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Heterogeneity due to phosphorylation status
So far so good - the receptor itself seems to be acting as a 
molecular machine, and indeed receptor catalytic domains 
have been crystallized, revealing in exquisite detail the 
conformational changes involved in activation. But here is 
where it gets tricky. The typical receptor has many different 
potential autophosphorylation sites (in the case of the 
PDGF receptor at least ten), and it is highly unlikely that 
all sites can be phosphorylated at the same time. 
Furthermore, abundant intracellular phosphatases are 
constantly working to remove phosphates as soon as they 
are added, so at any time a particular activated receptor 
molecule is likely to be phosphorylated only on a subset of 
the ten possible sites. If each of the 10 sites can be 
phosphorylated or dephosphorylated independently of the 
others, the total number of potential phosphorylation 
states per receptor will be 210 (1,024). But because 
receptors must dimerize in order to activate, each activated 
receptor dimer has a much larger number of potential 
states - in this case, more than 500,000 different unique 
combinations of phosphorylation states (which is given by 
the expression Y [Y + 1]/2, where Y = 210).

The state of phosphorylation is critically important because 
it is these very phosphorylation sites that serve to transmit 
downstream signals from the activated receptor. They do so 
by binding to cytosolic effector proteins with phospho
tyrosine-binding motifs, most commonly Src homology 2 
(SH2) domains [2]. By binding to the receptor, these 
signaling proteins are brought into close proximity to their 
substrates (which in many cases reside exclusively on the 
membrane), and they may also be phosphorylated by the 
receptor, which can modulate their activity. There are more 
than 100 of these cytosolic effector proteins that can bind to 
the receptor, but each of them binds to only a subset of the 
sites on the receptor with reasonably high affinity [3,4]. 
Thus, which effectors ultimately bind to the receptor will 
depend on the local concentration of each of the effectors 
and on which sites on the receptor are phosphorylated. 
Steric clashes and cooperativity among different binding 
partners may also affect which effectors are bound.

Effector binding leads to a tremendous increase in the 
number of potential states for the receptor. Even if we 
oversimplify and assume that each phosphorylated site can 
bind to only one effector (so the possible states for each 
site are now three: unphosphorylated; phosphorylated but 
unbound to effector; and phosphorylated and bound to 
effector), the total potential number of states for each 
receptor monomer increases to 310 (around 60,000) and 
for the receptor dimer to almost 2 billion! This does not 
even take into consideration the possibilities that any 
bound effector may or may not be phosphorylated by the 
receptor, or be simultaneously bound to yet another 
effector. Clearly, the theoretical number of possible states 
is virtually infinite, certainly far more than the actual 
number of receptors in the cell (which is generally on the 
order of tens of thousands of receptor molecules). Of 
course, the actual number of possible states might be 
smaller because of steric clashes and other mechanical and 
physical constraints, but in most cases the experimental 
data necessary to eliminate improbable states are lacking.

This combinatorial explosion of possible states makes it very 
difficult to pin down exactly what we mean by ‘activated 
PDGF receptor’: each receptor dimer or cluster of activated 
receptors is likely to be different from other activated 
receptors in terms of exactly which sites are phosphorylated, 
and which effectors are bound to those sites. In reality, the 
activated receptor looks less like a machine and more like a 
pleiomorphic ensemble or probability cloud of an almost 
infinite number of possible states, each of which may differ 
in its biological activity. In this sense, the activated receptor 
is rather like the genomes of RNA viruses, which because of 
the inherent inaccuracy of their replication can only be 
described in terms of ‘average’ sequence, from which each 
individual genome will deviate to some extent [5]. Although 
not explicitly discussed here, the same arguments could be 
applied to other complex but heterogeneous assemblies that 
regulate such diverse cellular processes as adhesion to the 
extracellular matrix and other cells, mRNA splicing and 
transport, localized actin remodeling, and many others (see 
Box 1).

Box 1 
Different classes of molecular assemblies
Molecular machines	 Pleiomorphic ensembles
•	 Stoichiometric	 •	 Non-stoichiometric
•	 Specific interactions	 •	 Combinatorial interactions
•	 Fixed size	 •	 Heterogeneous size
•	 discrete molecular states	 •	 Spectrum of molecular states
•	 Functional assembly requires complete set of subunits 	 •	 Lifetime of assembly greater than subunit residency 
	 (assembly highly cooperative)		  (assembly may or may not be cooperative)
•	 Amenable to structural biology tools	 •	 New experimental and mathematical tools needed
•	 Examples: ribosomes, molecular motors, nuclear pore 	 •	 Examples: receptor complexes, adhesion complexes,  
	 complex, flagella, proteasomes…	 	 mRNA splicing complexes, trafficking intermediates…




