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Highlights 

• Disordered regions can act as sensors of the cell environment.  
• Intramolecular fuzzy complexes in Src family kinases couple disordered and SH3 

domains 
• Nearly 50% of disordered regions bound to SH3 domains in Uniprot database are tails 
• Linkers and tails connected to SH3 domains are enriched in SH3 binding motifs 
• A widespread role of SH3 domains coupling disordered and folded domains is 

suggested  

 

Abstract 

Intrinsically disordered proteins represent about one third of eukaryotic proteins. An additional 
third correspond to proteins containing folded domains as well as large intrinsically disordered 
regions (IDR). While IDRs may represent functionally autonomous domains, in some instances 
it has become clear that they provide a new layer of regulation for the activity displayed by the 
folded domains. The sensitivity of the conformational ensembles defining the properties of IDR 
to small changes in the cellular environment and the capacity to modulate this response through 
post-translational modifications makes IDR ideal sensors enabling continuous, integrative 
responses to complex cellular inputs. Folded domains (FD), on the other hand, are ideal 
effectors, e.g. by catalyzing enzymatic reactions or participating in binary on/off switches. In this 
perspective review we discuss the possible role of intramolecular fuzzy complexes to integrate 
the very different dynamic scales of IDR and FD, inspired on the recent observations of such 
dynamic complexes in Src family kinases, and we explore the possible general role of the SH3 
domains connecting IDRs and FD.  

 



1. Introduction 
 
More than 70% of eukaryotic proteins are formed by multiple structurally defined domains [1]. 
Intrinsically disordered regions (IDR), another defining characteristic of eukaryotic proteomes, 
do not adopt a single structure (or a narrow range of related conformations) but exist as 
dynamic conformational ensembles. Some of the IDR may fold upon binding to other proteins 
but some remain highly flexible even in their bound state. Proteins in which the disordered 
region extends to most of the molecule are referred to as Intrinsically Disordered Proteins 
(IDPs) [2-5].  
IDPs and IDRs are much more abundant in eukaryotes than in prokaryotes or archaea, 
consistent with their prominent role in high-level regulation [6-7]. The special properties of IDR 
include i) the capacity to interact with multiple binding partners while still being able to be highly 
specific, ii) the variable exposure of multiple interactors (e.g. short linear motifs) modulated by 
conformational fluctuations, iii) the sensitivity of the populations of individual conformations from 
large ensembles to environmental changes, and iv) the capacity to modulate the conformational 
ensembles by post-translational modifications or alternative splicing. Entropy plays a key role in 
the properties of IDRs [8]. Intuitively, binding by highly flexible IDRs is expected to involve a 
potentially large entropic penalty if a rigid complex is formed. Surprisingly, comparisons of 
thermodynamic data of binary protein complexes involving IDPs or ordered proteins found that 
ΔGº of IDP complexes were only 2.5 kcal mol-1 less stable than those involving folded proteins 
[9]. The entropic loss can be alleviated by forming multiple weak contacts, which may not be 
acting simultaneously but rapidly exchanging. Thus the bound form, operatively defined as the 
two interacting partners remaining at a short distance and with a preferred relative orientation, 
may be characterized as an ensemble, the members of which engage in alternative local 
contacts. An illustrative example is the binding of Sic1 and Cdc4 in which the fraction of bound 
form increases sharply when the number of randomly phosphorylated serine and threonine 
residues exceeds a threshold, showing that the individual specific interactions are 
exchangeable [10]. Electrostatic interactions play an important role: being long range they can 
act globally affecting the size, shape and amplitude of the fluctuations of the conformational 
ensemble, as well as driving together the interacting partners. An example of an electrostatically 
driven picomolar interaction between two IDPs that remain disordered in the bound state has 
been reported recently [11].  
Tompa and Fuxreiter [12] introduced the concept of fuzzy complexes that maintain structural 
ambiguity upon protein-protein interactions. The FuzDB database contains experimentally 
observed fuzzy interactions with functional implications [13]. 
The large conformational fluctuations of IDRs contrast with the detailed structural requirements 
of functions typically associated with folded domains, such as enzymatic catalysis requiring a 
detailed positioning of the intervening atoms in the active center, or the precise shape 
complementarity in rigid-body molecular recognition. Of course, dynamics is also present in 
folded domains but the time scale or the relative populations of the exchanging states are 
orders of magnitude different from those of IDRs.  
The regulatory roles of IDRs exploit their unique capacity to respond and integrate complex 
cellular inputs and to provide rheostat-like responses. However, the communication between 
the disordered sensors and the folded actuators must bridge the gap between two highly 
different structural and dynamic regimes.  
An example of a fuzzy intramolecular complex between the disordered N-terminal region of 
human c-Src and its neighbor SH3 domain was recently described [14]. The focus of this review 
is on the interactions between folded and disordered regions that are part of the same protein, 
with a special look on the possible relevance of SH3 domains in the transduction of information 
between disordered and globular domains. 
 
 
2. Disorder in Multidomain Proteins. 
 
Disordered regions are distributed unequally around (and inside) the folded domains and in the 
protein termini [15]. Disordered flexible linkers (DFL) can be predicted from protein sequences 
using DFL predict [16]. The analysis of the whole human proteome reveals that about 10% of 
proteins have more than 30% of their residues as part of DFLs. By comparing the distribution of 
DFLs inside and between domains, it was concluded that a large number of those highly flexible 



regions (with an average length of 25 residues) link structural elements within globular 
domains. Intradomain DFLs form a subclass of loop regions displaying the characteristics of 
IDRs. The functional connection between ordered regions and disordered loops belonging to 
the same domain is widely accepted, but the active role of disordered linkers between folded 
domains is less appreciated [17]. The relevance of disordered tails, extending from folded 
domains toward the protein termini has been highlighted in a review [18]. The abundance and 
variety of disordered tails clearly point to a variety of functional roles. The functional repertoire 
of intrinsically disordered protein tails in Uversky’s review [18] is dominated by interaction-based 
functions. An important class is formed by disordered cis-acting inhibitory sequence elements 
forming an inhibitory module located in the same polypeptide chain of the functional domain 
[19]. Trudeau et al. [20] showed that autoinhibited proteins are enriched in intrinsic disorder. 
They found in two-thirds of the cases studied that inhibition was modulated by interactions with 
a binding partner, around one-third by phosphorylation and about 10% by proteolysis. 
Comparison of inhibitory modules across members of different families of autoinhibited proteins 
showed a very broad spectrum of disorder. For example, giant protein kinases have inhibitory 
modules that bind and inhibit the kinase domain by adopting a helical conformation but can be 
sequestered by binding to calmodulin or S100, causing kinase activation [21]. The inhibitory 
modules were found to range from nearly ordered to 80% disordered, suggesting that the level 
of residual structure in the inhibitory module may represent an evolutionary tool to fine-tune the 
balance between active and inactive states. 
In many of the examples mentioned in the article by Trudeau et al., activation is associated to 
structural changes associated to helix-to-coil transitions “melting” a helical segment that 
interacted and and inhibited a functional domain. In some cases, like Vav1, melting of the 
helical segment is fast and followed by phosphorylation, which is the activating event, although 
the rate of phosphorylation depends on the population of the state with a melted autoinhibitory 
helix [22].  
Regulatory mechanisms at the individual protein level may be broadly described as “switches”, 
basically providing an on/off response, or “rheostats” giving a gradual response to external 
stimuli.  The autoinhibition model is still based on the binary switch concept, even if the 
population of the “on” and “off” states can be changed in a continuous way. 
 
3. Coping with the effective volume differences between interacting IDRs and 
folded domains.  
 
An obvious major difference between folded and unfolded domains is the volume that can be, 
transiently or permanently, occupied by the peptide chain. The N-terminal disordered region of 
human c-Src has an experimentally determined radius of gyration of around 3 nm, which 
roughly corresponds to a sphere of 113 nm3. It forms a fuzzy complex with the SH3 domain, 
which has a volume of circa 6.5 nm3, meaning that the multiple interacting sites are located in 
about 5% of the volume sampled by the non-interacting disordered region (Figure 1). Thus, the 
size of the conformational ensemble sampled by the disordered regions is expected to be 
important in the energetics of intramolecular fuzzy complexes. 
 

 



 
Figure 1. The effective volume of folded and disordered domain. Dots represent two dimensional 
projections of the positions of α carbons in a random coil ensemble of the disordered N-terminal region of 
human c-Src bound to the natural SH3 domain, represented in black.  (Figure one-column wide) 
 
 
 The hydrodynamic radius of chemically denatured proteins scales with the number of residues 
following a power law [23] 
 

𝑅! = 𝑅! 𝑁! 
 
with 𝑅! = 2.2 𝐴 and ν = 0.57. For IDPs, in the absence of urea or guanidinium chloride, Marsh 
and Forman-Kay [24] found a similar power low with ν = 0.509 and the value of 𝑅!  depending 
on the fraction of proline residues 𝑓!"#and the net charge 𝑄 , according to  
 

𝑅! = 1.24 𝑓!"# + 0.904 0.00759 𝑄 + 0.963 2.49 
 
If the fraction of proline and charge are set to zero, 𝑅! = 2.16. 
Proline residues are abundant in IDPs. Their singular conformational properties result from the 
Cδ atom of the aliphatic side chain being linked to the backbone nitrogen, introducing steric bulk 
and restricting the range of allowed φ dihedral angle values [25]. The polyproline II (PPII) 
conformation found in the collagen helix PPII, is abundant in disordered proteins. Although non-
proline residues can also adopt PPII conformations, proline-rich segments show a higher 
propensity for this extended conformation. The PPII propensities measured by the Hilser group 
[26] correlate with the Rh following a power law, in which the exponent depends on the average 
PPII propensity along the chain 
 

𝑅! = 2.16 𝑁!.!"#!!.!!!" (!!!!!"") 
 
The correlation between 𝑅! and 𝑓!!"" was experimentally demonstrated in a set of 22 IDPs [27].  
In addition to its role in modulating the overall size of IDR ensembles, PPII conformations are 
recognized by SH3 domains, and canonical motifs recognized by SH3 domains adopt a PPII 
conformation in their bound form [25]. 
 
Other sequence related parameter affecting the conformational ensemble of IDPs are the 
frequency and sequence distribution of oppositely charged residues, described by the fraction of 
charged residues (FCR) = (f+ + f-) and the net charge per residue (NCPR) = | f+ - f- |, where f+ 
and f- denote the fraction of positively and negatively charged residues [28]. The overall charge 
asymmetry is defined as 𝜎 =  𝑁𝐶𝑃𝑅!/𝐹𝐶𝑅.  
 
Electrostatic repulsion in strongly charged polyelectrolytes leads to swollen coils. In contrast, 
proteins with low NCPR tend to form collapsed quasi-spherical globules, even when the 
sequence is depleted of hydrophobic residues, as in the case of IDPs. The polymeric nature of 
protein chains is important and the properties of individual isolated residues or in short peptides 
may not reflect the properties observed in IDPs [29]. 
The conformational properties of an IDP are determined by the balance between chain-chain, 
chain-solvent and solvent-solvent interactions integrated over an effective length (“blobs”) in 
which the net interaction energy exceeds kT. Typically the length of the blobs is between 5 and 
7 residues.  
In diluted solutions, the global balance in a good solvent favors the repulsion between blobs 
favoring an expanded coil, while in a poor solvent; blobs tend to collapse into spherical 
globules. The transition is sharp for long polymers. The exponent of the power law linking Rh or 
related magnitudes with the number of residues is a measure of the goodness of the solvent, 
i.e. the balance between solvent-chain and chain-chain interactions. 
Rh of peptide chains formed by polyglycine [30] or polyglutamine [31] chains scale with ν = 0.33 
suggesting that water is actually acting as a poor solvent for the peptide backbone and polar, 
non charged side chains, favoring collapsed globules. 
At high peptide concentrations, intermolecular interactions can compete with the intramolecular 
collapsed state, giving rise to aggregation [32] or liquid phase separation [33,34]. 
 



4. The effect of tethered folded domains in disordered regions 
 
Mittal et al. [35] have compared computational simulations of the conformational ensembles of 
IDRs as autonomous units, with those of the same IDRs tethered as C-terminal tails to folded 
domains, or as linkers connecting two folded domains. The folded domains were a SH3 domain 
from the tyrosine kinase adaptor protein NCK1 and the WW domain from peptidyl-prolyl cis-
trans isomerase NIMA-interacting 1 (PIN1). The choice of the folded domain was determined by 
their small size and their distinct charge distribution: the WW domain is uniformly basic over its 
entire surface while half of the surface of the SH3 domain is negatively charged, while the other 
half is neutral/mildly basic.  
The IDR were selected from the regions R1, R2 and R3 of the Das-Pappu diagram of states 
(Figure 2), where the majority of linkers and tails in the SwissPfam database are located. They 
are characterized by low values |NCPR| ≤ 0.35 and differ by the total fraction of charged 
residues.  
 

 
 
Figure 2. Das-Pappu diagram of states. A large majority of linkers and tails are located in R1, R2 and R3 
regions. The localization of the disordered regions (SH4 + Unique domains) of SFKs are indicated.  
(Figure one-column wide) 
 
 
IDR in the R1 region (FCR < 0.25) form collapsed globules and are little affected by the tethered 
domains. IDRs in the R2 region (0.25 < FCR < 0.35) or R3 region (FCR > 0.35) that were not 
forming collapsed globules showed the largest context sensitivity.  
The simulations of Mittal et al. of the effect of tethered folded domains explicitly avoided natural 
functional interactions between the folded and disordered units that probably exist in natural 
proteins, thus providing a null model of the sequence determinants in the disordered domains 
that affect their context dependency.  
 
 
5. A regulatory intramolecular fuzzy complex between the disordered and SH3 
domains of c-Src. 
 
The N-terminal regions of Src family kinases (SFK) are intrinsically disordered and are directly 
bound to SH3 domains. The functional relevance of this disordered tail is suggested by the 
presence of multiple phosphorylation sites [36] and alternatively spliced forms in some of the 
members of the family [37]. Comparison of the regions preceding the SH3 domain in various 
SFKs shows a striking diversity, that lead to name this region as the “Unique domain”. This is in 
contrast with the high conservation of the folded domains, specially the SH2 and kinase 
domains.  
 



Mutation of a small number of residues in the Unique domain of c-Src results in a 50% decrease 
in the invasive capacity of c-Src-dependent colorectal cancer cells [14]. Preliminary data [38] 
show remarkable changes in the whole cell phosphoproteome patterns, suggesting that the 
intrinsically disordered region is actually affecting c-Src specificity rather than its activation. 
In contrast to the case of the Giant Protein Kinases mentioned in section 2, the level of disorder 
is similarly high across the SFKs, suggesting that the functional modulation induced by the 
intrinsically disordered regions is not linked to induced folding by the Unique domains upon 
binding either to other regions of the same protein or external activators. 
The sequences of the disordered regions of SFK fall in the R1 and R2 regions of the Das-Pappu 
diagram (Figure 2). Analysis of the small angle X-ray scattering of the disordered region of 
human c-Src bound to its native neighbor SH3 domain show the distribution of radius of 
gyrations in an ensemble of conformations reproducing the observed scattering had two 
maxima, the first one corresponding to the maximum observed in the isolated disordered region 
and a second one indicating a more compact, yet still highly disordered ensemble [14]. NMR 
data confirmed that the region remained disordered in the presence of the SH3 domain 
although consistent transient contacts between the Unique and SH3 domains were observed 
using paramagnetic relaxation enhancement. Interestingly, the SH3 regions in contact with the 
disordered domains correspond to the flexible loops suggesting that the SH3 domain share 
characteristics of folded domains and disordered regions. 
Paramagnetic relaxation enhancements within the disordered regions were analyzed as ΔPRE, 
to emphasize departures from a random coil model [39]. The ΔPRE pattern confirms transient 
contacts within the Unique domain that are retained in the isolated and SH3 bound forms. 
These results are consistent with a fuzzy complex between the Unique and SH3 domain. The 
N-terminal SH4 region, which acts also as a lipid-binding region anchoring c-Src to lipid 
membranes, actively participates in the stabilization of the fuzzy complex. The fuzzy complex 
involving the SH4, Unique and SH3 domains, which we refer to as Src N-terminal Regulatory 
Element (SNRE) is retained in the membrane anchored form of the myristoylated protein [40].  
 
 
6. Conserved interactions between disordered and SH3 domains in SFKs. 
 
 
The analysis of the fuzzy complex formed by the SH4, Unique and SH3 domains of c-Src 
provides hints on the relevance of connecting ordered and disordered domains, as well as some 
indication of a possible general role of the SH3 domain as a specialized interface between the 
folded and the highly dynamic regions.  
The SFK contain two subfamilies, of which c-Src and Lyn are representative examples. Similarly 
to Src, the Unique domain of Lyn also forms an intramolecular fuzzy complex with the SH3 
domain [41]. Lyn exists in two alternatively spliced isoforms differing exclusively in a short 
region of the Unique domain. Interestingly, the alternatively spliced region is directly interacting 
with the RT loop of the SH3 domain. The region of the Unique domain that is common to the 
two isoforms preferentially interacts with the nSrc loop. Thus, the two isoforms present natural 
alternative fuzzy complexes, highlighting the regulatory role of the intramolecular fuzzy 
complexes in SFKs. 
 
Limited sequence variability under evolutionary pressure at a particular site is an indicator of the 
functional importance of this site. When two sites interact, sequence variations can be 
correlated. This can be understood considering that mutations in the first site that could impair 
the interaction may be rescued by a compensating mutation in the second site. Thus, while the 
two individual single mutants at each site may have a low probability to be selected, the double 
mutant is energetically “well fit”, and preserved by evolution. Coevolving residues may be part of 
the same protein or involve the interface between complexes. The interaction may be a direct 
structural contact or other functionally relevant event, including folding. Analysis of coevolution 
extracted from the alignment of natural sequences has been successfully used to predict 3D 
structures or to identify residues across protein interfaces [42-44]. A high-throughput analysis of 
coevolution outperformed experimental methods to detect protein-protein interactions such as 
yeast two hybrids or affinity purification mass spectrometry [45]. 

The analysis of interactions with disordered regions using coevolution methods is more 
problematic as disordered protein regions present a higher variability than folded structures [46]. 



In addition, fuzzy interactions most often involve multiple conformations that may weaken the 
coevolution signal. However, coevolution analysis of large sequence sets can identify multiple 
conformations and, therefore, is not restricted to rigid contacts [47].  

Coevolutionary analysis critically depends on a) the reliability of the sequence alignments and, 
b) the amount of sequence information available, determined by the number of aligned 
sequences with respect to the average length of the sequence(s) analyzed. Toth-Petroczy et al. 
[48] reported an optimized method for the alignment of disordered sequences. Their coevolution 
analysis of the disordered human proteome suggests that 42% of the regions may adopt 
secondary structures under some condition and that 50% may have 3D contacts. The 
abundance of evolutionary contacts in disordered regions reinforces the view of their functional 
importance and tight evolutionary selection. On the other hand, it challenges the naïf binary 
divide of the protein world into ordered and disordered proteins in favor of a continuous view of 
the dynamics of protein regions and their interactions. Evolutionary couplings detect functional 
interactions and may provide clues on the mechanisms by which sequence information encodes 
higher order information and the way this information is converted into function.  

In a recent study, Pancsa et al. [49] analyzed intermolecular co-evolutionary couplings involving 
a folded domain in one of the partners and an intrinsically disordered region in the other. The 
evolutionary couplings detected frequently involved multiple contacts in long regions with high 
propensity to adopt transient α-helical structures, while short linear motifs (SLiMs), that are 
known to mediate many interactions in IDPs were not detected, probably because they are 
diluted by the large variability of neighbor sequences.   

A coevolution analysis identified intramolecular interactions between disordered regions and 
SH3 domains in SFKs [14]. In this case the conserved SH3 domain facilitated the alignment of 
the disordered regions. Also, the variety of homologues and orthologues among SFKs of 
different species sharing the same architecture provided enough sequence information to 
perform the analysis (Figure 3). The observed intramolecular evolutionary couplings matched 
experimentally detected interactions, although no induced folding could be observed. This 
example stresses the fact that evolutionary couplings reflect functional interactions that are 
evolutionary preserved, even if they do not have a rigid structure correlate, as in the case of 
fuzzy complexes.  
 

 



Figure 3. Coevolution of the disordered and SH3 regions of SFK. Conserved aromatic residues within the 
intrinsically disordered Unique domain bracket a proline rich region. (Figure two columns wide) 

 
In addition to coevolution signals between the disordered and SH3 domains, additional 
couplings are observed within the Unique domain. The most intense correspond to a region 
defined by a conserved pattern of aromatic residues separated by 19-23 residues, including 3-5 
prolines, observed in seven of the SFK family members (Figure 3). 
IDP sequences are typically depleted of hydrophobic residues, including aromatic residues. 
However, aromatic residues are unusually abundant in the Unique domain of SFKs and may 
have functional significance in the context of the intramolecular fuzzy complexes. Experimental 
validation of the role of phenylalanine residues in the Unique domain of Src was obtained by 
NMR using point mutants in which the individual phenylalanines were changed to alanine [14].   
Prolines represent close to 20% of the residues separating the pair of conserved aromatic 
residues. This enrichment is significant even for an IDR. The average abundance of prolines in 
IDPs is around 7% and for globular proteins around 4%. Thus, the observed pattern can be 
defined by the length of the inter-aromatic segment and its proline-rich character.  
Two other SFK members show a similar pattern formed by a pair of aromatic residues 
separated by a proline-rich sequence, but the separation between the aromatic residues is 
larger (Lck:25 residues) or smaller (Hck:14 residues).  
As a reference, the abundance of proline residues outside the conserved pattern in the 
disordered N-terminal regions (including the SH4 and Unique domains) of nine SFKs is 8,4%, 
close to the average value for an IDP.  Thus, the enrichment of proline residues in the region of 
the Unique domain flanked by conserved aromatic residues is likely to be functionally relevant 
for the formation of a fuzzy complex with SH3 domains. Fuzzy complexes result from 
multivalency and alternative, nearly isoenergetic contacts. The presence of multiple proline-rich 
short elements in close proximity may stabilize the fuzzy complex in SFK. Indeed, the splice 
variant of Lyn lacking one of the conserved aromatic groups and two prolines does not interact 
with the RT loop of the SH3 domain, although the interaction with the n-Src loop is retained 
[38]. Thus, sequence variations introduced by alternative splicing generate alternative fuzzy 
complexes, although we are still far from understanding the sequence rules. 
 

7. SH3, linkers and tails. 
  
SH3 is an abundant and versatile protein-binding domain [50]. The consensus binding 
sequence is proline rich and the two canonical binding motifs: RxxPxxP (class I) and PxxPxR 
(class II) bind in opposite directions. A recent unbiased analysis of peptides selected by phage 
display for binding to 115 SH3 domains identified 154 specificity profiles, about half of which are 
non-canonical, i.e. do not correspond to the PxxP canonical sequence [51]. Many, although not 
all, of the selected sequences contain proline and charged residues and are compatible with 
IDR forming sequences. 
The relevance of intramolecular interactions involving SH3 domains can be estimated by 
analyzing the disordered regions located between domains or between the domains and the 
termini. 1104 non-redundant, reviewed containing at least one domain of the Pfam SH3 families 
were found in Uniprot. 2464 tails and interdomain regions were identified, of which 1505 are 
directly adjacent to a SH3 domain while 959 are not directly attached to SH3 domains.  
The average IUPred score [52] of the segments is 0.477 ± 0.173 and 0.572 ± 0.183 for the 
linkers attached or not to SH3 domains, respectively.  Thus the two sets of linkers show similar 
degrees of disorder. 
  



 
 
 
Figure 4. Linker and tail regions in SH3-containing proteins in Uniprot. (A) Relative frequency of the eight 
classes of SH3 binding motifs observed in the unbiased analysis of Teyra et al [51]. Linkers and tails 
(longer that 25-residues) were separated between those directly connected to a SH3 domain or other 
domains. The number of occurrences of each motif, normalized by the total number of residues in the set, 
was divided by the frequency observed in the Disprot database. Linkers and tails that are directly 
connected to SH3 domains show a significantly higher frequency of SH3 binding motifs than the linkers or 
tails co-occurring with SH3 domains but flanking other domains, which show around the same frequency 
as the Disprot database. Error bars were estimated from repeated searches of the same motifs in 
randomly generated sequences to account for the different motif lengths. (B) SH3 binding motifs.  
  
The motifs defined by Teyra et al. are enriched in the linkers connected to SH3 domains as 
compared to sequences in the Disprot data base [53]. In contrast, SH3 binding motifs are not 
significantly enriched in linkers connected to other domains, even if the protein contains a SH3 
domain.  
Interestingly enrichments were observed for canonical and non-canonical motifs, supporting the 
generality of the non-canonical motifs identified by Teyra et al. These authors identified 
additional non-canonical motifs that were classified as class IX (“atypical”) indicating that the 
range of sequences recognized by SH3 domains is wider that usually assumed. The diversity of 
motifs included in class IX prevents an analysis of their abundance in SH3 bound linkers, but 
suggests that the abundance of SH3 binding motifs mediating intramolecular complexes is even 
higher than the one estimated in figure 4. On the other hand, they found that one third (38 of 
115) of the SH3 domains they studied showed multiple binding motifs, indicative of a 
remarkable promiscuity. 
  
The enrichment in SH3 binding motifs in linkers connected with SH3 domains suggests a 
widespread role of intramolecular interactions between disordered domains and SH3 domains, 
generalizing the observation of a intramolecular fuzzy complex between the disordered regions 
and the SH3 domains of Src Family Kinases. 
 



Close to one half (46,4%) of the segments attached to SH3 domains include the protein termini 
(correspond to disordered tails). In 10% of these tails there are clusters of SH3-binding motifs 
(defined as containing at least two motifs of classes I,II, VI and VII, separated by less than 30 
residues. An illustrative example is the SH3 domain containing protein 19 (Uniprot Q5HYK7) 
[54], that has 4 SH3 domains and its N-terminal tail contains 13 SH3 binding motifs (3 class I; 4 
class VII; 6 class VIII). Another example is the Melanoma inhibitory protein 2 (Uniprot Q96PC5) 
[55] that has a single SH3 domain at its N-terminus and a very long tail terminated with 8 SH3 
binding motifs (2 class I, 3 class II and 3 class VIII) in the last 109 residues. The intermediate 
long region includes coiled coil regions and an additional class I SH3 binding motif. 
  
The FuzDB [13] contains several entries of intermolecular interactions involving fuzzy 
complexes with a SH3 domain. One example is the binding of non-structural protein 5A (Uniprot 
Q9YKI6) to a variety of SH3 domains of Src family kinases (Fyn, Lyn, Lck, HcK) and adaptor 
proteins Grb2 and Bin1. The interaction is mediated by canonical and non-canonical motifs. A 
second example is the binding of c-Myc to Bin1 SH3 domain through at least two sites forming a 
dynamic complex and shifting the population of the conformational ensemble samples by Myc.  
A third example, connecting intra- and intermolecular interactions is that of the linker between 
the first and second SH3 domains of the adaptor protein Nck2 (Uniprot: O43639) that weakly 
interacts with the latter domain through a non-canonical basic motifs interacting with the 
negatively charged SH3 domain.  At high concentrations Nck phase separates. This is an 
interesting example of the electrostatic-driven interactions between folded and disordered 
domains leading to formation of liquid phases [56]. 
 
Although SH3 domains have been extensively used as archetypal models of folded domains, a 
large portion of their sequence is formed by loops. When comparing the conservation of 
residues between nine SFKs (Src, Yes, Fyn, Fgr, Lck, Lyn, Hck, Blk, and Frk) aligned using 
Muscle [57], 56% of the positions in the kinase domain are strictly conserved in at least eight of 
the sequences, but only 36% of those in the SH3 domain. As expected, conservation is lower in 
the RT and n-Src loops of the SH3 domain, which are also the most perturbed regions by the 
presence of the disordered domains in Src and Lyn. 
This suggests the intriguing hypothesis that SH3 domains, known for their affinity to polyproline 
regions, may be regarded, more broadly, as receptors for intrinsically disordered regions, 
playing the role of interfaces between the intrinsically disordered sensors and the globular 
actuators.  
Figure 5 suggests a putative role in the soft signaling control of SFKs by the disordered regions, 
connected through the SH3 domain to the other globular domains. The SH3 domain is known to 
participate also in the switch between the open and closed states of Src and the linker between 
the SH2 and kinase domain adopts a polyproline conformation contributing to the stabilization of 
the Src closed state. The abundance of binding motifs in linkers connected to SH3 domains 
suggests that the IDR-SH3 interactions may represent a widespread mechanism for 
intramolecular regulation by IDR. The presence of multiple motifs in many of the linkers 
examined would be compatible with the abundance of intramolecular fuzzy complexes 
nucleated by SH3 domains also outside the SFKs.  
 



  
 

Figure 5. SFKs have at least two levels of regulation: a soft control exerted through the N-
terminal disordered region and the classical hard control exemplified by the on-off switching 
mediated by the interaction of a phosphorylated tyrosine in the C-tail with the SH2 domain. We 
suggest that the SH3 domain plays a key role in the two modes, by contributing to the stability 
of the closed, inactive form of the globular domains, and by transducing the signals received by 
the Unique and SH4 domains to the kinase domain. The abundance of SH3 binding motifs 
(canonical and non-canonical) in the SH3 bound linkers of other proteins supports the general 
role of SH3 as an adaptor domain between disordered and folded domains. (Figure 1.5 column 
wide)  

8. Concluding remarks: Signaling and information channels 

 
The evolution of pTyr signaling has been interpreted as the emergence of a new cellular 
communication technology, some 600 million years ago, just prior to the emergence of 
multicellular animals. Wendell Lim and colleagues [58] have argued on a model in which 
components of the elements responsible for the writing (tyrosine kinases), erasing (tyrosine 
phosphatases) and reading (SH2 domains) of the signals had slowly evolved independently 
until the three components became interlinked. The highly efficient communication channel 
unleashed a quantum jump in the evolution of complexity, which the authors compare to the 
effects of linking laser and fiber optic technologies in human communication networks. In their 
insightful essay the authors ask whether the pTyr communication channel system is saturated 
or there is still available encoding potential for further evolution (natural or synthetic). 
In our view a fourth module, not surprisingly often found together with the kinase and SH2 
domains, is formed by the intrinsically disordered regions coupled to SH3 domains. This 
complementary module implements a large bandwidth channel, enabling the incorporation of 
complex cellular environmental clues and their conversion into proper signaling responses, thus 
expanding and fully exploiting the phosphotyrosine signal encoding potential.  
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