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Cell surface receptors function to 
transduce signals across the cell 

membrane leading to a variety of bio-
logic responses. Structurally, these inte-
gral proteins can be classified into two 
main families, depending on whether 
extracellular ligand-binding and intra-
cellular signaling domains are located 
on the same protein chain (single-chain 
receptors, SRs) or on separate subunits 
(multichain receptors, MRs). Since 
most MRs are immune receptors, they 
are all commonly referred to as multi-
chain immune recognition receptors 
(MIRRs). Recent studies reveal that, 
in contrast to well-structured signaling 
domains of SRs, those of MIRRs repre-
sent intrinsically disordered regions, the 
regions that lack a well-defined three-
dimensional structure under physiologi-
cal conditions. Why did nature separate 
recognition and signaling functions of 
MIRRs? Why for MIRRs did nature 
select to provide highly specific signal-
ing through the chaos of protein disor-
der? What mechanisms could control 
this chaos in the process of transmem-
brane signal transduction to provide the 
specificity and diversity of the immune 
response? Here, I summarize recent 
findings that may not only shed light on 
these and other questions but also add 
significantly to our understanding of 
receptor signaling, a fundamental pro-
cess that plays a critical role in health 
and disease.

Introduction

Cells communicate with each other 
and with their environment through an 
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array of diverse signal-generating sur-
face receptors that respond specifically 
to individual stimuli. Molecular under-
standing how these various receptors sig-
nal the cell to respond in different ways is 
of both fundamental and clinical impor-
tance. Recent findings show that while 
ligand binding outside the cell is medi-
ated through well-structured protein 
domains, intracellular signaling domains 
of many receptors represent intrinsically 
disordered regions (IDRs), the regions 
that lack a well-defined three-dimen-
sional structure under physiological con-
ditions.1-5 Intriguingly, protein intrinsic 
disorder is a characteristic feature of the 
cytoplasmic signaling domains of those 
receptors, in which recognition and sig-
naling are mediated by separate protein 
chains.1,4,5 Our studies of these signal-
ing-related IDRs reveal several unusual 
and previously unreported biophysical 
phenomena1,4,6-9 that not only facilitate 
a rethinking process of the fundamental 
paradigms in protein biophysics but also 
open new perspectives on the molecular 
mechanisms of receptor signaling with 
multiple applications in biology and 
medicine.

Together, these observations raise sev-
eral important questions that had been 
barely addressed. Why for a variety of 
receptors did nature separate recognition 
and signaling functions, thereby compli-
cating the process of transmembrane sig-
naling? Why for receptors with separated 
recognition and signaling functions did 
nature select to provide highly specific 
signaling through the chaos of protein 
disorder? What mechanisms could con-
trol this chaos to provide the specificity 
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and obligatory event in the signaling 
cascade.

Why did Nature Separate  
Recognition and Signaling  

Functions of MIRRs?

Some of the resulting advantages that come 
with this separation are the following:

(1) In contrast to SRs that mostly 
provide only a single ON/OFF signal, 
MIRRs often need to induce different 
downstream sequences and as a result, 
different functional outcomes to generate 
the diversity of the immune response.10-12 
Separation of recognition and signaling 
functions of MIRRs makes possible the 

(single-chain receptors, SRs) or separate 
(multichain receptors, MRs) protein 
chains (Fig. 1).10,11 Most multichain acti-
vating receptors are immune receptors. 
For this reason, they are all commonly 
referred to as multichain immune rec-
ognition receptors (MIRRs).10-12 MIRRs 
signal through receptor-associated sub-
units that contain in their cytoplas-
mic domains one or more copies of the 
immunoreceptor tyrosine-based activa-
tion motif (ITAM) regions13 or the YxxM 
motif, found in the DNAX adapter pro-
tein of 10 kD (DAP-10) cytoplasmic 
domain.14 Upon receptor triggering, 
tyrosine residues of the ITAM/YxxM 
regions are phosphorylated in an early 

and diversity of the immune response? 
Here, I suggest how our new multidisci-
plinary knowledge about the structure, 
properties and function of cell surface 
receptors, developed over the past 10 or 
so years, may shed light on these and 
other questions.

Single- and Multichain Cell  
Surface Receptors

Functionally diverse and unrelated cell 
surface receptors can be structurally clas-
sified into two main families, depending 
on whether extracellular ligand-bind-
ing and intracellular signaling (effec-
tor) domains are located on the same 

Figure 1. Intrinsic order and disorder of the cytoplasmic signaling (effector) domains of single-and multichain cell receptors. Images were created 
using PyMol (www.pymol.org) from Protein Data Bank entries 1NQL and 3GOP for the EGFR extracellular domain, juxtamembrane and kinase domains, 
respectively (shown as an exemplary structure of a single-chain receptor) and entry 1UCT for the FcαRI extracellular domain (shown as an exemplary 
structure of a multichain receptor recognition subunit). For illustrative purposes, the cytoplasmic domain of a multichain receptor-associated signal-
ing subunit is shown as a monomer and using arbitrary idealized structural elements to represent the ensemble of unfolded conformations of an IDR. 
The immunoreceptor tyrosine-based activation motif (ITAM) is depicted in green. Abbreviations: BCR, B cell receptor; DAP-12, DNAX adapter protein 
of 12 kD; FcαRI, type I Fc receptor for IgA; FcγRI, type I Fc receptor for IgG; FcεRI, type I Fc receptor for IgE; FcγRIIIA, type IIIA Fc receptor for IgG; GPVI, 
glycoprotein VI; IDR, intrinsically disordered region; MAIR-II, myeloid-associated Ig-like receptor; MDL-1, myeloid DAP12-associating lectin 1; Mincle, a 
C-type lectin receptor expressed in activated phagocytes; NK-R, natural killer cell receptor; RTK, receptor tyrosine kinase; TCR, T cell receptor; TGFβ-R, 
transforming growth factor-beta receptor; TNF-R, tumor necrosis factor receptor; TREM, triggering receptor expressed on myeloid cells.
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a variety of cell types. Upon binding to 
ligand, tyrosine residues of the ITAM/
YxxM regions of MIRR signaling sub-
units are phosphorylated initiating a 
complex cascade of signaling events that 
results in multiple cell responses. Despite 
apparent similarities, the common acti-
vation motif, ITAM, provides diverse 
activation signals in the context of dif-
ferent signaling subunits of one recep-
tor (e.g., TCR signals through ζ, CD3ε, 
CD3δ and CD3γ) or one subunit of dif-
ferent receptors (e.g., glycoprotein VI 
and several Fc receptors signal through 
FcRγ; similarly, 4 different triggering 
receptors expressed on myeloid cells, 
TREMs, generate the activation signal 
through DAP-12). Upon ITAM phos-
phorylation, the cytoplasmic domains of 
MIRR signaling subunits interact with 
multiple different binding partners such 
as adapters and kinases to induce differ-
ent downstream cascades and, as a result, 
different functional outcomes.39 In this 
context, protein intrinsic disorder both 
enables and enhances the features most 
important for MIRR-mediated signal-
ing: high-specificity low-affinity interac-
tions, the multiple binding of one protein 
to many partners and the multiple bind-
ing of many proteins to one partner.40-41

Unusual Biophysics  
of Multichain Receptor-Related 

Protein Disorder

Our recent studies1,4,7-9 reveal several 
intriguing biophysical phenomena6 that 
are characteristic of the MIRR-related 
IDPs and include those that are unprec-
edented. Among these are the following:

(1) Specific homodimerization of IDP 
molecules that is distinct from non-spe-
cific aggregation behavior seen in many 
systems.

(2) Fast and slow homodimerization 
equilibrium, depending on the protein.

(3) No disorder-to-order transition 
upon interaction with a well-folded part-
ner protein or another IDP molecule.

(4) Lack of significant chemical shift 
and peak intensity changes in the nuclear 
magnetic resonance (NMR) heteronu-
clear single quantum coherence (HSQC) 
spectra upon protein-protein complex 
formation. Note: these spectra provide a 

the host cell without triggering the self-
defense response.

On the other hand, intrareceptor 
transmembrane interactions represent 
a promising target for therapy of auto-
immune and other MIRR-mediated 
diseases where there is a need to mod-
ulate receptor signaling.26,31-33 Viruses 
represent millions of years of evolution 
and the efficiency and optimization that 
come along with it. Thus, we can take 
advantage of this billion-year develop-
ment process and transfer it to therapeu-
tic strategies.26,32,33 Experimental data of 
both in vitro and in vivo studies31,34-38 
strongly support the novel therapeutic 
approach.

Cell Receptors Signal  
through Protein Disorder  

or Order, Depending on Whether  
Recognition and Signaling  

Functions are Separated or Not

Cell surface receptors recognize their 
cognate ligands outside the cell and trans-
late this information into an intracellu-
lar activation signal. For both receptor 
families, SRs and MIRRs, recognition 
of ligands is mediated by well-structured 
ligand-binding domains (Fig. 1) provid-
ing the molecular basis of recognition 
specificity and sensitivity. Surprisingly, a 
striking difference between the two fam-
ilies is observed in structural patterns of 
intracellular signal-generating regions. 
Recently, using a variety of biophysi-
cal techniques1,4,9 and prediction algo-
rithms,3,5 we found that while signaling 
by SRs is mediated through intracellular 
well-defined protein structures (Fig. 1), 
the cytoplasmic domains of MIRR sig-
naling subunits, including those of ζ, 
CD3ε, CD3δ and CD3γ chains of TCR, 
Igα and Igβ chains of BCR, FcRγ, DAP-
10 and DNAX adapter protein of 12 
kD (DAP-12), represent a novel class of 
intrinsically disordered proteins (IDPs).

Why for receptors with separated 
recognition and signaling functions, 
the complexes that are critical in the 
immune response, did nature select the 
chaos of protein disorder to provide 
intracellular signaling? MIRRs repre-
sent functionally diverse and unrelated 
surface receptors that are expressed on 

use of several different signaling sub-
units in one receptor (e.g., T cell receptor, 
TCR, that contains 4 different ITAM-
containing subunits). This allows cells to 
diversify functional responses triggered 
by such MIRRs as TCR, B cell recep-
tor (BCR) and type I Fc receptor for IgE 
(FcεRI).

(2) Upon ligand binding, signaling 
subunits of several MIRRs are known to 
physically dissociate from the remaining 
receptor complexes, which then undergo 
internalization.11,15-22 Thus, separation of 
recognition and signaling functions allows 
intracellular processing of the engaged 
ligand-binding subunits while active sig-
naling subunits still remain on the cell 
surface.

(3) In resting cells, dissociation of 
ligand-binding and signaling MIRR sub-
units can underlie important biological 
processes, such as the BCR sensitization 
and T cell clonal anergy.10-11

(4) The modular assembly of MIRRs 
(Fig. 1) permits the use of one signaling 
subunit for different receptors (e.g., vari-
ous MIRRs signal through the ITAM-
containing Fc receptor γ signaling chain, 
FcRγ).2,11

Intrareceptor Transmembrane 
Interactions: Achilles’ Heel  

and a Promising Target  
for Therapy

The association of the MIRR subunits is 
driven mostly by the non-covalent trans-
membrane interactions between recog-
nition and signaling components (Fig. 
1). These protein-protein interactions 
represent biochemical processes that can 
be influenced and controlled.23-25 Thus, 
advantages of separated recognition and 
signaling functions come at the cost of 
not only complicating the process of 
transmembrane signal transduction but 
also taking a risk of adding a potential 
point of attack.

Recent studies26-30 suggest that in 
order to establish a successful infec-
tion, viruses have evolved the strategy to 
attack this Achilles’ heel of MIRRs and 
disrupt functional coupling between two 
aspects of receptor machinery: recogni-
tion and signaling. This allows viruses 
to cheat the immune system and enter 
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response to different ligands is higher with 
the more different signaling subunits (or 
ITAMs on the same subunit) the MIRR 
complex has. Thus, TCR-mediated sig-
naling and cell activation has the highest 
combinatorial potential as compared to 
other MIRRs, explaining a high variabil-
ity of distinct TCR-triggered intracellular 
signaling pathways and therefore distinct 
T cell functional responses depending on 
the nature of the stimulus.10,11

Cytoplasmic homooligomerization-
controlled signaling mechanism: How 
general is the concept? Oligomerization 
of receptors upon ligand binding is con-
sidered to be a key regulatory factor in 
receptor triggering. On the other hand, 
structural similarities of receptors within 
the SR and MIRR families strongly sug-
gest similarities in the molecular mecha-
nisms. Within the SCHOOL concept, 
receptor oligomerization induced or 
tuned upon ligand binding outside the 
cell is translated across the membrane into 
protein homooligomerization in cyto-
plasmic milieu, thus providing a general 
platform for transmembrane signal trans-
duction mediated by receptors of both 
structural families (SRs and MIRRs).2,3,11 
The analysis of literature data reveal mul-
tiple experimental evidence to support 
the concept.2,3,11 This suggests cytoplas-
mic homooligomerization as a general cell 
mechanism to control signaling through 
both protein order and disorder, linking 
mechanistically a variety of structurally 
and functionally diverse receptors.

Conclusions and Perspectives

Recent progress in multidisciplinary 
research towards the elucidation of the 
structure, properties and function of cell 
surface receptors dramatically improves 
our understanding of these systems and 
transmembrane signal transduction at 
the molecular level. The complex and sci-
entifically intriguing interplay between 
protein order, the chaos of protein dis-
order and oligomericity in the context of 
cell recognition and signaling—stressed 
throughout this article—opens new 
exciting perspectives for further multidis-
ciplinary studies. Moreover, for the first 
time, we have an opportunity to adopt an 
entirely novel mind-set, not only about 

receptor dimers/oligomers, (3) long  
enough duration of the receptor-ligand 
interaction that generally correlates with 
the strength (affinity/avidity) of the 
ligand and (4) sufficient lifetime of an 
individual receptor in receptor dimers/
oligomers. Thus, the necessity to form 
specific signaling-competent homooligo-
mers may represent a means to control the 
chaos of protein disorder of the ITAM-
containing cytoplasmic domains of 
MIRR signaling subunits.

In the context of the SCHOOL con-
cept,10,11 protein disorder of the ITAM-
containing signaling regions being under 
control of ligand-promoted cytoplasmic 
homooligomerization provides a molecu-
lar basis to explain high specificity, selec-
tivity and sensitivity of immune cells in 
recognition and discrimination of differ-
ent antigens/ligands and how this recog-
nition/discrimination results in different 
functional outcomes.

ITAMs of multichain receptors: mul-
tipliers or diversifiers of signaling? One 
of the members of the MIRR family, 
TCR, signals through 10 ITAMs pres-
ent in the ζ, CD3ε, CD3γ and CD3δ 
invariant signaling chains of the TCR 
complex including 3 different ITAMs of 
the ζ chain. Similarly, signaling mediated 
by BCR is controlled by 2 ITAMs pres-
ent in the Igα and Igβ signaling chains. 
Another MIRR, FcεRI, generates the 
activation signal using 2 ITAMs of the 
FcεRIβ and FcRγ chains. Most of experi-
mental data in the literature reported to 
date strongly support the distinct rather 
than redundant functions for the ITAM 
signaling modules including those located 
on the different signaling chains39,44-55 and 
those located on the same signaling mod-
ule (e.g., 3 different ITAMs on TCR ζ 
chain).56

Within the SCHOOL model,10,11,42,43 
cytoplasmic homooligomerization con-
trols the ITAM signaling through the 
different patterns of MIRR signaling sub-
unit homooligomerization11,43 that pro-
duce distinct activation signals provided 
by different ITAMs. This assumes the 
combinatorial nature of MIRR-mediated 
signaling and can provide a molecu-
lar explanation for the diversity of the 
immune response. In this context, the 
diversity of cell functional outcomes in 

readily accessible fingerprint of proteins, 
where the backbone amide group of each 
non-proline amino acid residue contrib-
utes a single cross-peak.

(5) Two modes of binding to model 
membranes: with and without folding, 
depending on the lipid bilayer stability.

In summary, the cytoplasmic domains 
of MIRR signaling subunits: (a) all rep-
resent signal-generating regions of more 
than 25 functionally unrelated and diverse 
receptors that belong to one structural 
family, (b) all contain similar activation 
motifs, ITAMs, (c) all are intrinsically 
disordered and (d) all feature the ability 
to homooligomerize, which is unusual for 
IDPs, and what is especially important, 
they all homooligomerize without disor-
der-to-order structural transition. This 
strongly suggests that MIRRs all func-
tion through similar molecular mecha-
nisms and that their unusual biophysical 
properties represent the key point in the 
solution to the puzzle of MIRR signaling.

Cytoplasmic  
Homooligomerization  

as a Mechanism to Control 
Signaling through Both Protein 

Order and Disorder: The SCHOOL 
Concept

The fact that all cytoplasmic domains of 
MIRR signaling subunits are intrinsically 
disordered raises the following important 
question:

What mechanisms could control the 
chaos of intracellular MIRR disorder 
to provide the specificity and diversity 
of the immune response? The answer 
to this question comes from a recently 
proposed novel model of transmem-
brane signaling, the Signaling Chain 
HOmoOLigomerization (SCHOOL) 
model.2,3,10-11,42 First introduced for 
MIRRs,10,43 this model suggests that 
formation of competent signaling 
homooligomers in cytoplasmic milieu is 
the necessary and sufficient event to trig-
ger MIRRs and induce cell activation. 
This dictates several important restraints 
on multivalent ligand binding-induced 
MIRR signaling: (1) sufficient interrecep-
tor proximity in receptor dimers/oligo-
mers, (2) correct (permissive for signaling) 
relative orientation of the receptors in 
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