hub Proteins

A significantly high number of proteins were predicted to
be unfolded in the date hub category when compared with
the party hubs by modified Uversky’s method (Table I; v2 ¼
13.28, df ¼ 1, P value ¼ 0.0003). Mean net score derived
from modified Uversky’s method for date hubs was more
than twice than that of party hubs (�0.014 and �0.033,
respectively, t-test P value ¼ 3E-04).

Date hubs also showed significantly higher number of
disordered segments when compared with party hubs, by
the three local disorder prediction methods used (IUPRED,
Globplot, DisEMBL; Table II). When compared with party
hubs, date hubs had almost twice as many long disordered
regions (�30 residues) per protein, their average length
was longer, and covered twice as much portion of proteins

Fig. 1. Correlation between fraction of intrinsic disorder in hub proteins with the average PCC of the sub-
network. (a) Intrinsic disorder was calculated by modified Uversky’s method wherein positive scores denote
that the protein is predicted to be disordered, while negative score denote an ordered protein. (b) Intrinsic
disorder was calculated by IUPRED method.

TABLE I. Prediction of Intrinsic Disorder in Date and
Party Hub Proteins by Global Disorder Prediction

Method-Modified Uversky’s Method

Hubs
No. of unfolded

proteins
No. of folded
proteins

Date (91) 28 (30.8) 63
Party (108) 11 (10.2) 97

The numbers in parentheses in column 2 denote the percentage of
predicted unfolded proteins.
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(Table II). Not only the number of long disordered seg-
ments was higher in date hubs, but also the number of pro-
teins harboring such long disordered segments was signifi-
cantly higher (Table II).
We also did secondary structure analysis for the resi-

dues in date and party hub proteins. Since only few of
these proteins had representation in PDB (5 full length
date hub and 14 party hub proteins), we analyzed second-
ary structure by prediction methods. Coils are not neces-
sarily disordered, but prevalence of coiled residues reflects
prevalence of intrinsic disorder. The data shows that the
fraction of coils in date hub proteins is significantly higher
when compared with the party hub proteins (Fig. 2; t-test
for fraction of coil residues-P value ¼ 1E-05).

Transient Nature of Date Hub Interactions as
Revealed by Protein Complex Data

We tried to analyze the distribution of date hub and
party hub interactions in the recently available genome
wide data of yeast protein complexes.23 The data was com-
piled by searching the hub-interaction partner pairs of
Han et al. (2004) in the protein–protein interaction pairs
provided by Gavin et al. (2006).22,23 We find that 42% of
the interaction pairs involving date hubs (387/931) and
67% of interaction pairs involving party hubs (603/907)
mapped to the derived binary interactions provided by

Gavin et al. (2006) (v2 value ¼ 113.8, df ¼ 1, P value ¼
1.4E-26).

Gavin et al. (2006) defined a term ‘‘socio-affinity index,’’
which measured the propensity of proteins to form part-
nerships. This index was tentatively correlated to the
available dissociation constant for the interaction pairs.23

We find that the distribution of socioaffinity index was
significantly different between interactions involving
date hubs and party hubs (Fig. 3; t-test P value ¼ 0.001,
Wilcoxon rank sum test ¼ 0.006).

DISCUSSION

Molecular recognition involving reversible but specific
interaction poses particular problems to rigid body as-
sumption of proteins. To have specific recognition, interac-
tion partners should have large number of contacts and
thus high binding affinity, but this also reduces the disso-
ciation rate (and thus reversibility) of interaction.28 In
other words, binding affinity and binding specificity are
coupled. Intrinsic disorder has been suggested to allow
specific interaction in reversible/weak manner by uncou-
pling binding affinity and binding specificity.28–30 Intrinsic

Fig. 2. Predicted secondary structure of residues in date and party
hub proteins. Error bars indicate �SE.

Fig. 3. Frequency distribution of socioaffinity indices of date and
party hub interaction pairs. The differences in mean socioaffinity index
between date and party hubs have been shown as an insertion in the fig-
ure. Error bars indicate �SE.

TABLE II. Prediction of Intrinsic Disorder in Date and Party Hub Proteins by Local Disorder Predictors

Prediction method
Total no.
of proteins

No. of disordered
segments of
�30 residues

No. of proteins
with disordered
segments of
�30 residues

Average length
of disordered
segments

Average no.
of disordered
segments
per protein

% Residues in
disordered
segments

IUPRED
Date hubs 91 118 49 90.39 1.30 20.35
Party hubs 108 69 41 67.74 0.64 7.75

GlobPlot
Date hubs 91 74 46 91.22 0.81 12.88
Party hubs 108 39 34 77.54 0.36 5.01

DISOPRED (REM465)
Date hubs 91 48 33 43.96 0.53 4.03
Party hubs 108 32 20 42.63 0.30 2.26
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disorder also facilitates posttranslational modifications
including phosphorylation,31 which are frequently in-
volved in transient signaling events. Indeed, many pro-
teins including GSK3b,32 BRCA1,33 p21,34 p53,35 calci-
neurin,36 E-cadherin,6 CBP,37 and HMGA36 reversibly
interact with their partners via intrinsically disordered
regions.
We show that average PCC of hubs correlates weakly

yet significantly with measures of intrinsic disorder in
hubs. Classification of the hubs into date and party also
showed clear overrepresentation of intrinsic disorder in
date hubs as analyzed by a global and three local predic-
tion methods. Intrinsic disorder might be utilized by the
date hub proteins to interact with multiple partners in a
transient manner. The significant prevalence of party
hub interactions in the genome wide protein complexes
dataset (67% compared to 42% for date for date hub inter-
actions) supports the transient nature of date hub inter-
actions, which makes it less likely to be identified in a
screen for stable protein complexes. This is further corro-
borated by our data wherein date hubs show significantly
low socioaffinity indices when compared with party hubs,
since previously, socioaffinity index have been tentatively
correlated to available dissociation constants in the liter-
ature by Gavin et al. (2006). These data suggest that date
hubs bind to their interacting partners in a transient
manner.
Date hubs are shown to be enriched in ‘‘cell signaling’’

and ‘‘transcription’’ categories22 when compared with
party hubs. The enrichment of disorder in date hubs
might enable them to perform their functions in signaling
pathways, which are extensively mediated by transient
interactions.
Although, date hubs are similar in length to party

hubs, the number of interaction partners of 91 date hubs
(931) are significantly higher than that for 108 party
hubs (907) (t-test P-value ¼ 0.0002). Since party hubs
presumably interact simultaneously with their partners
and date hubs presumably interact with partners nonsi-
multaneously (potentially utilizing overlapping sites) the
enrichment of intrinsic disorder in date hubs might also
enable them to participate in multiple interactions.
It has been proposed that date hubs act as an inter-

module or ‘‘higher level’’ connectors, and are involved in
global organization of modules in the interaction net-
work.22 We propose that intrinsic disorder in date hubs
might help in their role in organizing interaction net-
works.

CONCLUSIONS

The date hub proteins harbor significantly higher
intrinsic disorder when compared with party hub pro-
teins. This property might play an important role in facil-
itating reversible, nonsimultaneous, multiple interac-
tions of date hub proteins, and thus help in organizing
protein interaction networks.
Note added in proof: While this manuscript was under

review, another study 38 using a different disorder predic-

tion method found significantly more date hubs had lon-
ger disordered segments compared to party hubs, again
supporting the robust difference between date and party
hubs independent of prediction method used.
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