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Abstract

Here, we discuss the transition model of receptor tyrosine kinase (RTK) activation, which is 

derived from biophysical investigations of RTK interactions and signaling. The model postulates 

that (1) RTKs can interact laterally to form dimers even in the absence of ligand, (2) different 

unliganded RTK dimers have different stabilities, (3) ligand binding stabilizes the RTK dimers, 

and (4) ligand binding causes structural changes in the RTK dimer. The model is grounded in the 

principles of physical chemistry and provides a framework to understand RTK activity and to 

make predictions in quantitative terms. It can guide basic research aimed at uncovering the 

mechanism of RTK activation and, in the long run, can empower the search for modulators of RTK 

function.

Introduction

RTKs are the second largest family of membrane receptors 4. They signal via lateral 

dimerization in the membrane to control cell growth, differentiation, and motility. Their 

dysregulation has been linked to many human diseases and disorders, including a variety of 

cancers 5–8. There are 58 different RTKs in humans, grouped in 20 subfamilies, which all 

share the same basic architecture: an N-terminal extracellular (EC) region, a single-pass 

transmembrane (TM) domain, and an intracellular (IC) region containing a tyrosine kinase 

domain 9. The RTK ligands, known as “growth factors,” are small, globular proteins, and are 

either monomers or constitutive dimers. They bind to the RTK’s EC region, and ultimately 

activate the kinases via a process that involves cross-phosphorylation on specific tyrosine 

residues. The activated kinases then phosphorylate additional tyrosines that serve as docking 

sites for adaptor proteins. The adaptors, in turn, bind cytoplasmic substrates and trigger 

downstream signaling pathways5,9,11–14 such as MAPK, PI3K, PKC, and STAT.

This is an introduction to the transition model of RTK activation, which views RTK 

activation through the lens of physical chemistry (see Figure 1). The model states that (1) 
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RTKs have a propensity to interact laterally and to form dimers even in the absence of 

ligand, (2) different unliganded RTK dimers have different stabilities (and thus different 

dimer abundances at physiological concentrations), (3) ligand binding leads to RTK dimer 

stabilization, and (4) ligand binding induces structural changes in the RTK dimer. Thus, an 

increase in the expression level of the RTKs causes a transition from predominantly 

monomeric to predominantly dimeric populations, even in the absence of ligand. When 

ligand binds to the unliganded dimer, it induces a transition to a structurally distinct dimeric 

state with higher stability. We discuss experimental findings on which the model is based, 

and we identify missing basic knowledge that limits the utility of the model. We also 

demonstrate how the model can be used to understand and predict the action of RTK 

modulators.

(1) RTKs have a propensity to interact laterally and to form dimers even in 

the absence of ligand

Many of the biological responses that are mediated by RTKs occur specifically in response 

to ligands. It is now well established that ligand addition to cell cultures expressing RTKs 

induces RTK phosphorylation and downstream signaling, which leads to functional 

responses such as differentiation, migration, and contraction 13,15. In the absence of ligand, 

often only low levels of phosphorylation—known as “basal phosphorylation”—are 

observed, and the functional responses are generally not seen 16. Such observations were the 

basis for the first mechanistic model of RTK activation (the canonical model, Figure 1 Top), 

which postulates that the RTKs are monomeric in the absence of ligand, and the ligands 

crosslink them into dimers or higher order oligomers 7. In this model, the ligand brings the 

kinase domains of two RTKs in close proximity, which enables the kinases to phosphorylate 

and activate each other.

However, experiments specifically designed to probe the association state of the receptors 

(rather than their phosphorylation status) have since revealed the presence of dimers or 

higher order oligomers in the plasma membrane of live cells in the absence of ligand. 

Unliganded dimers have been observed for many RTKs, including EGFR and other ErbBs, 

FGFRs, VEGFRs, and Trks, using a variety of techniques such as FRET, single-molecule 

tracking, FCS, and Number and Brightness 17,20–24. It is thus clear that the ligand, while 

usually needed for RTK activation, is not necessarily needed for RTK dimerization/

oligomerization. These findings have led to the concept that “RTK association is not 

enough,” as there are additional requirements for RTK activation to occur within the dimers 
6,25–28.

The presence of unliganded RTK dimers appears significant in physiological context, even if 

they generally exhibit low or no activity. It is possible that unliganded dimerization 

potentiates the response of the receptor to ligand 11. In particular, when unliganded dimers 

are present, the response to the ligand is not limited by the diffusion of the receptors in the 

plasma membrane and can be expected to be faster and more robust. Furthermore, 

unliganded dimers can be viewed as intermediates in the assembly of the fully active 

liganded dimers 29.
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Many unliganded RTK dimers appear to be at least partially phosphorylated. This basal 

phosphorylation can have significant physiological consequences. For instance, increased 

unliganded dimerization and phosphorylation due to RTK overexpression has been linked to 

many cancers 30–33. Targeting these unliganded dimers has proven to be a successful route 

for drug development 34–37. Perhaps the best-known example is Herceptin, an antibody to 

the extracellular domain of ErbB2 (a receptor with no known ligand which is overexpressed 

in breast cancer). Indeed, herceptin has been shown to be an effective treatment in 30% of 

the ErbB2-positive metastatic breast cancer cases.

In addition to cancer, growth disorders can be caused by specific RTK mutations which 

increase unliganded dimerization38,39. One example is the G380R mutation in FGFR3, 

which causes the most common form of human dwarfism, achondroplasia 40,41. This 

mutation increases ligand-independent FGFR3 dimerization and phosphorylation, without 

having a significant effect on FGFR3 phosphorylation in the presence of ligand42,43.

For most RTKs, enhanced dimerization in the absence of ligand is pathogenic35,44,45. 

However, there are counterexamples, such as the case of EphA2. It has been shown that 

EphA2’s pro-tumorigenic activity is mediated predominantly by the EphA2 monomer, and 

that EphA2 unliganded dimerization is anti-tumorigenic1,46–48. Accordingly, better 

understanding of the physical principles behind RTK dimerization may one day lead to 

novel anti-cancer therapies that either stabilize or disrupt the unliganded RTK dimers.

(2) Different unliganded RTK dimers have different stabilities (and thus 

different dimer abundance at physiological concentrations)

To evaluate the abundance of the unliganded dimers in the cell membrane, we must first 

quantify their association constants (and thus their dimer stabilities) using the tools of 

physical chemistry. Unliganded dimerization of RTKs in the plasma membrane can be 

described via the simple reaction scheme49,50:

M + M
K

D

Here, M denotes the RTK monomers, and D denotes the RTK dimers. The constant K is the 

equilibrium dimerization constant defined as:

K = D

M 2

Often, the dissociation constant is used instead, given by the reciprocal value:

Kdiss = 1
K = M 2

D

Note that the plasma membrane is best viewed as a two-dimensional milieu, and hence the 

concentrations [M] and [D] are two-dimensional concentrations of monomers and dimers, 
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typically given in units of receptors per micron squared. Thus, the units for K are μm2/rec, 

while the units for Kdiss are rec/μm2. The stability of the RTK dimer is defined as

ΔG = − RTln K
Kst ,

with respect to a standard free energy ΔGst = −RT ln(Kst). A common choice of reference 

state is Kst =1 nm2/rec49. Therefore, if Kdiss is reported in rec/μm2, the stability of the dimer 

with respect to this standard state can be calculated as:

ΔG = − RTln(K * 106) = RTln Kdiss 106

To determine Kdiss and ΔG, dimerization is quantified over a broad range of concentration 

by acquiring a dimerization curve, as done routinely with soluble proteins (for instance, as in 

the case of ligand binding to a soluble protein)51. Such data can then be fit to a dimer model 

to calculate Kdiss and the dimer stabilities, and to evaluate if a dimerization model can 

describe the data 52.

Using a FRET-based approach, we have quantified the dimerization of several RTKs in the 

plasma membrane of mammalian cells. The dissociation constants have been found to vary 

between 12±2 rec/μm2 (for TrkB) to 710 ± 100 rec/μm2 (for FGFR1) 1,2,17,22,29. The 

dimerization curves (dimeric fraction versus receptor concentration) for all studied receptors 

are compared in Figure 2.

In Figure 2, we see that the different dimeric fractions at a specific receptor concentration, 

such as 100 rec/μm2, vary significantly. FGFR1 has the lowest dimeric fraction, as only 

about 30% of the FGFR1 molecules exist as dimers at this concentration. Since FGFR1 is 

predominantly monomeric under these conditions, it may be incorrectly categorized as 

following the canonical model of RTK activation, especially if the experimental technique 

used lacks quantitative power. In contrast, 80% of the TrkB molecules are dimeric at the 

chosen concentration of 100 rec/μm2, which may lead to the incorrect conclusion that the 

behavior of TrkB is fundamentally different from the behavior of FGFR1. Indeed, TrkB has 

been referred to as a “pre-formed dimer” in the literature 23. Yet, the only difference is in the 

exact value of the dimerization constant—both receptors follow the transition model of RTK 

activation.

Figure 2 helps us appreciate that both the expression level and the dissociation constants 

dictate RTK dimerization levels. Note that an increase in FGFR1 concentration from 100 to 

1,000 rec/μm2 (as occurs in overexpression in cancer) increases the dimeric population from 

30% to 50%. For TrkB at the physiological expression of 20 rec/μm2, about 60% of the 

receptors are dimeric. As a rule, high populations of dimers are expected when the 

expression is higher than the dissociation constant, while low dimer populations are 

expected when the expression is lower than the dissociation constant.

RTK expression levels vary during development and in disease 53–57. However, exact 

expression levels are rarely measured and are largely unknown, limiting our understanding 
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of RTK behavior in different cellular contexts. We are looking forward to new quantitative 

measurements of expression levels that will help us understand how cells fine-tune RTK 

function by modulating their expression.

(3) Ligand binding leads to RTK dimer stabilization

While now it is clear that ligands are not required for RTK dimerization, they are widely 

believed to stabilize the RTK dimers upon binding to their EC domains. For years, this view 

was shaped by crystal structures of isolated soluble EC domains which either show 

stabilizing interactions between ligands and the two receptors, or ligand-induced 

rearrangements in the RTK EC domains, leading to the induction of dimerization interfaces 

and stabilizing contacts between the two chains 58–64. However, direct measurements of 

RTK dimer stabilization are rare and are not in agreement.

For RTKs, ligand binding is coupled to RTK dimerization 3,65. This coupling can easily be 

understood though the use of thermodynamic cycles, such as those shown in Figure 3. Such 

cycles provide the best description of the transition model, as they show how increases in 

both receptor and ligand concentration drive the transition to active liganded RTK dimers via 

intermediate states.

The case of dimeric RTK ligands

The cycle in Figure 3A describes the activation of an RTK dimer by dimeric ligand. An 

example of this process is the activation of VEGFR2 by its constitutively dimeric (disulfide-

linked) ligand, VEGF. The dimerization constants in the cycles are denoted as K’s, and the 

ligand-binding constants are denoted as L’s. The Y constants denote possible allosteric 

transitions in the dimers. Figure 3C defines the association constants, and Figure 3E shows 

the links between these association constants. As expected from allosteric theory, the 

conformational change is invisible in binding experiments 66, and thus the true binding and 

transition constants cannot be decoupled from each other. Therefore, the cycle in Figure 4A 

is the working model that can be used in binding/dimerization data fitting. As predicted by 

the allosteric interaction theory 66, the dimers bind ligands with apparent affinities, “Λ’s,” 

equal to the product of the binding and allosteric transition constants. Similarly, liganded 

monomers form activated, liganded dimers with apparent dimerization constants, “κ’s,” 

equal to the product of the dimerization and allosteric transition constants.

The case of monomeric ligands

The cycle in Figure 3B shows the binding of two monomeric ligands to an RTK dimer. An 

example of this is the binding of the monomeric EGF ligands to the EGFR dimer, under the 

assumption that EGFR can form only dimers and no higher order oligomers (questioned 

recently, see the section on RTK oligomerization below). Figure 3D shows the definitions of 

the association constants, and Figure 3F reports the links between these association 

constants. In Figure 4B, we show the working model that can be used in binding/

dimerization data fitting for a monomeric ligand.

Paul and Hristova Page 5

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Direct quantification of dimer stabilization due to ligand.

Dimer stabilization can be quantified by comparing the association constant κ2 in the 

dimeric ligand cycle (or both κ2 and κ3 in the monomeric ligand cycle) to K1. For instance, 

if κ2 is greater than K1, then the ligand has a stabilizing effect, with a larger difference 

corresponding to a larger stabilization.

Direct measurements of RTK dimer stabilities can be performed in the presence of a known 

ligand concentration using FRET 49,50,67,68 or coimmunoimmobilization assay (co-II) 69, 

similarly to the case of no ligand. This requires quantification of dimer fraction as a function 

of receptor expression and ligand concentration, such that all the data can be fit to the 

appropriate thermodynamic cycle (as in Figure 4). To understand the behavior of the 

receptors in the presence of monomeric and dimeric ligands, we modeled the abundance of 

the liganded, active dimers and other receptor states. Figure 5 shows the total predicted 

liganded dimeric fractions for different ligand concentrations in the cases of dimeric and 

monomeric ligands. These predications are based on experimentally determined dimer and 

ligand-binding constants 29,65,68. We see very different behaviors in the two cases: in the 

case of dimeric ligand (Figure 5, top), liganded dimeric fraction increases and then decreases 

as the ligand concentration is increased, while in the case of monomeric ligand (Figure 5, 

bottom), the liganded dimeric fraction monotonically increases with ligand concentration 

and comes to saturation. The fact that increasing concentrations of dimeric ligand can cause 

the liganded dimeric fraction to decrease is rarely taken to accounts and warrants emphasis. 

Ligand experiments are sometimes performed under “saturating” conditions of ligand, but 

no such state exists for a dimeric ligand, and using too high concentrations of dimeric ligand 

can result in a significant underestimation of interactions and functional outputs.

In the case of dimeric ligand, this behavior is a consequence of the fact that one ligand has 

two binding sites for the receptor. This means that only one ligand is bound to a dimer of 

receptors. Accordingly, the dimerization constant K3 (or κ3) (Figures 3A and 4A) depends 

on the ligand concentration, as it describes the interaction of two liganded monomers 

forming one liganded dimer and releasing a ligand into solution. At high ligand 

concentrations, receptors effectively become trapped as liganded monomers, and hence the 

dimeric fraction decreases. It is therefore important that measurements of K3 in the case of 

dimeric ligand always specify the exact ligand concentration. For example, we have reported 

that the contributions of the three neurotrophin ligands to Trk dimer stability varies from 

approximately −1.5 to −2.5 kcal/mole, at 380 nM ligand17. Following the prediction in 

Figure 5, top, we expect that the stabilization effect of the ligand will be reduced when the 

concentration of the dimeric neurotrophin ligands is further increased. In the case of EGFR 

and its monomeric ligand, EGF, we have reported that the EGF dimer is stabilized by −3.0 

kcal/mole in the presence of 780 nM EGF70. This value should not change significantly as 

the concentration of ligand is increased (see Figure 5, bottom).

Measurements of molecular ligand binding constants report on ligand-induced dimer 
stabilization

In cases where K1 and κ2 are not measured directly, the stabilization effect of the ligand can 

be assessed through measurements of ligand binding constants to both RTK monomers and 

Paul and Hristova Page 6

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RTK dimers. This is possible because the stabilization effect, quantified through the ratio of 

the dimerization constants in the presence and absence of ligand, is equal to the ratio of the 

ligand binding constants (see Figures 3E and 3F).

In a recent example, we quantified the binding of VEGF to VEGFR2 by directly measuring 

L1 and Λ2 65. These experiments entailed measurements of the surface densities of 

fluorescently-labeled VEGFR2 and VEGF, as well as the free VEGF concentration in twelve 

independent experiments at different free-ligand concentrations varying over two orders of 

magnitude, from 0.21 nM to 42.4 nM. The data were interpreted with the thermodynamic 

cycle in Figure 4A. A global fit was performed to find the optimal values of the binding 

affinity of VEGF for monomeric VEGFR2, L1, and the binding affinity of VEGF for 

dimeric VEGFR2, Λ2. The dissociation constants were determined to be 10 nM for L1 and 

230 pM for Λ2. Thus, there is a 45-fold enhancement of VEGF binding to dimeric VEGFR2 

over binding to monomeric VEGFR2. Since ligand binding and dimerization are coupled, 

this means that κ2 is also 45 times greater than K1, which is a significant stabilization effect.

In another example, Macdonald and Pike measured EGF binding to EGFR and fit the 

binding data to the cycle shown in Figure 4B 71. They measured binding of radiolabeled 

EGF to cell monolayers that were stably transfected with a plasmid that encoded for EGFR 

under the control of a tet-inducible promoter, thus varying both the EGF concentration and 

the EGFR expression. The dissociation constant of unliganded dimerization was determined 

to be ~110 rec/μm2, and that for one unliganded EGFR with one liganded EGFR as ~130 

rec/μm2. On the other hand, the dissociation constant describing the lateral dimerization of 

two liganded EGFRs was determined to be ~1300 rec/μm2, indicating that the bound ligand 

destabilizes the EGFR dimer. These measurements, however, do not agree with the direct 

measurements of EGFR dimer stability in the presence of ligand. Both FRET and the 

recently developed Co-II—which is based on single molecule particle tracking—show that 

the EGFR dimer is stabilized in the presence of EGF 69,70. This means that the dimeric 

fraction increases with increasing concentration of ligand, while the values measured by 

Macdonald and Pike predict that the dimeric fraction decreases with increasing ligand 

concentration until it reaches a plateau with a value determined by κ3. A possible 

explanation for this discrepancy is that EGFR can form oligomers 72,73, and hence the cycle 

in Figure 3B/4B does not apply (see below). Thus, more work is needed before we can draw 

definitive conclusions about the role of EGF in modulating EGFR dimer stability. 

Furthermore, the effect of ligands on RTK dimer stability still remains to be investigated for 

most of the 58 RTKs.

Can dimer stability be predicted based on crystal structure or effective binding constants?

It is tempting to inspect crystal structures of ligand-bound, isolated RTK EC domains and 

speculate about the extent of dimer stabilization by a ligand. However, predicting the effects 

of a ligand on RTK dimer stability requires us to consider ligand binding to both monomers 

and dimers. Thus, the structure of the ligand-bound dimers is not sufficient for stability 

predictions.

It is further worth noting that ligand binding measurements to both RTK monomers and 

RTK dimers (i.e., measurements of molecular binding constants) are rare in the literature, as 
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typically experiments quantify only the effective ligand binding constants, which do not take 

into account the effects of receptor concentration and receptor association state. The 

effective dissociation constant is defined as

Ke f f = [L][free RTK]
[bound RTK] ,

and is determined from a binding isotherm,

f = [L]
[L] + Ke f f .

Ke f f = [L]([M] + 2[D])
([ML] + 2[DL]) ,, and thus Keff depends on the molecular binding constants in Figures 

3 and 4, but they cannot be extracted from such measurements. Accordingly, literature 

values of ligand-receptor dissociation constants vary widely, because receptor concentrations 

are variable in the different experiments59,74–76. The effective binding constants are 

inherently different in different experimental contexts, due to differences in the association 

state of the receptors in the different contexts. We are therefore looking forward to the 

development of novel approaches that quantify molecular ligand binding constants and 

ultimately report on the effect of ligand on dimer stability. We believe that the fluorescence-

based method that we have used to quantify VEGF binding 65, described above, is an 

important step towards this goal.

Can ligand cause oligomerization?

It has long been known that the receptors of the Eph family form clusters in response to their 

ligands, and that clustering is critically important for their biological activity 8,77,78. Lately, 

it has been suggested that EGFR can also oligomerize in response to EGF, in a manner that 

is dependent on EGF concentration 72,73,79. Specifically, oligomerization has been proposed 

to occur at low EGF concentration, as it is mediated by ligand-binding sites that are not 

occupied by ligand 72. Furthermore, it has been proposed that EGFR activation is optimal in 

the oligomers and not the dimers, with phosphorylation occurring in a cooperative manner 

between neighboring dimers. However, the extent of EGFR oligomerization is still debated 

in the literature, and this model is not universally accepted 69. If EGFR oligomerization 

indeed occurs and depends on the ligand concentration, it should be included in 

thermodynamic cycles such as the ones in Figure 3A and 4A. As pointed out above, the 

disagreement about the extent of ligand-induced EGFR stabilization in different studies may 

be due to the fact that the thermodynamic cycle in Figure 3B/4B does not adequately 

describe EGFR, as it does not take oligomereization into account. It remains to be seen if 

oligomerization is important for other RTKs; further research is needed to address this issue.

(4) Ligand binding induces structural changes in the RTK dimers

It is widely believed that mechanisms exist that prevent the spontaneous activation of 

unliganded RTK dimers 14. For instance, the ligand likely induces structural changes that are 

required for robust kinase activation and downstream signaling 22,26,29,80,81. An intuitive 
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mechanism is that structural changes are initiated in the EC domain in response to ligand 

binding and are propagated along the length of the RTK. This is presumably facilitated by a 

“hard” linkage between the domains that allows for the transmission of structural 

information along the length of the RTK 82. Such allosteric structural changes are 

incorporated into the transition model in Figure 3 through the Y constants. As discussed 

above, these constants cannot be directly measured in dose-response binding experiments, as 

the structural transition is tightly coupled to the binding interactions. Based on the current 

understanding of RTK activation, it can be assumed that Y1 is small (assuming that the 

unliganded dimers are not likely to adopt an active conformation), while Y2 and Y3 are 

large (assuming that the ligand-bound dimers have a strong preference for the activated 

conformation). Note that the transition model naturally incorporates the possibility of ligand 

bias (i.e., the fact that different ligands can stabilize different receptor configurations) as the 

values of Y may be different for each ligand.

The extent of structural coupling between the different RTK domains is under debate; some 

believe that the linkage between the domains is flexible, and hence structural changes from 

the EC domain cannot be transmitted to the kinase domain 83. Evidence for this view is that 

one ligand-bound EGFR EC domain state can correspond to multiple kinase domain 

conformations 84, and that one EGFR kinase state can correspond to multiple EC domain 

states 85. There are limited studies addressing this issue, as most of the biophysical and 

structural work has been done with isolated domains, not full-length RTKs.

There are no full-length RTK dimer structures, for any of the RTKs, and we have limited 

knowledge about the mechanism of signal propagation along the length of the RTKs. 

Accordingly, approaches that can be used to monitor the intracellular (IC) domains in cells 

are very useful, as they can shed light on the response of the IC region to ligand binding. 

One possible read-out is the FRET efficiency between the intracellularly attached 

fluorophores, which can be measured both in the absence and presence of ligand 86. In the 

case where the RTKs are 100% dimers, differences in FRET efficiency are caused by 

differences in the relative positioning and dynamics of the phosphorylated dimers 17,22,29,87. 

Under conditions where the receptors instead explore a monomer-dimer equilibrium, this 

information can be obtained by fitting the FRET data to a dimerization model to decouple 

the contributions of dimer stabilization and conformational changes to the change in the 

FRET signal 67. Another possibility is to use single-molecule techniques which have the 

resolution to determine small changes in distance and conformation upon addition of ligand 
88–90.

The FRET-based approach has revealed changes in the relative positioning and dynamics of 

fluorescent proteins when they are attached intracellularly to the TM domain C-termini 
17,22,29. These findings support a long-standing idea in the literature that the TM domains 

can interact through multiple interfaces and dimerization motifs, and that the ligand induces 

a switch from one conformation to another 6,25,81,91–94. This change in TM conformation 

may lead to a change in the position of the kinase domains (if the kinase and TM domains 

are structurally linked) or could contribute to the overall stabilization of the dimer.
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Differences in FRET have also been observed in experiments where the fluorescent proteins 

are attached to the C-termini of the full-length RTKs 17. Generally, such experiments are 

more difficult to interpret, because the kinase domains and the flexible C-terminal tails can 

adopt many more configurations than the simple TM helices in the bilayer 95. It is possible 

that the kinases explore different conformations both in the absence and presence of ligand, 

and that their interactions are highly dynamic, giving rise to FRET efficiencies that are 

averaged over many configurations. In this case, the effect of the ligand may be to alter the 

dynamics of the kinases and to cause shifts in the relative time spent in the different 

configurations. Therefore, new experimental approaches, perhaps based on single molecule 

detection or NMR, are needed to elucidate the response of the kinases to the bound ligand.

It is important to note that possible structural changes in the kinase domain can be facilitated 

by other proteins. In the case of FGFR2, it has been suggested that dimeric Grb2 binds to the 

C-termini of the two FGFR2 molecules in an unliganded dimer 11. In this state, the FGFR2 

unliganded dimer exhibits a low level of phosphorylation, and the recruitment of 

downstream adaptor proteins is prevented. Upon ligand binding, FGFR2 phosphorylates 

Grb2, prompting Grb2 to dissociate and to allow downstream signaling. It is not clear if this 

mechanism is a common occurrence in RTK signaling, or if it is an isolated case that only 

applies to FGFR2. Regardless, it is an excellent illustration of the fact that other cellular 

proteins may be playing important roles in RTK activation, and they need to be considered 

as we develop new approaches to study RTK signaling.

Utility of the transition model: Predicting the effects of RTK modulators

The transition model can help us understand the action of different pharmacological 

modulators, once their binding properties are known. In particular, the transition model can 

directly account for the action of the modulator by expanding the thermodynamic cycles in 

Figures 3 and 4 to incorporate the interactions of the modulator with the receptor and the 

ligand as needed. Examples are shown in Figures 6A and B. The thermodynamic cycle in 

Figure 6A describes the action of an inhibitor which blocks receptor dimerization, but does 

not directly interfere with the binding of a dimeric ligand to the receptor. In particular, this 

inhibitor is assumed to bind to unliganded monomers (M) and liganded monomer (ML) 

only. On the other hand, Figure 6B describes an inhibitor which competes with ligand 

binding, but does not directly interfere with dimerization. This inhibitor is assumed to bind 

to unliganded monomers (M) and unliganded dimers (D) only.

Figures 6C and D show the predictions for the effect of these two different RTK inhibitors 

on the total liganded RTK dimeric fraction. These predictions are based on measured 

binding and dimerization constants for VEGF-VEGFR2 65, but arbitrarily chosen binding 

constants for the two inhibitors (see Figure 6 legend for exact values). The black curve is the 

case of no inhibitor. The blue curve corresponds to the case in Figure 6A: an inhibitor which 

blocks dimerization, but does not directly interfere with ligand binding. The red curve 

corresponds to the case in Figure 6B: an inhibitor which competes with ligand binding, but 

does not directly interfere with dimerization. Figure 6C shows the liganded dimeric fraction 

(i.e., the fraction of receptors in the active state) as a function of inhibitor concentration, 

where the ligand concentration is 1 nM—a VEGF concentration that is commonly used in 
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cell culture experiments. Figure 6D is the liganded dimeric fraction as a function of ligand 

concentration, where the inhibitor concentration is fixed at 1 nM. As seen by the different 

shapes of the curves, the two inhibitors have different effects. At 1 nM ligand concentration 

(dashed magenta line), and for the chosen binding constants, the inhibitory effect of the 

ligand binding inhibitor is predicted to be greater than the effect of the dimerization 

inhibitor. However, as the concentration of ligand increases, the dimerization inhibitor 

becomes more potent than the ligand-binding inhibitor. This demonstrates the utility of the 

transition model, as the effects of the different inhibitors are difficult to predict without 

quantitative modeling. Of note, the effect of the inhibitor is strongly dependent on its 

binding strength relative to the ligand: inhibitors with much weaker binding will have little 

effect and inhibitors with much stronger binding can completely abolish the presence of 

liganded dimers.

Conclusion

The transition model of RTK activation, discussed here, is derived from biophysical studies 

of several RTK subfamilies. This testable model can be used as a guideline for better 

understanding of the mechanism of RTK activation. The model enables predictions of 

liganded dimer populations, and thus predictions of RTK activity based on measurements of 

dimerization constants, ligand-binding constants, and expression levels of the RTKs and 

their ligands in different tissues.

Currently, it is not known how universal the transition model is, as the model has not yet 

been tested in the context of many RTKs. It is further not known if the transition model can 

explain all aspects of the activation of an RTK. A broader study of the applicability of the 

model across the different RTK subfamilies will uncover both the similarities and 

differences in the activation mechanism of the different RTKs. The identified common 

features will delineate the most fundamental physical-chemical principles that underlie RTK 

activity.

The utility of the transition model is currently limited by gaps in knowledge of molecular 

ligand binding constants, of the association state of the receptors as a function of ligand 

concentration, of expression levels of receptors and ligands in cells and tissues, and of the 

nature of conformational changes in the intracellular portion of the dimer that occur (or not) 

in response to ligand binding. The lack of knowledge is often due to limitations in 

experimental methodologies. We are confident that in the near future the scientific 

community will develop and implement new quantitative methodologies that report on 

receptor activation, full-length receptor structure, and receptor-ligand and receptor-receptor 

interactions. We believe that techniques that yield information about structure and dynamics 

in the context of the full-length receptors in live cells in response to ligand will be 

particularly useful. We have no doubt that our understanding of RTK signaling will continue 

to rapidly grow.

Finally, the transition model can help us determine the mode of action of an RTK modulator, 

by reporting on the physical processes that are most affected by it. Importantly, the various 

effects can be directly quantified by comparing binding constants with and without the 
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modulator. Such knowledge will empower the optimization of both RTK inhibitors and RTK 

activators, to be used as tools in basic scientific research or as therapeutics in the clinic.
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Highlights

• We discuss the transition model of receptor tyrosine kinase activation.

• The model is grounded in the principles of physical chemistry.

• The model provides a framework to understand RTK activity and to make 

predictions.

• The model can empower the search for modulators of RTK function.
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Fig. 1. 
Receptor tyrosine kinases are single-pass membrane proteins which are activated after they 

associate in the plasma membrane. The canonical model (top) assumes that RTKs are 

monomeric and inactive in the absence of ligand (left) and become activated once the ligand 

binds and drives their dimerization (right). However, recent work has shown that RTK 

activation is much more complex. The transition model (bottom), which accounts for all 

possible states of the receptor, can be described via thermodynamic cycles (see Figures 3 

and 4). It assumes that RTKs exist in an equilibrium between monomers (i) and dimers in 

the absence of ligand. The dimer can exist in an inactive (ii) or active confirmation (v). 

Ligand binding stabilizes the active dimer confirmation. A liganded, inactive dimer and an 

unliganded, active dimer (iii and iv) can also exist, although these are assumed to be low 

population transition states. Liganded monomers and singly liganded dimers (not shown) 

can also exist.
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Fig. 2. 
Dimerization curves of full-length RTKs in the absence of ligand. These curves are based on 

FRET measurements of interactions in mammalian membranes. The RTKs depicted and 

their corresponding Kdiss’s (rec/μm2) are EphA2 206 (red)1, EphA3 55 (light green)2,3, 

FGFR1 710 (orange)10, FGFR2 11 (cyan)10, FGFR3 24 (magenta)10, TrkA 132 (black)17, 

TrkB 12 (blue)17, TrkC 227 (gray)17,18, and VEGFR2 34 (dark green)4,13,19.
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Fig. 3. 
Thermodynamic cycles which embody the transition model of RTK activation. The 

dimerization constants in the cycles are denoted as K’s, and the ligand-binding constants are 

denoted as L’s. The Y constants denote possible allosteric transitions in the dimers. D* 

denotes an active dimer that has undergone this allosteric transition. (A) The process of RTK 

activation by a dimeric ligand. (B) The process of RTK activation by a monomeric ligand. 

(C) and (D) The definition of the association constants for the cycles shown in (A) and (B), 

respectively. (D) and (F) The links between association constants for the cycles shown in (A) 

and (B), respectively. Based on the current understanding of RTK activation, it is assumed 

that Y1 is small (the unliganded dimers are not likely to adopt an active configuration), 

while Y2 and Y3 are large (the ligand-bound dimers have a strong preference for the 

activated configuration). Thus, the cycles reduce to the ones in Figure 4.
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Fig. 4. 
Working models that can be used to fit binding measurements. D* denotes the active dimers. 

The binding constant Λ describes allosteric binding, and the binding constant κ describes 

allosteric dimerization. Λ is the product of the binding and allosteric constants, and κ is the 

product of the dimerization and allosteric constants. (A) The process of RTK activation by a 

dimeric ligand. (B) The process of RTK activation by a monomeric ligand.
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Fig. 5. 
Predictions of liganded dimeric fractions as a function of receptor concentration for different 

fixed ligand concentrations. This is the active receptor fraction in the context of the working 

model in Figure 4. Top: Dimeric ligand (see Figure 4A for thermodynamic cycle) where K1 
= .029 μm2/rec, L1 = 9.6*107 M−1, and Λ2 = 4.3*109 M−1. Bottom: Monomeric ligand (see 

Figure 4B for thermodynamic cycle) where K1 = .088 μm2/rec, L1 = 9.6*107 M−1, Λ2 = 

4.3*109 M−1, and Λ3 = 4.3 *108 M−1.
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Fig. 6. 
The transition model can predict the action of pharmacological modulators. (A) A 

thermodynamic cycle for a dimeric ligand (see Fig. 4A) and an inhibitor which blocks 

dimerization, but does not directly interfere with ligand binding. This inhibitor is assumed to 

bind to the dimerization interface and thus prevent receptor dimerization; it only binds to 

unliganded monomers (M) and liganded monomer (ML). (B) A thermodynamic cycle for a 

dimeric ligand and an inhibitor which competes with ligand binding, but does not directly 

interfere with dimerization. This inhibitor is assumed to bind to the ligand binding interface 

and thus prevent ligand binding; it only binds to unliganded monomers (M) and dimers (D). 

(C) & (D) Predictions of the effect of the two different inhibitors on theliganded dimeric 

fraction. The black curve is the case of no inhibitor, and the blue and red curves correspond 

to (A) and (B), respectively. (C) The liganded dimeric fraction as a function of inhibitor 

concentration, where the ligand concentration is 1 nM; the dashed magenta line indicates an 

inhibitor concentration of 1 nM. (D) The liganded dimeric fraction as a function of ligand 

concentration, where the inhibitor concentration is 1 nM; the dashed magenta line indicates 

a ligand concentration of 1 nM. In all cases, receptor concentration is 500 rec/μm2, K1 = .

029 μm2/rec, L1 = 9.6*107 M−1, and Λ2 = 4.3*109 M−1; for the blue curve, I1 = I2 = 

1.5*109 M−1 and for the red curve, I1 = 9.6*107 M−1 and I2 = 4.3*109 M−1.
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