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Abstract

Intrinsically disordered proteins (IDPs) and intrinsically disordered regions
(IDRs) of proteins often function by molecular recognition, in which they
undergo induced folding. Based on prior generalizations, the idea prevails in
the IDP field that due to the entropic penalty of induced folding, the major
functional advantage associated with this binding mode is “uncoupling” speci-
ficity from binding strength. Nevertheless, both weaker binding and high spec-
ificity of IDPs/IDRs rest on limited experimental observations, making these
assumptions more speculations than evidence-supported facts. The issue is also
complicated by the rather vague concept of specificity that lacks an exact mea-
sure, such as the K, for binding strength. We addressed these issues by creating
and analyzing a comprehensive dataset of well-characterized ID/globular pro-
tein complexes, for which both the atomic structure of the complex and free
energy (AG, Ky) of interaction is known. Through this analysis, we provide evi-
dence that the affinity distributions of IDP/globular and globular/globular
complexes show different trends, whereas specificity does not connote to
weaker binding strength of IDPs/IDRs. Furthermore, protein disorder extends
the spectrum in the direction of very weak interactions, which may have
important regulatory consequences and suggest that, in a biological sense,
strict correlation of specificity and binding strength are uncoupled by struc-
tural disorder.

KEYWORDS

binding strength, conservation, disordered protein complexes, IDPs, specificity, structural
disorder

INTRODUCTION

binding; GO, Gene Ontology; ID, intrinsically disordered; IDP,

intrinsically disordered protein; IDR, intrinsically disordered region; IF,
interface; Ky, dissociation constant; SLiM, short linear motif; MoRE,
molecular recognition elements; PDB, protein data bank; SemSim,

semantic similarity.

Intrinsically disordered proteins (IDPs) and intrinsically
disordered regions of proteins (IDRs) abound in the pro-
teome of higher organisms and have important functions
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mostly related to signaling and regulation.'”® IDPs/IDRs
lack a stable 3D fold, and they often function by molecu-
lar recognition, when they can undergo folding induced
upon binding to the partner protein.*> A few of the best-
studied examples are binding of eIF4G to eIF4E,° p53 to
MDM2,” E-cadherin to p-catenin,®’ p27 to the complex
of Cyclin A/Cdk 2,'° CREB to CBP KIX domain,"" and
inhibitor-2 to PP1.'>'? Structural analysis of these and
other examples has ascertained that the binding mode of
IDPs/IDRs differs from that of globular proteins.'* IDPs
do not have flat interfaces, rather, they fit in an extended
conformation into the hydrophobic binding cleft of their
partners, either via a short recognition motif'> or via a
longer disordered domain.' In both binding modes, the
interface region is a larger part of the protein, and is bet-
ter packed, in the case of IDPs.'”'®

There are many possible functional advantages of bind-
ing accompanied by induced folding (disorder-to-order tran-
sition), such as a kinetic advantage termed fly casting,'**
regulation by posttranslational modification,”® and struc-
tural adaptability to different partners.”* The advantage
most often cited, however, is that induced folding entails a
large entropic penalty, which makes the interaction of
IDPs/IDRs weaker than that of globular proteins with an
interface of similar size, thus “uncoupling” specificity from
binding strength.>*?® This feature might be especially
advantageous in regulatory settings, when interactions need
to quickly form and break up, which would be difficult with
a very strong interaction with low kg.

The key problem with this view is that structural adap-
tation enabled by the underlying greater degree of plastic-
ity may also be conducive of nonspecific interactions.*
Actually, intrinsic structural disorder is also often claimed
to result in promiscuous binding,””** which may have
dire consequences on the cell, such as dosage sensitivity™°
and cancer,’’ but may also confer advantages, such as the
evasion of cellular surveillance monitoring protein mis-
folding® or providing raw material for evolutionary
innovation.>*>> Furthermore, although this is a funda-
mental concept of the IDP field, it relies mostly on pre-
concepts and misinterpreted data, rather than solid experi-
mental facts. For example, binding of IDPs is not conspic-
uously weak, Ky values in the pM range are mostly
reported for short disordered motifs,'>*"** whereas longer,
domain-sized disordered binding regions, such as that of
E-cadherin, prothymosin-a, p27, and 12, often bind with
nM-pM affinities.>'®'**” In addition, considering solely
the entropic penalty associated with induced folding is an
oversimplification, because IDPs use a higher proportion
of hydrophobic residues for binding than globular pro-
teins, which entails a favorable entropic component of
water molecules released, and their interfaces are packed

better, which suggests an effective enthalpic compensa-
tion."” Furthermore, their binding-competent conforma-
tion may be preferentially sampled in the free state*® and
they often cause less structural change in the partner'®
than globular proteins,* which all limit the magnitude of
unfavorable entropy associated with structural reorganiza-
tion upon binding.

This issue is also complicated by the severe concep-
tual and practical problems with defining and actually
measuring specificity. It may be agreed a priori that spec-
ificity is the ability of a protein to discriminate between
the cognate (native, functional) partner and all other
competitors, which must derive not only from the
physical-chemical properties of the interacting proteins
(thermodynamics and kinetics), but also from biological
context not amenable in in vitro experiments, such as
posttranslational modifications, cellular expression and
localization, the presence of additional partners and last
but not least, the (patho) physiological readout of the
spectrum of competing interactions.*’ Many of these fac-
tors are not mirrored in the binding strength alone, as
underscored by a very broad distribution of binding free
energies of physiologically relevant (i.e., apparently “spe-
cific”) protein—protein interactions, spanning from mM
to fM affinities.*®>"*

To clarify this key concept in the IDP field, a compre-
hensive collection and analysis of the available informa-
tion is much overdue, as only the comparison of large
datasets can provide enough information on the overall
behavior of the different protein classes. To this end, we
have collected data on all IDP-partner interactions for
which both the structural features and thermodynamic
parameters are available. We compared our data to a ref-
erence set of folded protein complexes similarly
characterized,*® by exploiting quantitative measures asso-
ciated with the elusive feature of interaction specificity:
(i) evolutionary conservation of the interface,
(ii) interface patterning (iPat) specificity, and
(iii) functional similarity of interaction partners. By cor-
relating these values, we show that specificity of interac-
tions does not depend on, or correlate with, their binding
strength—either for disordered or ordered partners, but
disordered proteins extend the spectrum of protein-
protein interactions in the direction of weak interactions.

It is worth noting that due to the nature of our dataset
our analysis is limited to complexes with known 3D
structure and our findings cannot be readily extended to
fuzzy ID complexes, where a fixed structure is absent
even in the complexed state. Our dataset is also devoid of
coiled coils, as these complexes often form stable homo-
dimers/homooligomers, and less frequently sample the
disordered monomeric state.
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2 | RESULTS

2.1 | Binding strength
2.1.1 | Binding strength distributions of
complexes

To address the question whether IDPs truly form weaker
interactions, we compared complexes of disordered proteins
with globular partners (denoted as “disordered” or “ID
complexes”) (Table S1) and complexes of two globular pro-
teins (denoted as “globular complexes”) (Table S2) in terms
of their experimentally defined dissociation constants (Ky)
(Figure S1), from which we then calculated free energies of
binding (AG) (Figure 1) (see Section 4 for details). The
results revealed that disordered and globular complexes
show overlapping but largely different distributions of AG.
In line with the broadly accepted dogma, the mean AG
value of ID complexes is significantly lower than that of the
globular complexes (7.7 and 10.7 kcal/mol, respectively,
p > 0.0001, ttest, Table S3) and ID complexes indeed
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FIGURE 1
and globular (blue) complexes. ID, intrinsically disordered

Distribution of free energy of binding in ID (red)

FIGURE 2
complexes with a broad range of K4 values

Examples of disordered

and interface sizes: (a) cadherin -

B-catenin, (b) inhibitor-2 - PP1, (c) hifl-a -

CBP, (d) p53 - p53-binding protein

1, (e) ERBB receptor feedback inhibitor (d)
1- EGFR, and (f) MAVS - IRF3. ID

parts are named first. PDB codes and Ky4 <

IF: 4538 A2

values and interface (IF) sizes are
indicated under the corresponding
structures. Red: ID chain; blue:

4x34, K,: 600 nM
IF: 637 A2

globular chain. ID, intrinsically
disordered

1i7w, K4: 52 pM

present a biased distribution towards weaker interactions.
Nevertheless, they are also capable of creating strong com-
plexes in the range of AG = 3.50-14.03 kcal/mol
(K4 =2.7mM-52 pM) clearly showing that IDPs do not
invariably engage in weak interactions, as they are often
generally referred to.”*"*® Figure 2 shows the wide variety
of structures and affinities of IDP complexes.

It is also to be noted that globular complexes have a
wider range in interaction strength and exceptionally
tight binding can mostly be achieved by two globular pro-
teins, while extremely weak interactions almost invari-
ably require a disordered partner.

2.1.2 | Interface size distribution of
complexes

In general, interface size correlates with binding strength,
but the distribution of total interface size (Figure 3a) does
not follow strictly that of the AG of the complexes.
Apparently, ID complexes have a wider range of interface
size distribution than globular ones, that is, they can
form complexes with both very small and extraordinarily
large interfaces (cf. Figure 2). On the average, ID com-
plexes have smaller interface sizes (which might simply
follow from an overrepresentation of complexes estab-
lished by short motifs), but interestingly, almost all large
interfaces are represented in ID complexes (reaching
5000 A?, e.g., cadherin - p-catenin, Figure 2a; inhibitor-2 -
PP1, Figure 2b; hifl-a - CBP, Figure 2c). There is only one
instance where the interface of a globular protein complex
exceeds 5000 A2 (PDB code: 20za).

When comparing the disordered and the globular
partners in ID complexes, the interface of the IDP is
larger than that of its globular partner (p-value < 0.0001,

© (

208a, Ky: 2 nM
IF: 4403 A2

1I8c, Ky: 10 nM
IF: 4471 A2

4zjv, Kg: 13 uM
IF: 3302 A2

5jek, K4: 104 uM
IF: 1022 A2
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t-test) (Figure S2). This type of comparison can only be
made for the ID complexes, as in globular complexes the
two parts cannot be distinguished. When the interface
size is defined as the number of constituent amino acids,
we find that IDPs usually need fewer amino acids to cre-
ate a certain interface area than their globular partners
(p-value < 0.0001, t-test), or proteins in globular com-
plexes (p-value < 0.0001, t-test) (Figure 3b). This observa-
tion is related to earlier findings that IDPs use a larger
proportion of their amino acids for interaction.*!

2.1.3 | Interface size and binding strength

For globular proteins, there is a linear relationship
between interface size and binding strength (adding
roughly 0.02 kcal/mol/A?, based on globular trendline in
Figure 4), which suggests that cooperativity between dif-
ferent binding segments within the interface increases

7000
6000 =
= 5000 —
" [ L]
o
4000

3000
2000
1000

Interface area (A2%)

AG (kcal/mol)

FIGURE 4 Relationship between free energy of binding and
the total interface size in disordered (red square) and globular (blue
triangle) complexes. Dashed line in case of disordered complexes
means that it is not a correct trendline but we could not fit better

the binding energy by a favorable entropic contribution
(Figure 4.).

For ID interfaces, increasing interface size adds much
less to binding strength, thus there is a crossover between
the two types of complexes at about 9 kcal/mol (1500 A?).
Below this threshold the same binding free energy can be
realized by a smaller ID interface than a globular one,
but above this value the ID interface must be larger to
achieve the same binding strength. It is also clear that ID
complexes are unable to form interactions above a certain
strength (around 13 kcal/mol).

The same trends are seen when only the hydrophobic
part of interface area is taken into account (Figure S3,
Table S3).

2.1.4 | Interaction types in different protein
complexes

Given the potential predictive power of hydrophobicity
on binding strength and the apparent reliance of IDPs on
hydrophobic interactions,'>*® we analyzed the different
types of interactions between the partners in the case of
strong (K4 <1 pM, AG > ~8.2 kcal/mol) and weak
(Kq > 1 uM) complexes.

The percental occurrence of the two main types of
interactions (hydrophobic interactions and hydrogen
bonds) are significantly different as the proportion of
hydrophobic interactions is significantly higher in ID,
than in globular complexes (p-value = 0.0002, t-test).
Interestingly, there is no significant difference between
strong and weak complexes in either case (Figure 5a).

In both types of complexes, the interface is signifi-
cantly larger for those binding with strong affinity (for ID
strong and weak complexes: 1932 A vs. 1183 A2, respec-
tively; for globular complexes: 1944 A® vs. 1414 AZ,
respectively; p-values < 0.0001, for both cases), but in
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complexes (red: all ID complexes; dark red: strong; rose: weak ID complexes; blue: all globular complexes; dark blue: strong; light blue:
weak globular complexes). (b) Number of interacting amino acids in ID and globular complexes. In the ID complexes, disordered and
ordered partners are counted separately: ID idp part and ID glob part (red: all ID complexes; dark red: strong; rose: weak ID complexes;
blue: all globular complexes; dark blue: strong; light blue: weak globular complexes). Error bars represent mean + SD. ID, intrinsically

disordered; SD, standard deviation

case of globular proteins the number of interactions
remains the same (Figure 5b), meaning that globular pro-
teins achieve stronger binding by increasing only the
interface area but not the number of interactions.

As IDPs are typically characterized by high net
charges and often participate in ionic interactions’ it is
important to assess the role of electrostatic interactions in
IDP binding energetics. To achieve this, we calculated
the number of ionic interactions in each ID complex.
Similarly to the total number of interactions (r = 0.57,
Table S3), the number of ionic interactions showed a pos-
itive correlation with the binding strength (r = 0.42,
Table S3, Figure S4A). Nevertheless, this interaction type
does not appear to be a determining factor for stronger
binding, as the percentage of ionic interactions is not cor-
related with AG (r = 0.18, Table S3, Figure S4B).

2.1.5 | Segmentation of interfaces

Segmentation of the binding interfaces is important, as it
would be plausible that interfaces assembled from more
segments are entropically more unfavorable than inter-
faces assembled from less segments. Our results, in accor-
dance with previous work'’ show that IDPs have fewer
(Figure S5A) and longer (Figure S5B) interacting seg-
ments. This underlines the view that IDPs mostly interact
with a few (mostly one) short linear motifs (SLiM) or
molecular recognition elements (MoRE)** as opposed to
globular proteins, which form interfaces that are, on
average, made up of four to five segments. Nonetheless,
these SLIM/MoRE segments of IDPs are usually longer
than the binding segments of globular proteins
(p values < 0.0001, t-test). More importantly, the correla-
tion between segmentation and binding strength is weak

(r = 0.24, Table S3): the mean binding free energy of
IDPs binding with a single segment is around 7.6 kcal/
mol, while of those binding with multiple segments is
around 9.5 kcal/mol.

2.2 | Specificity
As suggested above, specificity is a contextual property of
protein—-protein interactions that cannot be simply
deduced from their binding strength. Here we suggest
that it can be approached by indirect features that are
each conducive of the possible dominance of the given
interaction over those with competing partners.
Therefore, we suggest and evaluate three novel mea-
sures of specificity: evolutionary conservation, patterning
specificity of the interfaces of complexes, and functional
similarity of interaction partners.

221 |
interface

Evolutionary conservation of the

Conservation of amino acid sequence is a definite marker
for functional importance, as it can be assumed that func-
tionally important (specific) amino acids should have a
higher level of conservation.***” Therefore, determining
the level of evolutionary conservation of the interface
amino acids is a reasonable measure of interaction speci-
ficity (see Section 4 for details).

A special aspect of such comparisons is that disor-
dered proteins and regions tend to evolve faster than
globular proteins,” with the exception of important
interaction sites, where sequence conservation is often
seen in IDPs too.
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ID, intrinsically disordered; SD, standard deviation

Comparison of the interface and surface amino acids
of ID and globular complexes (Figure 6a) reveals that the
interface amino acids are always more conserved than
other surface residues, a clear sign of the importance of
the interaction they mediate, which is a correlate of spec-
ificity. However, these differences are significant only for
the globular partners in ID complexes.

Not surprisingly, interfaces of disordered proteins are
less conserved than interfaces of their globular partners
in approximately 80% of the cases (Figure 6b). Strikingly,
the interfaces of globular proteins that bind an IDP are
even more conserved than those of which have globular
partner (Figure 6a, p-value = 0.0003, t-test). The type of
molecular interaction between the binding partners does
not appear to be a major factor in determining conserva-
tion, as the number of ionic interactions did not show
correlation with conservation (Figure S6, Table S3).

Although stereotypically IDPs tend to form weaker
complexes (Figure 1), no correlation can be observed
between the extent of conservation and binding strength
(Figure 6c, Table S3), meaning that weak-binding com-
plexes can still be conserved and, on the other hand, even
a fast-evolving, variable ID chain is capable of forming
strong interactions.

This is further supported by the fact that there is no
significant difference between the conservation of weak
and strong complexes of the same types of protein chains
(Figure 6d, Table S3).

222 | 1iPat

iPat is a pseudo-potential describing local patterning of
the physico-chemical properties of amino acids. Its appli-
cation for approximating specificity derives from the idea
that the more unique the surface amino-acid pattern of
an interface is, the more specific the given interaction is*
(see Section 4 for details).

For iPat, the higher the value, the more interface-like
and less noninteracting surface-like the local environ-
ment of a residue is.

By comparing the mean iPat scores (<iPat>) for the
interfaces and surfaces of both chains in ID complexes and
in globular complexes (Figure 7a, Figure S7), we found
that interface values are always significantly higher than
surface values (p-values < 0.0001, t-test), validating that
iPat distinguishes between interfaces and the general sur-
face, that is, that it is a reasonable proxy to specificity. This
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is also underscored by the lack of differences between the
noninteracting surface values (Figure 7a). <iPat> values
for ID interfaces score significantly higher than those of
globular proteins, both in ID (p-value = 0.0054, t-test) and
globular (p-value = 0.0003, t-test) complexes (Figure 7a),
which argues that interfaces of the ID partners carry spe-
cific information required for partner recognition. A high
number of ionic interactions is accompanied by a lower
iPat value (Figure S8, Table S3), which is not surprising,
given that the concentration of amino acids with similar
physico-chemical properties could reduce the specific pat-
terning of a region.

Mean iPat values of both the interface (<iPat>iterface)
and surface (<iPat>gyace) Show a higher variance in the
disordered part of ID complexes than in the globular
partner, ranging between [—0.8, 0.4] versus [—0.6, 0.1]
(Figure S7), respectively. This suggests that IDPs are
capable of forming both more specific and less specific
interactions than globular proteins. Furthermore, globu-
lar complexes are of lower patterning specificity, signified
by the higher number of instances with <iPat>gyface
greater than <iPat>jcerface (34.2%) compared to globular
chains in ID complexes (29.8%) or the disordered seg-
ments (29.6%) (Figure S7).

Similarly to surface area, interface <iPat> values also
does not display any correlation with binding strength
(Figure 7b, Table S3). When separating the interactions
again to “weak” and “strong” ones we could quantita-
tively show the lack of significant differences (Figure 7c).
Interactions of both low- and high-specificity were found
among weak-affinity IDPs chains, indicated by inter-
face <iPat>.

We were also unable to detect any remarkable corre-
lations between conservation and specificity of iPat (cor-
relation coefficient r ~ 0.1-0.3, Table S3), confirming
that conservation and the iPat specificity (measured by
iPat) are two orthogonal measures (Figure S9).

2.2.3 | Functional specificity

If pairs of proteins are associated with similar cellular
functions, their interaction can be considered to exhibit
higher specificity than those involved in different biologi-
cal pathways. If the latter case is observed, it suggests
either a less specific interaction or a case of pathway
crosstalk. In practice, functional similarity is commonly
defined as semantic similarity®® > between sets of Gene
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Ontology (GO) terms from the Biological Process
(BP) aspect associated with the interacting partners (see
Section 4 for details).

Analysis of the functional specificity of the interac-
tions revealed that functional specificity is decoupled
from the affinity of ID complexes (r < 0.01) and only very
weakly correlated (r = 0.29, Table S3) in case of protein
complexes of globular proteins (Figure 8a). Furthermore,
functional specificity of ID complexes is independent of
the total and hydrophobic interface area (r = 0.03,
Table S3), and is only moderately dependent in the case
of globular proteins (r = 0.47, Table S3), indicating that
larger interfaces mediate only marginally more specific
interactions (Figure 8b). It is also independent of the
ionic interactions, as functional similarity shows no cor-
relation with the number of ionic interactions
(Figure S10, Table S3).

The ratio of hydrophobic area of globular protein
complexes was found to be weakly anticorrelated
(r = —0.32, Table S3) with functional similarity, that is,
interfaces dominated by hydrophobic patches are associ-
ated with lower specificity (Figure S11) — a correlation
commonly referenced in the literature.*

3 | DISCUSSION

The molecular function of IDPs/IDRs usually results
from a combination of disorder (entropic chains) and
folding induced upon binding to partner molecule(s)."”
The large decrease in backbone entropy that accom-
panies induced folding gave rise to the prevailing but
controversial concept of the IDP field that structural dis-
order uncouples specificity from binding strength, mean-
ing that IDPs bind weak (or, rather, weaker than their
globular counterparts), yet their binding is specific. An
often cited but somewhat misinterpreted work that fueled

this concept is a classic study on the thermodynamics
and specificity of protein-DNA recognition,>* in which it
was found that the unfavorable (positive) entropy change
upon folding coupled to binding is essential to specific
DNA recognition. It is mostly missed, however, that the
paper claims that specificity actually results from an
increased complementarity and enthalpic compensation
at the protein—-DNA interface, that is, from a stronger
binding enabled by flexibility. Instead, it persists in the
IDP literature as evidence that “structural disorder
uncouples specificity from binding strength”. Neither ele-
ment of IDP binding supporting this concept (weak bind-
ing and specificity) relies on solid foundation, though.
Apparently, IDPs do not, in general, bind their partners
weakly, one can find very tight, nM—pM, binders among
them.®'%? Even less solid is the claim on specificity of
their binding. Specificity can have several distinct con-
ceptual and practical approximations, and it can be
argued which one to take into consideration.

To take a closer look and attempt to clarify this issue,
we collected data on IDP/IDR interactions for which both
the high-resolution structure and thermodynamics of
interaction have been characterized. We also invented
three measures of specificity (information, conservation,
HTS confidence), which can be studied at the level of the
isolated protein, but have a strong contextual component.

As a main finding, we present unequivocal proof that
IDPs do not invariably engage in weak interactions, as their
complexes show a distribution of binding strengths similar
to those of globular complexes. Nevertheless, the extremely
weak complexes almost always rely on an IDP, while excep-
tionally tight binding appears to be only achievable by glob-
ular proteins. We also found that binding strength and
interface size are not strictly related, as large interfaces can
also belong to relatively weak complexes.

An interesting observation is that in the low binding
strength regime, folded and disordered proteins cross
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over, that is, the same binding free energy can be
achieved by a smaller IDP interface. It may have several
reasons, such as a limited induced folding of pre-formed
short binding motifs,”® better packing of interfaces of
IDPs'” that may contain more backbone H-bonds'® and
also that the entropic penalty is reduced by IDPs induc-
ing less folding of their partner.'®*° In contrast, for com-
plexes with free energies above 8 kcal/mol, the ID
interface must be larger than the interface of a globular
complex with similar affinity. Apparently, unfavorable
entropy that incurs folding upon binding makes the
interaction weaker than expected from the size of the
interface. This negative effect is so strong that to go from
4 to 12 kcal/mol in free energy, the interface in an IDP
complex must realize a five-fold increase, and within the
range 10-12 kcal/mol, ID interfaces are two times larger
than globular proteins of similar interaction strength.

Probably as a result of the increase of this entropic
penalty, the linearity of free energy with interface size
above 10 kcal/mol and 2000 A% does not apply for ID
complexes; there is an upward curvature that may indi-
cate a saturation effect at around 13 kcal/mol.

While IDPs and globular proteins apparently rely on
similar types of molecular interactions to form com-
plexes, the number of contacts show different behavior
between the two groups. Strong ID complexes have sig-
nificantly more interresidue interactions (and also more
interacting amino acids in both partners) than weak ID
complexes (p-value < 0.0001, t-test), but interestingly
there is no such difference in the globular ones, they
seem to have other strategies, such as interface comple-
mentarity, to increase their binding strength. We also
identified a few ID complexes with very high relative
number of intermolecular interactions, many of which
exhibited more than five interresidue interactions per
interface amino acid. This implies very tight shape com-
plementarity due to the uniquely adaptable nature of
IDPs. One of these extremes is the cysteine-rich PDZ-
binding protein, that interacts with Disks large homolog
4 with around 8 kcal/mol of free energy”> using five inter-
face residues that coordinate a total of 51 non-covalent
bonds across the interface (Figure S12; PDB code: 5heb).

As the notion that IDPs always form weak interac-
tions cannot be considered generally true, we can con-
sider the same to be applicable for the specificity of
interactions. Even though specificity in itself is difficult
to define with a simple measure, all three of our
specificity-related features show that specificity of weak
and strong intercations does not differ even for the com-
plexes of globular proteins. By any of the three measures
applied for describing specificity, we found that ID com-
plexes are not consistently weaker, they tend to combine
the same specificity with the same binding strength,
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which probably relies on a different balance of entropic
and enthalpic components.

An important observation regarding the conservation
of the interface residues is that although surface residues
outside the interface are generally considered
“noninteracting,” their high conservation (0.7-0.75)
might indicate their importance in defining specificity
and increasing binding strength. If we consider the con-
servation of globular interactors, the interfaces of globu-
lar proteins binding IDPs are significantly more
conserved than those of structured proteins (Figure 6a, p-
value = 0.0003, t-test). This observation suggests that, in
general, ID complexes are at least as specific as globular
complexes, and it is the globular partner that is mostly
responsible for conservation, while the ID partner is
more variable. This can be explained with the adaptabil-
ity of IDPs, which allows them to recognize a given part-
ner even if their own amino acid sequence has changed
over time.

An important limitation of this study is that our con-
clusions cannot be extended to complexes with extreme
fuziness, as these are not present in the structural data-
bases. Improvements in the field of accurately determin-
ing structural ensembles will probably make such
analyses possible in the future.

In conclusion, instead of confirming the general per-
ception in the field that structural disorder uncouples
binding strength from specificity, we shift the focus to
the ability of disordered proteins to engage in a wide vari-
ety of interactions, including weak but specific ones. This
nature of IDPs extends the spectrum of protein—protein
interactions towards weak relations probably uniquely
amenable for regulation. In fact, we can say that the exis-
tence of weak interactions is due to disordered proteins,
which could be one of the major functional relevances of
this protein class.

4 | METHODS

4.1 | Construction of the datasets

We obtained complexes of IDPs from Disordered Binding
Site (DIBS) Database (http://dibs.enzim.ttk.mta.hu)®
which contains protein complexes formed between disor-
dered and globular proteins. We used only complexes
where the disordered nature was directly proven by
experimental evidence for the protein (classified as “Con-
firmed”) or a very close homolog (classified as “Inferred
from homology”). We selected complexes with PDB
structures for which there was information on binding
strength (experimentally defined dissociation constant
(Kq)). Only complexes with one ordered and one
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disordered chain were taken into consideration. Our
selection process resulted in 259 complexes (Table S1)
out of the total 773 available in the DIBS database. Het-
erodimeric coiled coils were not included the dataset for
IDP complexes.

As a reference database, we used a collection of
144 globular complexes with known Ky values® and
selected the ones that contain exactly two protein compo-
nents, which resulted in a dataset of 98 instances
(Table S2).

4.2 | Calculation of AG

AG (change in Gibbs free energy) was calculated from
the experimentally measured dissociation constant:
AG =—-R x T x In Ky where R is the gas
constant = 1.987 cal/(mol K), whereas temperature (T)
was arbitrarily set at 25°C (298.15). For easier compari-
son, AG was defined in kcal/mol because of the reference
database used in this unit.

4.3 | Calculation of surface and
interface size

Interface size was defined as the change in accessible sur-
face area (DASA) of the protein chains upon complex for-
mation. We used the StrucTools web server (link: http://
helixweb.nih.gov/structbio/basic.html, now it is only
available within the NIH network: https://hpc.nih.gov/
helixweb.html). This server uses Gerstein's accessible sur-
face calculator®” for calculating the contact areas based
on the selected chains of the PDB structures of the
complexes.

An amino acid was considered as part of the interface
if change in its accessible surface area (difference
between sum of the accessible surface area of amino acids
in the complex and that of the separate chains) was more
than 1 A%. We calculated the interface areas belonging to
each chain in the complex separately, but in this article
we usually talk about total interface defined as the sum
of the two binding surfaces of the chains. Half-interface
means the interface area belongs to single chains in the
complexes.

Hydrophobic interface refers to the interface area of
the hydrophobic amino acids.

4.4 | Classification of amino acids

We classified the amino acids in four groups based on
their physico-chemical properties:

« Hydrophobic: ALA, LEU, MET, PHE, PRO, TYR, TRP,
ILE, VAL.

« Polar: ASN, CYS, GLN, SER, THR, GLY.

« Positive: ARG, LYS, HIS.

« Negative: ASP, GLU.

4.5 | Interaction types

The number of different interaction types between the
two partners in the complexes was calculated from the
relevant chains of the PDB structures using Protein Inter-
action Calculator (PIC) web server: http://pic.mbu.iisc.
ernet.in/job.htm1® for this purpose. For NMR structures
only the first model was considered. This method calcu-
lates the following intermolecular interaction types:
hydrophobic interactions, hydrogen bonds, ionic, and
others (disulfide bridges, aromatic-aromatic, aromatic-
sulfur, and cation-pi interactions) based on the proper
distance of the appropriate amino acids.

4.6 | Weak and strong complexes

We classified a complex as strong if its dissociation con-
stant was less than 1 pM, and weak if K4 was greater
(or equal) than 1 pM (separated by AG = 8.2 kcal/mol).

4.7 | Segmentation

Part of an interface belongs to the same segment if the
distance between the consisting amino acids in the pro-
tein chain is no more than five amino acids.

4.8 | Conservation

For measuring evolutionary conservation, the first step
was to find orthologs for the proteins of interest (for both
globular and disordered proteins) from the OMA ortho-
log database (https://omabrowser.org/oma/home/).”* In
order to study the conservation of the proteins with the
collected orthologs being comparable, the analysis was
restricted to proteins from animal species. Only 1:1 ortho-
logs (it means that the protein has only one ortholog in
the other species and the orthologous entries have only
one ortholog in this species) from the animal kingdom
were taken into consideration (histone proteins were
eliminated at this point, they had many:1 orthologs,
resulting in a less redundant dataset). At least five otho-
logs were required for each protein originating from the
same species for the two partners of a complex. After
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these selection criteria, we ended up with 115 disordered
and 34 globular complexes, on average with 30 ortholo-
gous protein pairs, with a minimum of seven and eight
orthologs, respectively. The second step was to make
multiple sequence alignments using MAFFT (Multiple
Alignment using Fast Fourier Transform)®® and calculate
conservation scores for each position in the alignment
with the algorithm developed by Capra and Singh®' using
their =~ webserver (http://compbio.cs.princeton.edu/
conservation/score.html). By mapping the conservation
scores to the chains of protein structures, average conser-
vation was calculated for both interfaces and surfaces of
the protein partners.

In case of disordered complexes, average interface
and surface conservation was obtained for 115 complexes
(for the IDP chains there are conservation values only for
89 surfaces as for 26 cases there were no non-interface
surface amino acids in the PDB structures) and
115 ordered chains. In case of globular complexes, results
were obtained for 68 protein chains (34 complexes).

4.9 | iPat specificity

Surface accessible amino acid residues were scored for both
chains of protein complexes based on the physico-chemical
properties of surrounding residues using the iPat measure.*’
The iPat score measures the average propensity of residue
types on the protein surface, grouped into hydrophobic,
polar, negatively, and positively charged categories, to be
located within a 12 A radial distance around a central resi-
due with a given property. This score represents the bias
towards surface patch compositions typical to recognition
sites of globular protein interfaces.

410 | Functional specificity
characterized by semantic similarity

Semantic similarity was calculated on the “Biological pro-
cess” GO annotations of both gene products participating
in the formation of the protein complex using the
GOSemSim v2.18.0°*° R package (R-project.org). As a
similarity metric, the graph-based Wang method®® was
applied to compare pairs of GO terms. The semantic simi-
larity scores for pairs of GO terms available for the part-
ners were combined by using the average of maximum
similarity on each row or column (“rcmax”) of the simi-
larity matrix. Only those protein complexes were
included in this analysis that are formed between two
human proteins, as this organism was by far the most
abundant in both datasets. For this reason, we only used
GO annotations of human genes loaded into R using the

“org.Hs.eg.db” package version 3.14.°* Only high-quality
GO annotations were considered, and annotations having
the following evidence codes were not taken into
account: “IEA,” “IC,” “ND,” “NAS,” “IGC,” “ISM,”
“ISA,” “ISO,” “ISS,” “IRD,” “IKR,” “IBD,” “IBA,” “HEP,”
“IEP,” “HGIL,” “IGL,” “IMP,” “HMP,” “EXP,” “HTP.” A
detailed guide to these evidence codes can be found at
http://geneontology.org/docs/guide-go-evidence-codes.
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