@,

BiolVled Central

Structural disorder promotes assembly of protein complexes
Hedi Hegyi, Eva Schad and Peter Tompa*

BMC Structural Biology

Research article

Address: Institute of Enzymology, Biological Research Center, Hungarian Academy of Sciences, Budapest, Hungary

Email: Hedi Hegyi - hegyi@enzim.hu; Eva Schad - schad@enzim.hu; Peter Tompa* - tompa@enzim.hu
* Corresponding author

Received: 28 March 2007
Accepted: 8 October 2007

Published: 8 October 2007
BMC Structural Biology 2007, 7:65  doi:10.1186/1472-6807-7-65
This article is available from: http://www.biomedcentral.com/1472-6807/7/65

© 2007 Hegyi et al,; licensee BioMed Central Ltd.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Background: The idea that the assembly of protein complexes is linked with protein disorder has
been inferred from a few large complexes, such as the viral capsid or bacterial flagellar system, only.
The relationship, which suggests that larger complexes have more disorder, has never been
systematically tested. The recent high-throughput analyses of protein-protein interactions and
protein complexes in the cell generated data that enable to address this issue by bioinformatic
means.

Results: In this work we predicted structural disorder for both E. coli and S. cerevisiae, and
correlated it with the size of complexes. Using IUPred to predict the disorder for each complex,
we found a statistically significant correlation between disorder and the number of proteins
assembled into complexes. The distribution of disorder has a median value of 10% in yeast for
complexes of 2—4 components (6% in E. coli), but 18% for complexes in the size range of 11-100
proteins (12% in E. coli). The level of disorder as assessed for regions longer than 30 consecutive
disordered residues shows an even stronger division between small and large complexes (median
values about 4% for complexes of 2—4 components, but 12% for complexes of | |-100 components
in yeast). The predicted correlation is also supported by experimental evidence, by observing the
structural disorder in protein components of complexes that can be found in the Protein Data Bank
(median values |. 5% for complexes of 2—4 components, and 9.6% for complexes of |1-100
components in yeast). Further analysis shows that this correlation is not directly linked with the
increased disorder in hub proteins, but reflects a genuine systemic property of the proteins that
make up the complexes.

Conclusion: Overall, it is suggested and discussed that the assembly of protein-protein complexes
is enabled and probably promoted by protein disorder.

to confer many functional advantages, such as the
increased speed of interaction, specificity without exces-

Background
Intrinsically unstructured/disordered proteins or protein

domains (IUPs) lack a well-defined structure, yet they
carry out important functions [1-4]. IUPs often function
by molecular recognition, when they bind partner mole-
cules and undergo binding-induced folding transitions
[5,6]. In these, the presence of protein disorder is thought

sive binding strength, and the adaptability to different
partners, i.e. binding promiscuity or moonlighting [7].
These advantages may explain the recent observation that
hub proteins, i.e. proteins involved in multiple interac-
tions, tend to have a higher level of structural disorder
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than other proteins in the interactome [8-11], although
the difference is small, and was not observed in one study
[12].

Extending beyond these advantages is the suggestion that
due to their open and exposed structure, IUPs might be
able to simultaneously bind multiple partners [13], which
enables the assembly of large complexes. Whereas disor-
der in such "assembler" functions [3,14] apparently has a
significant advantage, its validity relies on a few isolated
observations only. The high level and/or observed mech-
anistic role of disorder in the assembly process of the bac-
terial flagellum and viral capsid [15], the cytoskeleton,
ribosome and clathrin coat [16,17], or some scaffolding
proteins, such as BRCA1 and Ste5 [18,19], serve as focal
points for the suggestion that structural disorder enables
the assembly of large complexes. Whereas physical logic
for such an assembly process implies large-scale structural
rearrangements enabled by excessive flexibility, this infer-
ence has never been systematically tested. Recent high-
throughput TAP-tag/MS studies of the full complement of
protein-protein interactions (the interactome) of E. coli
and S. cerevisiae [20-22] enabled us to probe into the gen-
eral validity of the role of protein disorder in complexes
and the assembly process.

Since the assembly of larger complexes may be conceived
to process from smaller complexes at the expense of the
burial of an increasing surface with increasing complex
size, the foregoing considerations suggest that protein dis-
order should increase with increasing numbers of com-
plexed proteins. We checked this inference by protein
disorder prediction and also by looking for disorder in
protein components of complexes in PDB. By applying
IUPred [23,24], we found a statistically significant corre-
lation between disorder and the number of proteins
assembled into complexes for both E. coli and S. cerevisiae.
The predicted correlation is also seen for a limited set of
proteins for which experimental evidence of disorder can
be found in the PDB. Our observations provide compre-
hensive evidence that the fraction of protein disorder
increases with increasing complex size, which corrobo-
rates and extends previous suggestions that protein disor-
der is directly advantageous in protein-protein
interactions [3,6,14].

Results

The population of the different size groups in E. coli and
yeast complexes

First, we grouped the complexes in each dataset according
to size. Initially, we formed 5 groups, with complexes con-
taining 2-4, 5-10, 11-20, 21-30 and 31-100 proteins,
respectively, and also added a group of singular proteins.
In most cases the latter 3 groups of complexes were col-
lapsed into one as most statistical tests (see below) did not
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show significantly different distributions for them. The
singular proteins for yeast were exclusively derived from
data by Gavin and coworkers [21] for which complex-
forming was experimentally checked but none was found.
For E. coli, we selected those Swiss-Prot proteins, for which
neither in IntAct nor in Swiss-Prot was there any informa-
tion about complex-forming, i.e. they did not appear in
IntAct as part of a complex and there was no mentioning
of the word "complex" in the annotation of these E. coli
proteins in SwissProt. The population of each group in the
different datasets for different organisms is shown in
Tables 1 and 2, with respect to the number of complexes
(Table 1) and the number of individual proteins (Table 2)
for each group. The largest complex in yeast was found to
consist of 95 proteins. In the E. coli datasets the largest
complex had 64 proteins. No other organisms had suffi-
cient numbers of complexes derived in a consistent fash-
ion amenable to our analysis in the IntAct database or
other sources. It should be noted that in the yeast data set
most proteins (about 2/31rd of the total of 1490 proteins)
occurred in more than one complex; and even in the E. coli
data sets this was true of 35-50% of the total of com-
plexed proteins.

Distribution of the predicted disorder of the complexes of
different sizes

In the first approach we predicted the intrinsic disorder
for each protein in all the complexes with the IUPred
server, by counting all the disordered amino acids in each
protein, then dividing it by the length of the protein in
question. After calculating this relative disorder for each
protein, we simply determined the disorder of each com-
plex by averaging the relative disorder of the proteins con-
tained in each complex. The distributions of the average
disorder for complexes of various sizes for E. coli and yeast
are shown in Figure 1. The distributions of complexes of
various sizes are clearly different from one another and
also from the uncomplexed group of proteins. As
expected, there is a clear tendency for larger complexes to
"peak" at greater relative disorder values. A chi-square test
was performed to see if the differences in the distributions

Table I: Number of complexes in the different data sets

Complex size Yeast E. coli E. coli E. coli

(Gavin06)  (Arifuzzaman06)  (Butland05)  (Gully0é)
2 — 4 proteins 162 1017 257 165
5— 10 proteins 136 747 89 115
I'l =20 proteins 98 172 46 74
21 — 30 proteins 146 14 22 38
31 - 100 proteins 60 2 10 24

For yeast, those proteins were deemed singular for which no binding
partners have been found in each study (they were not cross-checked
against each other). For E. coli, those proteins in Swiss-Prot were
deemed singular (altogether 1922 proteins), for which neither in
IntAct nor in the Swiss-Prot annotation lines did we find any evidence
of complex-forming.
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Table 2: Number of singular proteins and proteins in complexes
of different sizes in the different data sets

Complex size Yeast E. coli E. coli E. coli
(Gavin06)  (Arifuzzaman06)  (Butland05)  (Gully06é)
singular proteins 241
2 — 4 proteins 346 1446 367 322
5— 10 proteins 650 1573 226 441
11 — 20 proteins 789 827 186 382
21 — 30 proteins 647 187 194 325
31 - 100 proteins 747 57 128 245

For yeast, those proteins were deemed singular for which no binding
partners have been found in each study (they were not cross-checked
against each other). For E. coli, those proteins in Swiss-Prot were
deemed singular (altogether 1922 proteins), for which neither in
IntAct nor in the Swiss-Prot annotation lines did we find any evidence
of complex-forming.

of the complexes of different sizes and also the group of
"singulars” are significant. The results (not shown) indi-
cated that from the perspective of disorder there are essen-
tially 4 different groups in both species: singulars,
complexes of size 2 to 4, 5 to 10 and complexes consisting
of more than 10 proteins. The chi-square tests showed
that the distributions of the four groups differed signifi-
cantly in both species with a p-value < 0.001. As shown in
Figs. 1A and 1B we also formed separate groups of those
proteins that are unique to the large complexes in E. coli
and yeast, respectively, (i.e. they occur exclusively in the
large complexes consisting of more than 10 proteins) and
calculated the average disorder of each large complex
using only these unique proteins. It is clear that in yeast
this subset is even more disordered than the average cal-
culated from all the components of these complexes - e.g.
the median value for the average percentage disorder of
this unique complex subset increases from an average of
18 to more than 21 (data not shown). Interestingly, we
did not find such an increase in the disorder of those pro-
teins that were unique to the large complexes in E. coli (Fig
1A). While the absolute number of such proteins is rather
small (Additional File 1A) compared to the other groups
and also to yeast (additional file 1B), this fact in itself
would not explain the difference between the two organ-
isms. However, it might be explained by an evolutionary
pressure on yeast to evolve such proteins over time
(simultaneously with the appearance of larger complexes)
whereas this did not seem to be the case for E. coli. The
greater average disorder of larger complexes in the latter
could probably be attributed to the larger relative weight
of the more disordered pre-existing proteins in such com-
plexes, but not to the incorporation of novel proteins of
high level of disorder. This scenario of innovation in cre-
ating large complexes in yeast is entirely consistent with
the observed sharp increase in the overall level of disorder
upon going from prokaryotes to eukaryotes [17,25,26].
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Distribution of the complex-averaged disorder for
complexes of different sizes. The distributions are
grouped by the sizes of complexes and singular proteins for
which no evidence of complex-forming has been found.
Magenta — singular proteins, cyan — complexes size 24,
orange — complexes size 5-10, blue — complexes size | |-
100, red: unique to complexes of size | |-100. The average
disorder for each complex has been calculated by predicting
the individual protein components and averaging them for
each complex individually. A) E. coli complexes, taken from
the IntAct database (significant differences among the differ-
ent distributions with chi-square tests, p-value < 0.02). B)
Yeast complexes (significantly different distributions, p-value
<0.01).

The median values for complexes of different sizes in both
E. coli and yeast are shown in Fig. 2. The values show a
clear distinction among the different groups in both spe-
cies, with an increase in the median value with increasing
complex size. (Throughout the paper we used the median
rather than mean values as the median is less sensitive to
outliers and consequently discriminated more among the
different groups than the mean values.)
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Median values for predicted and observed disorder of
complexes. Median values were calculated for distributions
of IUPred-predicted disorder of complexes of various num-
bers of components (Figure 1). Green — yeast predicted, yel-
low — E. coli predicted, purple — E. coli observed. For E. coli,
we also recorded the complex average and median values for
the different size groups derived from the observed values of
matching PDB structures (with at least 90% sequence iden-
tity between the complex components and the PDB-s and
almost full coverage, i.e. the length difference between the
protein components and the PDB-s was less than 50 amino
acids).

Disorder calculated from segments of more than 30
residues

Regions of disorder of various lengths are conceptually
distinguished in the literature, as the structural state of
short disordered regions is more context-dependent,
whereas that of long disordered regions is more context-
independent. Whereas both kinds of regions are of clear
functional significance, they may be involved in different
kinds of functions [25,27-29]. Although not supported by
comprehensive experimental evidence or theoretical con-
siderations, the two classes are usually distinguished by a
threshold length of about 30 amino acids, as also mani-
fested in creating the predictor PONDR VSL2, which is
composed of two separate predictors for short- and long
disordered regions, based on this threshold value [28].
Because the assembly of large complexes is expected to
depend more on such continuous sequences of disorder
than on the average disorder of proteins, it is reasonable
to ask if the presence of such regions correlates with the
sizes of complexes. To this end, we determined the disor-
der of the complexes by taking into account only those
stretches of amino acids that were predicted as disordered
for at least 30 amino acids in an uninterrupted fashion.
We got results similar to the previously described calcula-
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tions (Figure 3) but the relative differences among the dif-
ferent groups are even more pronounced. For example,
the median value more than triples upon going from the
smallest (3.7% for complexes of 2-4 proteins) to the larg-
est complexes (12.0% for complexes of 11-100 proteins)
in the case of yeast.

A

100+

—®— %(singular)

90 (

%(size 2 - 4)
80 . %(size 5 - 10)
70 —— %(size 11 - 100)
60|
50|
40 \
30 \
20

e \_ -

0 T ol

0 10 20
% disorder

% occurrence

70+

65
60 —#— %(singular)
55 %(size 2 - 4)
50] %(size 5 - 10)
—&— %(size 11 - 100)
8 45 -
§ 40
§ 35
8 30
2 25 \
& 20] f,_n
15 "
10 PN \-
54 ./ _\./,.k.\-ﬁﬁ‘ -
0 T T T = — J
0 10 20 30 40 50 60
% disorder
Figure 3

Distributions of complex-averaged disorder of long
disordered regions for complexes of different sizes.
The distributions are grouped by the sizes of complexes and
singular proteins for which no evidence of complex-forming
has been found. Magenta - singular proteins, cyan - com-
plexes size 2-4, orange - complexes size 5-10, blue - com-
plexes size 11-100. The average disorder for each complex
has been calculated by predicting the individual protein com-
ponents, and averaging them for each complex individually by
considering only residues which fall into segments longer
than 30 consecutive disordered residues. Complex averages
were calculated and their % distributions are presented here.
Medians are indicated in parentheses. A) E. coli complexes
(significantly different distributions, p-value<0.001). B) Yeast
complexes (significantly different distributions, p-
value<0.001).
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Distribution of the disorder of the protein components in
the different complex size groups

To see if the differences in the disorder of complexes of
various sizes also show as differences in the disorder of the
underlying proteins, we determined the distribution of
the relative disorder of the proteins themselves in the dif-
ferent categories, using again the relative percentage disor-
der values predicted by IUPred. The results in Figure 4 (for
both E. coli and yeast) show that while the distributions
are similar, a chi-square test still can distinguish between
most of them, especially if the proteins are taken into
account as many times as they appear in the complexes of
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Figure 4

Distribution of the relative disorder of the proteins in
complexes of various sizes. Individual proteins were
taken from the complexes, their levels of disorder were pre-
dicted by the IUPred server, and are shown grouped accord-
ing to the size of the complexes they were found in. Median
values are indicated in parentheses. Magenta - singular pro-
teins, cyan - complexes size 2-4, orange - complexes size 5-
10, blue - complexes size 11-100. A) E. coli complexes (sig-
nificantly different distributions, p-value<0.001, with the
exception of difference between complexes of 2-4 and 5-10
proteins). B) Yeast complexes (significantly different distribu-
tions, p-value<0.001).
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the targeted size range (as the same protein can appear
several times in different complexes). Only the singular
yeast proteins and those in small (size 2-4) complexes are
not significantly different (p-value = 0.15), every other
pair shows a statistically significant value (p-value = 0.02),
in a sense that larger complexes use a greater proportion
of more disordered proteins than smaller complexes.
However, as shown in Figure 4, in all categories the most
frequently occurring proteins were those with small (less
than 10%) relative disorder.

Distribution of the observed disorder of E. coli complexes
derived from the PDB homologues of the protein
components

The results presented thus far rely on disorder prediction
by IUPred, which, at a false positive rate of 5% predicts
disordered residues at a true positive rate of 76% [24]. To
support these findings by actual data on disorder, we also
compared the experimentally observed disorder of pro-
teins in complexes of various sizes. To this end, we
selected E. coli proteins in complexes that appear in PDB,
using Blastp (yeast homologues were not numerous
enough for a thorough statistical analysis). We used only
those protein matches in PDB that had at least 90%
sequence identity with a complex component. We consid-
ered almost full matches only where the lengths of the
query proteins and that of the best match in PDB did not
differ by more than 50 amino acids.

We used both single-chain and multi-chain PDB matches.
Although in the latter set there might be significant disor-
der-to-order transition known to occur when a protein
binds to its partner(s), still there is a linear relationship
between the observed disorder (calculated as the average
disorder of the PDB homologues of the complex compo-
nents for each complex and the predicted one (additional
file 2), which shows the relevance of disorder thus
extracted from PDB.

The distributions of the observed disorder for the different
size groups in E. coli are shown in Fig. 5. Although there is
a smaller difference between smaller complexes (size 2-4)
and singular proteins (with p-value = 0.033, according to
a chi-square test) than derived from the predicted values,
the smaller (size 2-4), the medium-sized (5-10) and
larger (more than 10 components) complexes differ from
one another significantly (with p-value < 0.0001). It
should be stressed, that since we have taken from the PDB
also proteins that are complexed, their observed disorder
represents a lower limit of their actual level of disorder.
This lends strong credit to our conclusions.

Comparing complexes and hub proteins
The greater disorder of hub proteins (defined as such if
they interact with more than 10 proteins in pair-wise
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Distribution of the experimentally observed average
disorder of proteins in complexes of various sizes.
Averages of disorder were determined for those E. coli com-
plexes, in which at least one component had an at least 90%
sequence identity with a PDB chain whose length differed at
most by 50 amino acids. Magenta — singular proteins, cyan —
complexes size 2—4, orange — complexes size 5-10, blue —
complexes size | |-100. The average disorder of the com-
plexes was calculated by averaging the observed disorder of
the matching PDB-s only.
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The maximum complex size each E. coli protein
occurs in, as a function of its "hubness". Only those E.
coli proteins are presented here that appear in both pairwise
interactions and complexes in the IntAct database (852 pro-
teins altogether). For each protein the size of the largest
complex it appears in is presented as the function of the
number of interacting partners in pairwise interactions. Data
are presented on a log-log scale. The fitted curve represents
a linear relationship but a negligible one, apparent from the
very small value of R, 0.02.

interactions) observed by several groups independently
[8-11]) raises the question of a relationship between hubs
and complexes. The question is justified as there is a pos-
itive correlation between hub proteins and those that
appear in a large number of complexes (additional file 3).

On the other hand, there was no significant relationship
between the size of the complex a protein appears in and
its "hubness" (i.e. the number of its partners in pair-wise
experiments) for either E. coli or yeast (shown only for E.
coli, Fig. 6). This shows that the larger complexes-greater
disorder relationship and the more pair-wise interactions-
greater disorder [8-11] are most certainly two distinct phe-
nomena, not directly related to each other.

Discussion

It is traditionally held that a major advantage of protein
disorder is that it facilitates protein-protein interactions,
which may explain the increased level of disorder in hub
proteins [8-11], and in some large protein complexes [15-
17]. Since a large body of data on the identity of com-
plexes of various sizes in E. coli and yeast has been gener-
ated in recent high-throughput TAP-tag/MS studies [20-
22], we have been able to test if, as expected, larger com-
plexes have more average disorder than smaller ones.

Our findings validate the expected correlation. For both E.
coli and yeast, there is a statistically significant increase in
average predicted disorder with the number of compo-
nents of complexes. This increase is even more pro-
nounced if only long (more than 30 consecutive residues)
disordered regions are taken into consideration, which
suggest that these regions are particularly relevant in pro-
tein-protein interactions, and in particular in the assem-
bly of large complexes. The major source of the observed
correlation is that larger complexes are assembled from
proteins that tend to be more disordered, underlined by
the observation that proteins unique to large complexes in
yeast show the highest level of disorder. The observed cor-
relation is also corroborated by experimentally observed
disorder of individual proteins, selected from the PDB,
even though traditional structure-solution and deposition
in PDB is biased against long disordered regions [30].

The observed correlation points to important functional
implications of protein disorder in the organisation and
evolution of the interactome, and it also raises interesting
experimental ideas and provide important functional
insight. These points will be discussed next. First, our
report relies mostly on the prediction of disorder, and
requires further corroboration by experimental data.
Undoubtedly, as the interactome research advances and
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more complexes are identified, these studies may be fur-
ther refined. Also, because PDB is highly biased against
disorder, alternative data sources providing data on the
disorder of individual proteins will give a boost to these
ideas. Such data are deposited into the DisProt database
[31], which is expected to grow rapidly as protein disorder
is gaining general recognition. Second, the observed cor-
relation between disorder and complex size provides a
mechanistic insight into the roles disorder plays in the
assembly of complexes. One possibility is that disordered
regions are involved in the binding process directly, as
suggested already by the fact that local disorder serves rec-
ognition functions in the form of molecular recognition
features (MoRFs [32]) or short linear motifs (SLMs [29]).
Alternatively, disorder might provide flexible linkers of
well-folded interaction domains, which might enable
their productive interactions. These alternatives might be
experimentally tested as the structures of more and more
large complexes are solved. By the same token, as longer
disordered segments appear to correlate better with com-
plex size, this feature might also be experimentally tested.

The third ramification of our observations is in the evolu-
tion of protein complexes. If we consider the formation of
large complexes in evolutionary terms, they must have
come about by the addition of new components to
smaller pre-existing complexes. The predicted increase in
disorder with complex size is only compatible with this
model if we assume that the newer proteins attached to
complexes are more disordered, thus increasing the aver-
age disorder as observed. Whereas this inference will also
become testable as actual structures of large complexes
become available, it is already in agreement with the
observed advance of protein disorder with evolution, i.e.
the increase of observed disorder with evolutionary com-
plexity of organisms, which suggests that newer proteins
tend to be more disordered [17,25,26].

A further key point to address is the relationship of
increasing disorder with complex size and an increased
level of disorder in hub proteins [8-11]. Hubs in general
organize the interactome, and "party” hubs [33] are
involved in binding several partners at the same time, i.e.
scaffolding (large) complexes. Our analysis, however,
shows that the number of interacting partners is in no cor-
relation with the number of components of complexes
the protein is in, which suggests that increasing disorder
with complex size is independent of the presence of hubs,
and is probably a genuine property of the entire complex.
This finding is in line with several previous observations.
First, a significant fraction of hubs termed "date" hubs
[33] are involved in binding multiple partners on distinct
occasions, i.e. they increase the level of disorder of small
complexes, but not that of large ones. The other point is
that the level of disorder in hub(s) is not much larger than
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that in non-hubs ([8-10], and cf. a counterexample, [12]),
and the presence of one such organizing protein does not
necessarily increase the average level of the disorder of a
complex. A final point is that it was suggested that often
hubs are not disordered, but instead interact with disor-
dered partners [34]. Incorporation of such a hub in a com-
plex would decrease average disorder, and thus an
increased level of disorder of the complex would rather
reflect the disorder of interacting partners. In all, it
appears our observation on complexes is a novel manifes-
tation of the role of disorder in protein-protein interac-
tions.

In conclusion, our studies provide evidence for the inti-
mate link between protein disorder and the assembly of
complexes. Larger complexes appear to have more average
disorder and more of long segments of disorder, which are
in perfect agreement with prior suggestions that a major
evolutionary and functional asset of protein disorder is its
involvement in protein-protein interactions [6,13].
Whereas our observations provide evidence for these pre-
vious suggestions, they also raise new and testable
hypotheses, which will lead to novel experiments in
future studies on protein disorder and protein-protein
interactions.

Methods

E. coli and yeast datasets

We analyzed several datasets in the IntAct database [35]
containing data about protein complexes in E. coli and S.
cerevisiae, generated by TAP-tag/MS analysis. However,
data obtained by yeast two-hybrid analysis have not been
considered because complex size cannot be adequately
inferred from pair-wise interaction studies. For E. coli we
focused on three data sets, each containing experimental
TAP-tag data on a large scale [22,36,37]. For yeast, we ana-
lyzed only one data set [21] present in IntAct, as this was
the only data set that contained a reasonable number of
large complexes determined from a single proteome-wide
experiment. Unless otherwise noted, we refer to this
experiment when we talk about yeast complexes through-
out the paper.

Prediction of disorder

We used the IUPred server [23] to predict the disorder of
the E. coli and yeast proteins in the study. We determined
the percentage disorder for each protein in the complexes
by counting the number of disordered amino acids as pre-
dicted by IUPred, divided it by the length of the protein in
question and multiplied the result with 100. We deter-
mined the average percentage disorder for each complex
by averaging the percentage disorder of the component
proteins of the complexes. These primary data can be
found in additional files 4, 5 and 6. For all these and the
following steps we used in-house Perl scripts.
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Percentage distribution of percentage disorder

After determining the average percentage disorder for each
complex we grouped them into different categories
according to their size (i.e. the number of component pro-
teins). For each category we determined the distribution
of their disorder by counting the number of complexes in
each disorder range (usually in increments of 5% of disor-
der) and normalizing each distribution curve in a way that
the total number of values for each curve would add up to
100.

Chi-square tests

To determine if the distributions of two different size
ranges in a graph are significantly different we used the
chi-square test as follows:

n 2
2 (O —Ei)
x :Z 1E i
i=1 i
where O, and E; are the observed and expected frequen-
cies, respectively, for a series of data.

PDB homologs of the complex components

We used Blastp [38] to compare the sequences of the E.
coli and yeast proteins to those in PDB [39]. We took into
account only those proteins in PDB that matched one of
the protein components of the complexes or any of the
non-complexed proteins in question with at least 90%
sequence identity. If several proteins satisfied these crite-
ria, only the best match was taken into consideration. We
considered almost full matches only, where the lengths of
the query proteins and that of the best match in PDB did
not differ by more than 50 amino acids. This resulted in
insufficient number of proteins for yeast, and thus we
only carried out the subsequent analysis in the case of E.
coli proteins. We assigned the disorder of each matching
protein in the PDB by adding up the number of amino
acids in the header of each PDB entry whose structure the
authors could not determine, marked as "missing resi-
dues". However, we did not consider undetermined side
chains as disordered.

Selecting single proteins in yeast and E. coli

The list of single proteins in yeast was kindly provided by
AC Gavin, defined as such as those proteins that were
found not to be complexed with any other in the TAP-tag
experiments by [21]. They found 241 such proteins. For E.
coli we selected those proteins in SwissProt that did not
have any evidence to be part of a complex according to
either the IntAct database or Swissprot. We identified
1922 such proteins of the 4933 E. coli proteins present in
SwissProt.
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Additional material

Additional File 1

Distribution of the actual numbers of complex-averaged disorder for dif-
ferent size categories A) for E. coli and B) yeast. The distributions are the
same as in Fig 1A and 1B but instead of normalizing the data to 100%,
the actual numbers are presented for each category. Color codes: Magenta
— singular proteins, cyan — complexes size 2—4, orange — complexes size
5-10, blue — complexes size 11-100, red: unique to complexes of size 11—
100.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1472-
6807-7-65-S1.pdf]

Additional File 2

The average component %IU determined with [UPred versus the average
component disorder (Yunstr) observed in matching PDB chains for E.
coli complexes. Only those components are taken into account that have a
matching PDB chain when calculating the average %IU or the average
Younstructuredness. Only those complexes are presented here that had at
least 11 components matching a PDB chain (regardless of how many com-
ponents that complex had altogether).

Click here for file
|http://www.biomedcentral.com/content/supplementary/1472-
6807-7-65-S2.pdf]

Additional File 3

The number of complexes vs. the number of interacting partners for E. coli
proteins. The number of different complexes versus the number of inter-
acting partners in pairwise interactions (i.e. the "hubness") for each E.
coli protein it participates in. The high value of R2, 0.60, indicates a
strong correlation between the two variables.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1472-
6807-7-65-3.pdf]

Additional File 4

Average predicted disorder for each E. coli complex.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1472-
6807-7-65-S4 xls|

Additional File 5

Calculated and observed disorder for each E. coli protein present in a
complex and also in PDB.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1472-
6807-7-65-S5 xls]

Additional File 6

Average predicted disorder for each yeast complex.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1472-
6807-7-65-S6.xls]
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