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INTRODUCTION

Large scale elucidation of cellular networks has allowed global properties and

design principles to be uncovered, which would not have been possible by studying

individual components.1 In yeast, manually curated data along with large scale

chromatin coimmunoprecipitation-chip (ChIp-chip) experiments have been used to

construct transcriptional regulatory network linking transcription factors (TFs) to

their target genes.2 This regulatory network, like many other biological and nonbio-

logical networks, displays scale-free topology, indicating the presence of transcrip-

tional hubs, which regulate large number of target genes.2

Intrinsically disordered regions or proteins lack a well-defined three-dimensional

structure. Large proportion of eukaryotic proteomes has been predicted as disor-

dered.3–6 In particular, proteins involved in signaling and regulatory functions have

been found to be enriched in intrinsic disorder.7–9 Two recent articles highlight the

role of intrinsic disorder in eukaryotic TFs.10,11 Disordered regions have been

reported to undergo disorder-order transition upon binding to their partners, which

has been suggested to allow weak, yet specific interactions.6,12–15 The structural

malleability of these regions has been proposed to allow binding to multiple

partners.16–18 These regions have also been implicated in many other regulatory

post-translational modifications including phosphorylation and degradation.19,20

In protein–protein interaction networks it was found that proteins interacting with

large number of proteins (hubs) have increased intrinsic disorder,21,22 particularly

those involving transient interactions.23 In this work, we studied the role of intrinsic

disorder in yeast transcriptional regulatory network, and show increased intrinsic

disorder in transcriptional hubs, which regulate large number of target genes.

MATERIALS AND METHODS

Transcriptional regulatory network

Transcriptional regulatory network was obtained from Balaji et al.2 It was compiled

from genetic, biochemical, and large scale ChIP-chip experiments. It includes 157
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ABSTRACT

Intrinsic disorder has been

shown to be important in

mediating protein–protein

and protein–DNA interac-

tions. Proteins involved in

regulatory functions are par-

ticularly enriched in intrinsic

disorder. In this study we

explored the role of intrinsic

disorder in transcriptional

regulatory network of yeast.

Using disorder prediction

programs we show that tran-

scription factors (TFs) regu-

lating large number of tar-

gets (transcriptional hubs)

have significantly increased

intrinsic disorder, though tar-

gets regulated by multiple

TFs did not show increased

intrinsic disorder. Intrinsic

disorder may allow these

transcriptional hubs to bind

to diverse promoter regions

of their targets in different

contexts, and may also allow

complex regulatory control of

transcriptional hubs that are

involved in coordinating dif-

ferent cellular processes.
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specific TFs, 4410 target genes, and 12,873 regulatory

interactions. The connectivity distribution (the plot of

number of target genes n, regulated by a TF and the

number of TFs that regulate n target genes) was best

fitted by a power-law equation (linear fit on log–log

plot), suggesting its scale-free nature.2 Transcriptional

hubs were defined as top 20% of TFs with large number

of target genes.2 Thirty one TFs met this criterion. These

TFs together accounted for more than half of all regula-

tory interactions.2

Intrinsic disorder prediction

We used modified Uversky method and IUPred to

predict intrinsic disorder.

Modified Uversky method is based on the observation

that disordered proteins have high mean net charge and/

or low mean hydrophobicity.24 It is a global disorder

predictor and gives a Netscore to each protein.25 This

was calculated for each protein using following formula:

Netscore ¼ ½ðmean net chargeÞ � 2:785

3 (mean net hydrophobicityÞ þ 1:151�=2:952

A protein with positive Netscore is predicted to be disor-

dered, while negative score predicts ordered protein.25

IUPred method is based on the assumption that

disordered regions do not form sufficient favorable inter-

actions to fold, and thus have high estimated energy

content.26 It is a local disorder prediction program and

assigns residues in proteins as disordered or ordered.

RESULTS

Increased intrinsic disorder in yeast
transcriptional hubs

We used the dataset of transcriptional regulatory

network compiled by Balaji et al.2 linking 157 TFs to

4410 target genes. We dropped one TF (YER108c)

because of its ambiguous status in the Saccharomyces

Genome Database. The intrinsic disorder was predicted

using Uversky’s modified method, which generates a

Netscore from the protein sequence.25 A positive Netscore

predicts intrinsically disordered protein, whereas a nega-

tive Netscore predicts ordered protein. We examined the

relationship between the predicted intrinsic disorder of a

given TF with the number of target genes it regulates.

The result is displayed in Figure 1(a). Although the points

are somewhat scattered indicating variability, a significant

positive correlation was observed (Pearson correlation

coefficient 0.33, P < 10�4). To examine this trend from a

different perspective, we computed the fraction of amino

acid residues predicted to be in disordered conformation

in each TF using the IUPred method,26 and investigated

the relationship with the number of genes regulated by

corresponding TFs. The result is displayed in Figure 1(b).

A significant positive correlation was observed (Pearson

correlation coefficient 0.37, P < 10�5). The strength of

correlation between predicted intrinsic disorder of TFs

with number of target genes regulated is nearly same by

both methods. We examined this relationship further by

segregating the dataset of TFs into ‘‘ordered’’ set with

negative Netscore (<0.0) and ‘‘disordered’’ set with posi-

tive Netscore (�0.0). We tested the difference in the

mean number of target genes regulated by the ordered

set and the disordered set using t test. We observed sig-

nificant difference in the mean number of target genes

regulated by the two sets of TFs (two-tailed P < 0.005).

Therefore, it is clear that on an average, TFs with

intrinsically disordered conformation regulate larger

number of target genes compared with ordered TFs.

TF hub proteins (comprising top 20% of the TFs with

large number of targets) had 79% of its proteins with

positive Netscore in contrast to the nonhubs that had

47% of its proteins with positive Netscore. The difference

Figure 1
Correlation between intrinsic disorder in TFs with number of target genes they

regulate. (a) Intrinsic disorder predicted by modified Uversky method wherein

positive scores predict that the protein is disordered, while negative score predict

an ordered protein. (b) Intrinsic disorder predicted by IUPred method.
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in proportion of disordered proteins in the TF hubs

dataset is significantly higher than that in the TF nonhub

dataset (test for proportions, P < 0.005).

Target proteins regulated by multiple TFs do
not show increased intrinsic disorder

We examined the Netscore of proteins encoded by

genes whose transcription is regulated by multiple TFs,

the underlying hypothesis is that these proteins might

function through complex regulatory mechanism and

might have higher intrinsic disorder. To test this possibil-

ity we examined the correlation between intrinsic disor-

der of the proteins encoded by 4410 target genes and the

number of TFs regulating the target gene (Fig. 2). No

significant correlation was evident showing that the

intrinsic disorder of proteins encoded by target genes is

independent of the number of TFs regulating them.

DISCUSSION

Transcription regulation in eukaryotes is viewed as a

highly complex process27 involving interactions between

multiple TFs,28–32 in a combinatorial fashion,33–38

allowing relatively small number of TFs to generate myr-

iad variety of gene expression states. These TFs also

interact with various coregulators and chromatin regula-

tory proteins39 and with basal transcription machinery.

Rapid divergence of this regulatory control40 ensures

that most target genes of a transcription factor offer a

unique binding environment. This combinatorial regula-

tion of gene expression thus means that TFs bind to pro-

moters of multiple target genes, particularly TF hubs

bind to promoters of large number of genes. Conforma-

tional plasticity provided by intrinsic disorder has been

reported to allow specific binding to multiple interacting

partners.16–18 For example GSK3beta interacts with

both axin and FRAT through a disordered loop with sig-

nificant overlap of the binding sites,41 HMGA proteins

possesses almost no secondary structure while free in

solution, act as transcriptional hubs, regulating the

expression of wide variety of genes.42 Two recent reports

describe the role and prevalence of intrinsic disorder in

TFs and showed significant enrichment of intrinsic disor-

der in this class of proteins.10,11 Activation domains of

the TFs were particularly found to be disordered in these

analyses, which are involved in many protein–protein

interactions with other transcriptional regulators. This is

consistent with experimental evidence of disorderness of

activation domains in many TFs.14,43–45 Our analysis of

intrinsic disorder in transcriptional network shows

increased intrinsic disorder in TFs regulating large

number of target genes. Increased intrinsic disorder in

TF hubs may allow binding to their different target

promoters in a variety of contexts.

It is reasonable to expect that proteins encoded by

genes that are regulated by large number of TFs might

also be under complex posttranslational regulation. It

was shown that in yeast cell-cycle genes, transcriptional

and posttranslational regulations have coevolved.46

Increase in transcriptional regulation correlated with

increased posttranslational regulation. We found that

intrinsic disorder of proteins is independent of the num-

ber of TFs regulating its gene.

Analysis of protein interaction networks has also

shown increased intrinsic disorder in proteins interacting

with large number of partners (hubs).21–23 Thus it

seems that common solution has been arrived at in both

transcriptional and protein interaction networks with

respect to intrinsic disorder allowing binding to multiple

partners.

CONCLUSIONS

In summary, we found significantly increased intrinsic

disorder in TFs regulating large number of target genes.

The structural plasticity afforded by intrinsic disorder

might be critical in allowing these TF hubs to regulate

large number of target genes, each one of which is

expected to present unique binding environment.
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