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ABSTRACT  

Activation of receptor tyrosine kinases (RTKs) promotes the intracellular assembly of protein 

complexes formed through phosphotyrosine-SH2 domain linkages. These interactions are weak 

and reversible, and the dephosphorylation of uncomplexed phosphorylated proteins can be rapid 

enough to reduce the time and length scales of protein complex persistence distal from the receptor. 

This limitation may be overcome by cytosolic kinases that rephosphorylate constituent complex 

proteins as they diffuse. To develop quantitative understanding of the spatiotemporal regulation of 

these processes, we generated a reaction-diffusion model describing how membrane-bound 

epidermal growth factor receptor (EGFR) activates the SH2 domain-containing protein tyrosine 

phosphatase SHP2 by assembling SHP2 complexes with the adaptor GRB2-associated binder 1 

(GAB1). Src family kinases (SFKs) were included as a diffusible EGFR-activated intermediary 

kinase for GAB1. Contrary to the textbook picture of EGFR-mediated SHP2 activation, the model 

predicts that GAB1-SHP2 complexes can remain intact distal from membrane-retained EGFR at 

~80% of their plasma membrane concentration over the entire intracellular length scale. Parameter 

sensitivity analysis identified SFK inactivation as one of the most important kinetic processes 

controlling GAB1-SHP2 spatial persistence, revealing the key role of repeated adaptor 

phosphorylation in maintaining SHP2 activity. A simple order of magnitude analysis of the 

controlling rate processes supports the predictions of the coupled differential equation model. 

Furthermore, proximity ligation assays and immunofluorescence microscopy in carcinoma cells 

demonstrate that GAB1-SHP2 complexes are increasingly cytoplasmic and distal from EGFR as 

time proceeds after acute EGFR activation, consistent with model predictions. These results 

provide quantitative insight into a mechanism that may be alternately tuned for different receptors 

and downstream effector complexes to enable receptor control of signaling at a distance.    
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STATEMENT OF SIGNIFICANCE  

The textbook understanding of receptor-mediated signaling involves the assembly of protein 

complexes at the receptor cytosolic tail and complex movement within the cell by protein 

trafficking. However, reaction-diffusion processes can also play an important role in distributing 

signaling proteins throughout the cell, potentially quite distal from signal-initiating receptors. 

Indeed, receptors can activate cytosolic kinases that may maintain the phosphorylation-dependent 

complexation of downstream effector complexes through many rounds of complex dissociation 

and protein dephosphorylation. Here, we develop quantitative understanding of this mode of signal 

regulation through development of a mechanistic computational model and demonstrate, with 

experimental validation, that membrane-bound receptors can regulate signaling through 

downstream effector complexes over the entire intracellular length scale.  
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INTRODUCTION 

 Cell signaling by receptor tyrosine kinases (RTKs) involves the recruitment of SH2 and 

PTB domain-containing cytosolic adapter proteins to phosphorylated receptor cytoplasmic 

tyrosines. Phospho-dependent linkages between receptors and adapters and among proteins in 

larger complexes nucleated upon receptor activation are highly reversible, with low micromolar 

affinities and dissociation kinetics so rapid that complexes must reform repeatedly to sustain 

signaling (1, 2). Protein tyrosine phosphatase (PTP) activity is also high enough that 

phosphotyrosines on constituent proteins can be appreciably dephosphorylated while not protected 

by SH2 domains (3, 4). These effects may limit the access of functional, intact protein complexes 

to some intracellular locations, even though protein diffusion time scales are small (~10 sec).  

While some protein complexes form in direct association with signal-initiating receptors 

(5), RTKs also activate cytosolic kinases that can promote the persistent complexation of proteins 

distal from the membrane. These effects can be hidden but present in co-immunoprecipitation 

experiments. Indeed, the presence of an RTK in the pulldown of a complex of downstream 

effectors does not necessarily indicate that all effector complexes are RTK-bound. However, the 

intracellular length scale over which intermediary RTK-activated kinases can maintain intact 

protein complexes and the most important determinants of that length scale are unknown. Here, 

we investigate this type of signaling regulation for the epidermal growth factor receptor (EGFR) 

and downstream protein complexes containing SH2 domain-containing phosphatase 2 (SHP2) and 

GRB2-associated binder 1 (GAB1). 

 SHP2 is encoded by the proto-oncogene PTPN11 and is required for complete activation 

of ERK downstream of most RTKs (6-8). SHP2 is basally catalytically inhibited by an 

intramolecular interaction between its N-terminal SH2 domain and its phosphatase domain (9), but 

this tethering is relieved when SHP2 N- and C-terminal SH2 domains engage phosphorylated 
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tyrosines including GAB1 Y627 and Y659 (10). Thus, GAB1-SHP2 complexes represent an active 

form of SHP2. In response to EGFR activation, GAB1 is phosphorylated by Src family kinases 

(SFKs), which reside both at the membrane and in the cytoplasm (10-12). SHP2 binding to GAB1 

has conventionally been viewed as a recruitment of cytosolic SHP2 to the plasma membrane 

through RTK-containing complexes such as EGFR-GRB2-GAB1-SHP2 (13) or through binding 

to PIP3-bound GAB1 (14). RTKs including Ret, HER2, and MET can also recruit SHP2 to the 

plasma membrane (15-17). Interestingly, MET promotes more substantial SHP2 redistribution 

toward the plasma membrane than EGFR (18). This difference may be based in part on the ability 

of EGFR to maintain cytosolic GAB1-SHP2 complexes by repeated SFK-mediated GAB1 

phosphorylation (12). Importantly, the ability for SFKs to phosphorylate cytosolic GAB1 will be 

influenced by the spatiotemporal regulation of SFK activity. SFKs can be activated at the plasma 

membrane in response to EGFR activation (19-23), and they are inactivated throughout the cell by 

PTPs and c-SRC kinase-mediated phosphorylation of negative regulatory tyrosines on SFKs (24). 

Based on this, SFK activity may rapidly decline distal from the plasma membrane. 

 Here, we develop a reaction-diffusion model to predict the temporal and spatial persistence 

of GAB1-SHP2 complexes in EGF-treated cells containing plasma membrane and cytosolic 

compartments. The fitted model predicts that GAB1-SHP2 complexes persist at nearly 80% of 

their plasma membrane concentration over the entire intracellular length scale. That is, EGFR in 

the plasma membrane can drive the activity of SHP2 throughout the cell interior. A parameter 

sensitivity analysis reveals that this complex persistence depends strongly on rates of SHP2-GAB1 

association and dissociation, SFK inactivation, and GAB1 dephosphorylation. Model predictions 

are supported by a simple order of magnitude analysis of the competing reaction and diffusion 

processes and by experimental measurements based on proximity ligation assays and 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 19, 2022. ; https://doi.org/10.1101/2021.11.08.467801doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.08.467801


5 

 

immunofluorescence microscopy. Our results demonstrate that cytosolic SFK activity enables 

EGFR to maintain active GAB1-SHP2 complexes throughout the intracellular domain and 

establish a quantitative framework for considering related phenomena in other receptor systems 

and cell settings.  
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METHODS 

Model Development 

General model description. Model equations comprise a system of coupled ordinary and 

partial differential equations for membrane and cytosolic species, respectively. Equations account 

for protein diffusion, reversible binding, and reversible tyrosine phosphorylation among EGFR, 

SFKs, GRB2, GAB1, and SHP2 in a spherical cell with radius R. Reaction rate expressions follow 

mass action kinetics. A model schematic is provided in Fig. 1, and model parameters are 

summarized in Table 1. 

Cytosolic species. Within the cytosolic compartment, conservation of species i (Ci) was 

modeled as 

 2

2

1i i
i Vi

C C
D r R

t r r r

   
= + 

   
 [1] 

where Di is the diffusivity and RVi is the net volumetric rate of generation. No-flux (symmetry) 

boundary conditions were implemented at the cell center for all species such that 

 ( )0, 0iC
t

r


=


 [2] 

Robin boundary conditions were applied at the membrane to equate the diffusive flux from the 

membrane (into the cytosol) to the rate of generation of species i (Rsi) at the membrane. Thus, 

 ( ),i
i Si

C
D R t R

r


=


       [3] 

Membrane species. Membrane species were treated as uniformly distributed in the 

membrane and modeled only as a function of time as 

 i
Si

dC
R

dt
=  [4] 
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 Finite difference solution. Partial differential equations were discretized using an explicit 

finite difference method, wherein first- and second-order derivatives were approximated using 

forward and central differences, respectively. At each time point, the system of algebraic equations 

resulting from discretizing over the entire spatial domain was explicitly solved using 

concentrations from the prior time point. The coupled equations for membrane proteins and 

boundary conditions for cytosolic proteins were simultaneously solved using the semi-implicit 

Euler method. Discretized boundary conditions for cytosolic proteins were evaluated first, using 

initial guesses for membrane protein concentrations at the next time step. Subsequently, discretized 

conservation equations for membrane proteins were evaluated using cytosolic protein 

concentrations from the explicit finite difference calculation. The membrane protein 

concentrations calculated in this step were then used as initial guesses for the boundary conditions 

in the next iteration of the semi-implicit scheme. This process was repeated iteratively until the 

fractional error between the previous and updated concentrations for membrane species and 

cytosolic proteins at the boundary was < 1×10-6. The process above was then successively repeated 

for each time point until the end of the time domain considered was reached. Additional details 

are provided in Appendix S1. 

Simplified, steady-state model. A simplified steady state model was developed by limiting 

the role of EGFR to SFK activation only (i.e., no adaptor binding) and setting the concentration of 

phosphorylated EGFR to the value predicted by the full model for the 5-min response to EGF. 

Solving the conservation equations for active and inactive SFKs analytically, the r-dependent 

concentration of active SFKs is  

 

1

, , , , ,

,

cosh sinh 1 sinh
( )

S a pE tot o SFK S a pE tot

SFK a

SFK SFK

k C C k Cmr mr mr
C r

D R mR D R mr

−

  
= + −  

  
 [5] 
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where CpE is the concentration of phosphorylated EGFR, and other parameters are as defined in 

Table 1. The concentration of inactive SFKs is CSFK,i = Co,SFK – CSFK,a, where Co,SFK is the initial 

concentration of SFKs. 

 Without binding to EGFR and GRB2 at the cell membrane, the boundary conditions for 

the four remaining cytosolic species (GAB1, pGAB1, pGAB1-SHP2, and SHP2) are of the form 

( ) ( )0, , 0i iC C
t R t

r r

 
= =

 
     [6] 

Subject to Eq. [6], the conservation equations for these species were solved using a modified, 

steady-state finite difference method without time steps.  

To create a further simplified model, the governing equations for GAB1, pGAB1, pGAB1-

SHP2, and SHP2 were reduced to just two equations for pGAB1 and pGAB1-SHP2 using 

conserved scalar quantities. The resulting equations were solved using the modified finite 

difference scheme. Finally, the system was reduced yet further to a single conservation equation 

for pGAB1 by assuming that GAB1 and SHP2 binding was everywhere at equilibrium, which 

enabled the elimination of all other species from the differential equation by substitution. The 

resulting conservation equation for pGAB1 was also solved by modified finite difference. 

Appendix S2 provides additional details on model simplifications, governing equations, and the 

modified steady-state finite difference approach. 

 

Model Implementation 

General considerations. Model codes were written and compiled primarily in MATLAB 

2020b and Julia v1.6.5 and are available on GitHub under the username “LazzaraLab.” In total, 

the model consists of 18 distinct protein species (10 cytosolic and eight membrane) and 25 

reactions. Model parameters are described in Table 1. For all finite difference calculations, except 
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those for sensitivity analyses, the spatial dimension was discretized using a step = 0.1 µm. For 

sensitivity analyses, a step = 0.2 µm was used to increase calculation efficiency. For all 

calculations, the time step was set based on the explicit finite difference stability criterion 

described in Eq. [8] by Bieniasz (25) for diffusion problems with homogeneous reactions. Typical 

time steps ranged between ~3×10-4 sec to ~3×10-6 sec, depending on the values of model 

parameters and the spatial step size. 

An additional version of the model was developed in Virtual Cell (VCell) (26, 27) to 

provide accessibility to VCell users. The VCell model “Myers&Furcht_spatial_GAB1_SHP2” 

was constructed as a BioModel in VCell 7.1 and is available in the public domain through the 

Public BioModels portal in VCell and at http://vcell.org/vcell-models under the shared username 

“LazzaraLab.” Solution geometries were constructed in VCell by defining the cytoplasmic volume 

compartment as a sphere with a radius of 10 µm or 50 µm.  

Representative cell. R was set equal to 10 μm (28) for most calculations. When the model 

was used to compute length scales for species persistence that could exceed 10 μm (e.g., with 

perturbed parameters), R was set to 50 μm. For most calculations, EGFR, GRB2, GAB1, SHP2, 

and SFKs were assumed to be at cellular concentrations of 6×105 per cell, as described in a 

previous, purely dynamic model (12). However, in some calculations, stoichiometries based on 

absolute quantification of protein in cell lines were used. Total concentrations of EGFR, SFKs, 

GRB2, GAB1, and SHP2 were converted to units of molecules/µm3 using the appropriate volume 

and surface area conversion factors such that the total number of molecules of each protein per 

cell did not change between calculations whether the cell radius was set to 10 or 50 μm. 

Kinetic processes considered and model parameterization. EGF binding at the plasma 

membrane was modeled as a reversible process characterized by association (29) and dissociation 
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(30) rate constants. EGF was treated as present at a constant concentration of 10 ng/mL, which is 

approximately equal to EGF’s affinity for EGFR. The EGFR dimerization rate constant was used 

as calculated previously (31). Dimer uncoupling rate constants in the presence of EGF were 

described previously. All dimer species were assumed to be symmetric, i.e., no coupling of ligand-

bound and -unbound EGFR monomers. EGFR phosphorylation was modeled as occurring between 

EGF-bound EGFR receptors in a dimer, where both receptors are simultaneously phosphorylated 

at a representative tyrosine (Y1068) that binds GRB2. EGFR dephosphorylation was modeled as 

zeroth order based on a previously described rate constant (12). 

As in prior work (12, 32), SFK activation was modeled as a first-order process wherein 

phosphorylated EGFR activates SFK at the plasma membrane. This approach is based on 

knowledge that Src SH2 domains can bind EGFR (33) and that Src SH2 engagement promotes 

autophosphorylation and activation of Src (34). SFK inactivation was modeled as zeroth order 

volumetric process occurring throughout the cytosol. 

GAB1 phosphorylation at a representative tyrosine that binds SHP2 (e.g., Y627) was 

modeled as a process catalyzed by active SFKs throughout the cytosol. GAB1 dephosphorylation 

was modeled as a zeroth order volumetric reaction in the cytosol. Binding interactions among 

GRB2, GAB1, and SHP2 were modeled as described previously (12). 

Diffusivities for cytosolic proteins and complexes were based on the diffusivity of tubulin 

(35) and an adjustment factor based on differences in the hydrodynamic radii of tubulin and a 

given protein monomer or complex. The hydrodynamic radii of protein monomers and 

complexes were estimated based on their molecular weights (36). See Appendix S4 for details. 

Parameter fitting. Parameters for SFK activation/inactivation and GAB1 

phosphorylation/dephosphorylation were fit by matching model predictions to purely dynamic 
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predictions for EGF-induced pGAB1 and active SFKs from a prior model (12). Specifically, kG1p, 

kG1dp, kS,a, and kS,i were fit by matching the predicted spatially averaged [pGAB1] and [aSFK] in 

the present model to prior predictions for [pGAB1] and [aSFK]. The particleswarm function in 

MATLAB was used to fit the parameters by minimizing the sum-of-squares error between the 

present and prior model results. The best-fit results are included in Table 1. The fitted model 

accurately recapitulates the previously predicted dynamics of SFK activation and GAB1 

phosphorylation in response to EGF (Fig. S1A). 

Sensitivity analysis. Model sensitivity to simultaneous changes in all parameter values was 

computed using the extended Fourier amplitude sensitivity test (eFAST) (37, 38). eFAST 

calculates total-order sensitivity indices (ST), which indicate the fraction of the overall model 

output variance that can be attributed to variations in an input parameter of interest when 

perturbing all parameters simultaneously. eFAST calculations were performed with the Julia 

version of the model using the GlobalSensitivity.jl package. Diffusivities and kinetic parameters 

were varied by a factor ≤ 10 above or below their base values. Protein concentrations were allowed 

to vary between 100 and 1,000,000 molecules per cell. In all eFAST calculations, 1,000 

simulations were run per varied model parameter. 

 

Length scales for active SFKs and GAB1-SHP2 complexes  

Estimates for the length scales over which concentrations of active SFKs and GAB1-SHP2 

complexes change were developed by considering the orders of magnitude of the rate processes 

involved in the reaction-diffusion mechanism. The length scale obtained for GAB1-SHP2 was 

assumed to apply to GRB2-GAB1-SHP2 because the diffusivities of these two species are nearly 
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identical (Table 1) and GRB2 binding does not prevent GAB1-SHP2 association in the current 

model topology. See Appendix S3 for additional details regarding these derivations. 

 The length scale of active SFKs can be derived from the steady conservation equation for 

CSFK,a, which is  

 
,2

, ,2

1
0

SFK a

SFK S i SFK a

dCd
D r k C

r dr dr

 
− = 

 
 [7] 

Note that RVi for active SFKs does not include a forward (activation) rate because SFK activation 

occurs only at the plasma membrane. Dimensionless CSFK,a and r are defined as 

 
,

,

SFK a

o SFK

C

C
 =   [8] 

 
r

R
 =   [9]  

Substituting these definitions into Eq. [7] yields 

 
2

2

1
Da

d d

d d
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 [10] 

where the Damköhler number Da = kS,iR
2/DSFK is a dimensionless quantity describing the 

competition between SFK inactivation and SFK diffusion. 

Based on the parameter values in Table 1, Da ≈ 40. Thus, the inactivation of SFKs occurs 

rapidly compared to SFK diffusion over the length scale R, and a sharp gradient in CSFK,a is 

expected. The large value of Da also indicates that Eq. [10] is not properly scaled (i.e., not all terms 

are ~1), which is a consequence of the geometric length R (used to define η) overestimating the 

length scale for changes in CSFK,a. Redefining the radial coordinate by incorporating Da as  

 

1/2

,1/2Da
S i

SFK

k
r

D
 

 
= =  

 
  [11] 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 19, 2022. ; https://doi.org/10.1101/2021.11.08.467801doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.08.467801


13 

 

eliminates Da from the conservation equation, resulting in this scaled result: 

 2

2

1 d d

d d


 

  

 
= 

 
 [12] 

Based on Eq. [11], the length scale for changes in CSFK,a (δSFK,a) is  

 

1/2

,

,

SFK
SFK a

S i

D

k


 
  
 

 [13] 

where “~” denotes order-of-magnitude equality. 

 While δSFK,a is readily derived through standard scaling analysis (39), the length scale for 

GAB1-SHP2 complex persistence (δG1S2) is more challenging to obtain due to the coupled kinetic 

processes involved. An alternative approach is to estimate and sum the length scales for the 

processes that cooperate to determine δG1S2: i. SFK-mediated GAB1 phosphorylation, ii. GAB1-

SHP2 dissociation, and iii. GAB1 dephosphorylation. This approach recognizes that complexes 

will form wherever GAB1 is actively being phosphorylated, that intact complexes require a finite 

time to dissociate, and that complexes can reform where GAB1 remains phosphorylated.  

The length scale for SFK-mediated GAB1 phosphorylation is just δSFK,a. Based on the same 

reasoning used to derive δSFK,a, the length scale for GAB1-SHP2 dissociation (δdis) is  

 

1/2

1 2

2,

G S
dis

S off

D

k


 
  
 

  [14] 

and the length scale for GAB1 dephosphorylation (δdep) is 

 

1/2

1

1

G
dep

G do

D

k


 
 
 

  [15] 

Thus, δG1S2 can be estimated as 

 

1/2 1/21/2
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Experimental Methods 

Cell culture. Gene-edited HeLa cells expressing mVenus-HRAS (HeLa/mV-HRAS) from 

a single endogenous HRAS locus were described previously (40). Unless otherwise noted, cells 

were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS) (Avantor), 1% penicillin-streptomycin (10,000 µg/mL), and 1% L-

glutamine (200 mM). Cells were confirmed to be mycoplasma-negative using the MycoAlert 

Mycoplasma Detection Kit (LT07-318, Lonza). 

Proximity ligation assay and immunofluorescence. HeLa/mV-HRAS cells were plated on 

12-mm coverslips in six-well tissue culture dishes at 3×105 cells per well. ~24 hr after plating, 

cells were serum-starved by switching them to DMEM containing 0.1 % FBS for at least 16 hr. 

Serum-starved cells were treated with recombinant human EGF (PeproTech AF-100-15) at 10 

ng/mL for ≤ 15 min. Medium was then aspirated, and cells were fixed in 4% paraformaldehyde in 

PBS for 20 min, followed by permeabilization with 0.25% Triton X-100 in PBS for 5 min. 

Coverslips were blocked in Duolink Blocking Solution (Sigma Aldrich) for 1 hr at 37°C and were 

then incubated with primary antibodies overnight at 4°C. All antibodies were diluted in Odyssey 

Blocking Buffer (OBB). For GAB1-SHP2 proximity ligation assays (PLA), mouse SHP2 antibody 

(sc-7384, Santa Cruz Biotechnology, 1:50) and rabbit GAB1 antibody (HPA049599, Sigma-

Aldrich, 1:50) were used. For EGFR-GRB2 PLA, mouse EGFR antibody (CST D381B, Cell 

Signaling Technology, 1:100) and rabbit GRB2 antibody (BD 610111, BD Biosciences, 1:100) 

were used. PLA probes were anti-rabbit PLUS (DUO92002, Sigma-Aldrich) and anti-mouse 

MINUS (DUO92004, Sigma-Aldrich) and were used and detected using Duolink In Situ Far Red 

Detection Reagents (Sigma-Aldrich) according to the manufacturer’s instructions. After staining 

with PLA probes, coverslips were incubated overnight at 4°C with rat EGFR antibody (ab231, 
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Abcam, 1:200). EGFR was detected by incubating coverslips for 1 hr at 37°C with anti-rat Alexa 

Fluor 594 (A-11007, Invitrogen, 1:750) and Hoechst nuclear stain (1:2000). Coverslips were 

mounted on glass slides using ProLong Gold Antifade Mounting Medium (Thermo Fisher, 

P36930). Epifluorescence images were obtained with a Zeiss AxioObserver Z1 using 20×, 40× oil 

immersion, and 63× oil immersion objective lenses.  

Fluorescence images were analyzed using the FIJI distribution of ImageJ (41). 

Quantification of PLA puncta and colocalization of PLA and EGFR puncta was performed using 

custom ImageJ macros that were written using a combination of the puncta quantification 

processing steps described by Horzum et al. (42) and the object-based colocalization analysis steps 

described by Moser et al. (43). Briefly, maximum-intensity z-projections of PLA and EGFR 

immunofluorescence (IF) images were first background-corrected using the rolling ball algorithm, 

followed by local contrast enhancement using contrast-limited adaptive histogram equalization 

(44) via the CLAHE ImageJ plugin. Background was further corrected by applying the exponential 

filter, followed by automatic adjustment of the brightness and contrast. The Laplacian of Gaussian 

(LoG) filter was then applied to enhance individual puncta. LoG-filtered images were then 

thresholded to identify individual PLA and EGFR puncta, which were then related based on object 

overlap to determine signal colocalization. Individual nuclei were identified by thresholding 

background-subtracted and histogram-equalized nuclear stain images.   
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RESULTS 

Base Model Predictions 

As detailed in Methods, the model accounts for EGFR phosphorylation, SFK activation, 

GAB1 phosphorylation, and GAB1-SHP2 complex formation in a spherical cytosolic 

compartment bounded by a plasma membrane (Figure 1). Unless otherwise stated, the 

concentration of GAB1-SHP2 complexes is calculated as the sum of the species pGAB1-SHP2 

and GRB2-pGAB1-SHP2. Simulations were limited to a 5-min response to EGF because peak 

EGFR activation and adapter binding typically occur within this time (45, 46) and because EGFR 

endocytosis and degradation are prominent after 5 min (5, 40, 47, 48). Thus, model calculations 

provide a conservative estimate of the ability of the membrane-localized receptors to regulate 

signaling via SHP2 throughout the cytoplasmic domain. 

The full model predicts that SFKs rapidly activate at the plasma membrane in response to 

EGF but that the concentration of active SFKs decays substantially over a length scale that is small 

compared to the cell radius. In contrast, the concentration of pGAB1 decays only modestly moving 

away from the membrane and toward the cell interior (Figs. 2, A and B). The difference between 

the length scales for active SFKs and pGAB1 decay is related in part to the time required for GAB1 

dephosphorylation, an issue examined in greater detail later. The difference in length scales is also 

related to an effective signaling amplification step from EGFR to GAB1, wherein ~2 pGAB1 

molecules result via SFK for every pEGFR (Fig. 2C). As with pGAB1, the abundance of GAB1-

SHP2 complexes is largely unchanged as a function of the radial coordinate r, suggesting that 

SHP2 remains active over the entire intracellular length scale when activated by membrane-

retained EGFR (Fig. 2D). The predicted response of GAB1-SHP2 complexes to treatment with the 

EGFR inhibitor gefitinib after an initial pulse of EGF demonstrated a slower decay of GAB1-SHP2 
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complexes (~2 min; Fig. 2E) than the rate of initial complex formation (~30 sec; Fig. 2D). The 

slower rate of decay is the result of the time scale required for GAB1 dephosphorylation, which 

cannot occur until the effect of EGFR inactivation propagates to an inactivation of SFKs. The finite 

time scale for this propagation explains why the predicted loss of EGFR activity occurs more 

quickly than does the loss of GAB1-SHP2 complexes.  

The robustness of the GAB1-SHP2 length scale prediction was tested by creating 1,000 

parameter sets in which each parameter was randomly perturbed by up to an order of magnitude 

(up or down) from its base value. For > 90% of the 1,000 parameter sets, the concentration of 

GAB1-SHP2 complexes at the cell center is ≥ 50% of the GAB1-SHP2 concentration at the cell 

surface, and virtually all parameter sets meet less stringent thresholds for complex persistence (Fig. 

2F). Therefore, the model prediction of GAB1-SHP2 complexes being maintained distal from the 

cell surface appears robust even if the model parameters are not well estimated.  

Calculations made using a Virtual Cell (VCell) implementation of the full reaction-

diffusion model are consistent with predictions of the model obtained using MATLAB and Julia 

(Fig. S1, B-D). Accessibility of this model is described in Methods for VCell users. 

 

Steady-state Model Predictions 

Predictions of the full model were compared to a simplified steady model in which EGFR 

was considered only for its ability to activate SFKs, with the abundance of pEGFR chosen as that 

predicted by the full model for a 5-min response to 10 ng/mL EGF. See Methods for details. 

Solutions for active and inactive SFKs matched the solutions from the full reaction-diffusion 

model nearly identically (Fig. S2A). Predictions of the simplified model for GAB1-SHP2, pGAB1, 

GAB1, and SHP2 agreed with predictions of the full model to within ~15% error or less (Fig. S2 
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B-E). In addition to supporting the conclusion that the length scale for GAB1-SHP2 complex 

persistence is ≥ R, these results demonstrate that the GAB1-SHP2 complexes are governed by 

nearly pseudo-steady behavior with respect to EGFR dynamics. The results also demonstrate that 

GRB2-GAB1 binding, which was neglected in the simplified model, has little influence on GAB1-

SHP2 complex persistence.  

 

Parameter Sensitivity Analysis  

To identify rate processes that strongly influence the concentration and distribution of 

GAB1-SHP2 complexes, the extended Fourier amplitude sensitivity test (eFAST) approach was 

used to conduct a multivariate parameter sensitivity analysis. Model parameters were varied by up 

to a factor of 10, and a 5-min response to 10 ng/mL EGF was considered (Fig. 3A). The average 

GAB1-SHP2 concentration was most sensitive to perturbations to SHP2 binding to (kS2,f) and 

unbinding from GAB1 (kS2,r). To determine parameters that control the distribution of GAB1-

SHP2 complexes, we calculated the distance from the cell surface where the concentration of 

GAB1-SHP2 reaches 50% of its membrane value (r1/2). r1/2 was most sensitive to changes in the 

dephosphorylation kinetics of GAB1 (kG1dp) and the diffusivities of GAB1 and pGAB1-SHP2. r1/2 

was also sensitive, to a lesser degree, to changes in SHP2 binding kinetics and the diffusivity and 

inactivation kinetics of SFKs (DSFK and kS,i, respectively). The ratio of GAB1-SHP2 at the cell 

center versus cell surface was sensitive to the same perturbations. Consistent with results in Fig. 

S2, perturbations to rate constants governing EGFR-GRB2 interactions had little effect on GAB1-

SHP2 complex abundance or persistence. Univariate perturbations to the most important 

parameters from the eFAST analysis confirmed their relative influence on the spatial distribution 

of GAB1-SHP2 complexes and demonstrated expected qualitative trends (Fig. 3, B-E). For 
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example, a 10-fold increase in kG1dp limited the concentration of GAB1-SHP2 at the cell center to 

just 25% of its value at the membrane. 

 We next determined the model’s sensitivity to perturbations in initial protein 

concentrations, again using the eFAST approach. This analysis revealed that the center-to-surface 

ratio of GAB1-SHP2 was highly sensitive to changes in SHP2 expression yet only mildly sensitive 

to changes in SFK expression (Fig. 3F). Indeed, perturbations to SFK expression alone result in 

relatively modest changes to GAB1-SHP2 complex distribution (Fig. 3G). This result was 

surprising given that GAB1-SHP2 complex persistence depends strongly on the diffusivity and 

inactivation rate of SFKs (Fig. 3A) and that a purely dynamic model is highly sensitive to changes 

in SFK expression (12). We investigated this further by analyzing whether SFK overexpression 

could compensate for increases in SFK inactivation and GAB1 dephosphorylation when 

determining the length scale for GAB1-SHP2 complex persistence. A ten-fold increase in SFK 

abundance can substantially offset the effect of an elevated GAB1 dephosphorylation rate (Fig. 

3H), but the same increase cannot offset a faster rate of SFK inactivation. This observation is most 

likely explained by the fact that the length scale for active SFKs—which directly affects the length 

scale of GAB1-SHP2 persistence—is independent of concentration but not the rate of SFK 

inactivation. In the case of increased GAB1 dephosphorylation, the length scale for active SFKs 

remains unchanged, and SFK overexpression compensates by significantly increasing the average 

rate of GAB1 phosphorylation over the length scale where SFKs are active. Thus, increasing SFK 

expression can compensate for perturbations to the rate constants for some processes but not 

others. The characteristic length scales of actives SFKs and GAB1-SHP2 are described in further 

detail later. 
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Based on the protein concentration sensitivity analysis (Fig. 3F) and previously reported 

findings (12, 49), we next sought to determine if SHP2 binding could protect GAB1 from being 

dephosphorylated. While our previous purely dynamic model predicted little effect of SHP2 

depletion or overexpression on GAB1 phosphorylation, the current spatially resolved model 

predicts that GAB1 phosphorylation is highly sensitive to changes in SHP2 expression (Fig. 3I). 

Indeed, the center-to-surface ratio of pGAB1 varied greatly in these simulations, ranging from 

0.98 when SHP2 was overexpressed to as low as 0.48 when SHP2 was depleted, consistent with 

the results of Fig. 3F. This occurs because unbound and dephosphorylated GAB1 near the cell 

center is isolated from active SFKs. This physical separation, which is accounted for by the spatial 

model but ignored by a purely dynamic model, magnifies the protective effect of SHP2’s binding 

on phosphorylated GAB1. Furthermore, SHP2 overexpression fully compensates for the effect of 

increasing the rate of GAB1 dephosphorylation or SFK inactivation on the persistence phospho-

GAB1 (Fig. 3J). Based on these results, elevated SHP2 concentration can be expected to promote 

GAB1-SHP2 persistence by sustaining GAB1 phosphorylation through shielding it from 

phosphatases. 

 

Effect of SFK Activity Confinement to the Membrane 

While we and other investigators have found active SFKs in the cytosolic compartment 

(12, 31), some investigators report that active SFKs are confined primarily to the membrane due 

to palmitoylation or other post-translational modifications (50). To determine the effect of SFK 

compartmentalization on the GAB1-SHP2 persistence length scale, we set the diffusivity of active 

SFKs to nearly zero, confining their activity to the membrane. This change caused the center-to-

surface ratio of GAB1-SHP2 to drop to ~0.61 compared to ~0.77 with the base model (Fig. 4A). 
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Overall, the persistence of GAB1-SHP2 was only moderately affected by confining SFK activity 

to the cell membrane. This occurs because δSFK,a is already small compared to R for the base model 

parameters. We next performed another eFAST analysis to determine whether the model parameter 

sensitivities changed due to active SFK membrane confinement (Fig. 4B). This version of the 

model was almost exclusively sensitive to the kinetics of GAB1 dephosphorylation and SHP2 

binding to GAB1 and was entirely insensitive to the rate constants for SFK activation and 

inactivation. We assessed how much the rate constants for these processes needed to be varied to 

compensate for confinement of SFK activity to the cell membrane by performing model 

calculations over a range of values for the GAB1 dephosphorylation and GAB1-SHP2 dissociation 

rate constants (Fig. 4, C and D). These calculations indicated that a 0.5-fold change in the GAB1 

dephosphorylation rate constant (kG1dp) is sufficient to obtain the same ratio of center-to-surface 

GAB1-SHP2 as the base model and compensate for active SFK membrane confinement in the full 

spatiotemporal profile of GAB1-SHP2. For the rate of GAB1-SHP2 dissociation (kS2,r), a 0.3-fold 

change from the base value was required to match the base model center-to-surface ratio of GAB1-

SHP2, but we note that this change actually led to an overall increase in the cell-center 

concentration of cytosolic GAB1-SHP2 above that predicted by the base model. Thus, even if our 

base model assumption that active SFKs are diffusible is incorrect, relatively small adjustments to 

a small subset of model parameters can compensate for the effect SFK membrane confinement on 

GAB1-SHP2 persistence. 

 

Estimating Length Scales by Order of Magnitude Analysis 

To validate model predictions, we developed an independent estimate for the length scale 

of GAB1-SHP2 complex persistence based on scaling analyses of the conservation equations for 
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key species. The analysis is described in Methods, and the conceptual model describing why 

specific length scales were added is presented in Fig. 5A. Using the model parameter values in 

Table 1, the order of magnitude analysis predicts δG1S2 ~ 5.4 µm, with approximately one-third of 

that determined by the length scale of which SFKs are active δSFK,a (~1.6 µm). Of the two 

remaining length scales that contribute to δG1S2, δdep is the larger (~2.8 µm) and δdis is the smaller 

(~1 µm) (Fig. 5B).  The three-fold difference between δdep and δdis is consistent with results shown 

in Fig. 2, A and D.  

We also compared the length scale estimates for active SFKs (Eq. [13]) and GAB1-SHP2 

(Eq. [16]) against the model-predicted length scales r1/2. Because r1/2 ≥ R for the base model, the 

cell radius was set to 50 µm for the calculations shown here. Length scales were calculated with 

base model parameters and for up to 10-fold variations, up or down, in the parameters included in 

Eq. [16] (Fig. 5C). The length scale predictions agreed well for both active SFKs and GAB1-SHP2. 

In all scenarios, δSFK,a is less than the cell radius R. The strong agreement indicates that Eqs. 13 

and 16 capture the essential processes for determining the process length scales. Note that effects 

of cell curvature are neglected in our length scale estimates, and that curvature effects are 

anticipated to reduce δ by ~20-30% based on model calculations for spherical and rectangular 

coordinates (Fig. S3). Overall though, the length scale estimates generated concur with the 

predictions of the full model that GAB1-SHP2 complexes and support the conclusion that GAB1-

SHP2 complexes persist over the entire intracellular length scale in response to EGFR activation.  

 

Visualizing EGFR-driven GAB1-SHP2 complexes in carcinoma cells 

To validate the central model prediction that GAB1-SHP2 complexes persist throughout 

the cell in response to EGFR activation, we used proximity ligation assays (PLA) and 
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immunofluorescence (IF) microscopy in HeLa cells and updated model calculations for known 

HeLa protein abundances. The stoichiometry and expression of pathway proteins in HeLa cells 

diverge substantially from the assumed expression levels in our base model (51). Notably, GAB1 

is expressed at just ~1,500 copies/cell. Model calculations based on HeLa cell protein abundances 

nonetheless suggest that GAB1-SHP2 complexes should be distributed throughout the cell interior 

(Fig. 6, A-C) and that the length scale for complex persistence is nearly as large as predicted for 

the base model (Fig. 6D). This prediction is consistent with eFAST calculations showing that the 

model is primarily sensitive to changes in SHP2 expression but not other proteins (Fig. 3F). Since 

SHP2 is expressed in excess compared to GAB1 in HeLa cells (~300,000 versus ~1,500 molecules, 

respectively) and protects GAB1 from dephosphorylation, it is not surprising that the length scale 

of GAB1-SHP2 persistence is unchanged despite the low abundance of GAB1 in these cells. This 

prediction was again robust to simultaneous perturbations of all model parameters (Fig. 6E). Thus, 

the reaction-diffusion mechanism described by the model distributes even relatively small numbers 

of GAB1-SHP2 complexes throughout the cell interior. The equivalence of predicted length scales 

for the base model and HeLa protein abundances is consistent with the lack of species 

concentration dependence in the estimate for δG1S2 in Eq. [16].  

As a specific cell background for visualizing GAB1-SHP2 complexes relative to EGFR, 

we used gene-edited HeLa cells expressing an mVenus-HRAS fusion from one endogenous HRAS 

locus (40), which enables membrane visualization without use of stains. We first validated the use 

of PLA for determining the subcellular protein localization by performing EGFR-GRB2 PLA and 

immunofluorescence for EGFR (Fig. 7A). EGFR and GRB2 strongly associate upon EGFR 

phosphorylation. EGFR-GRB2 PLA signals should thus be almost entirely colocalized with an 

EGFR IF signal generated using an independent primary antibody. As expected, exogenous EGF 
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produced the obvious formation of EGFR-positive puncta by IF and EGFR-GRB2 PLA signals, 

each of which were visible throughout cells (Fig. 7, B and C). EGFR puncta form due to EGFR 

association with clathrin-coated pits and endocytosis, effects not explicitly considered in our model 

but described in more detail in the Discussion. PLA signals seen with primary antibody controls 

indicated that some of the apparent basal EGFR-GRB2 association in serum-starved cells may 

result from non-specific binding of PLA probes (Fig. S4A). Most importantly, colocalization 

analysis of EGFR-GRB2 PLA and EGFR IF signals indicated that nearly all EGFR-GRB2 puncta 

were colocalized with EGFR identified independently (Fig. 7, D and E). This result provides 

confidence in the ability of PLA to accurately represent the subcellular localization of protein 

complexes.  

We next performed GAB1-SHP2 PLA and EGFR IF in parallel (Fig. 7F). As expected, 

exogeneous EGF produced clear GAB1-SHP2 PLA signals and EGFR puncta throughout the cells 

(Fig. 7G-H). Primary antibody controls indicated that the presence of low baseline PLA signal in 

serum-starved cells is likely due to a combination of some basal GAB1-SHP2 association and non-

specific binding of the PLA anti-rabbit probe to epitopes in proximity to the SHP2 primary 

antibody. The observed increase in GAB1-SHP2 PLA signal with EGF is consistent with prior co-

immunoprecipitation measurements (12). Quantitative image analysis revealed that the fraction of 

GAB1-SHP2 PLA puncta colocalizing with EGFR signal was substantially less than one and 

decreased over time (Fig. 7I). The difference was most prominent 15 min after EGF treatment, 

when only ~25% of GAB1-SHP2 PLA signals were colocalized with EGFR. This observation is 

consistent with our previous observations from cell fractionation experiments that GAB1-SHP2 

complexes are primarily cytosolic and that GAB1-SHP2 association with EGFR also decreases 

over time in HeLa cells (12). Additionally, GAB1-SHP2 PLA signals can be seen both proximal 
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to the cell membrane (mV-HRAS signal) and throughout the cell interior. Thus, the PLA results 

provide experimental support for our model that GAB1-SHP2 complexes can exist separately from 

the signal-initiating EGFR and throughout the cytosol in response to EGF.   
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DISCUSSION 

The predictions of our reaction-diffusion model suggest that membrane-bound EGFR 

regulates signaling over the entire intracellular length scale through GAB1-SHP2 complexes that 

are maintained by the intermediary action of SFKs (Fig. 8). This conceptual model stands in 

contrast to the more conventional view that receptor-bound complexes, such as GAB1-SHP2, 

access different subcellular compartments through directed membrane localization and trafficking 

processes. This new understanding may help explain prior apparently contradictory observations. 

For example, recent work demonstrates that RAS activity and ERK phosphorylation paradoxically 

remain dependent on EGFR activity even after EGFR and RAS become physically separated due 

to EGFR endocytosis and membrane retention of RAS (40, 45, 52). Based on our work, GAB1-

SHP2 complexes, generated by active endocytosed EGFR, may diffuse back to the cell membrane 

and thereby promote RAS activity. SHP2 promotes RAS activity via dephosphorylation of GAB1 

at Y317, a p120-RASGAP (RASA1) binding site (13), or by dephosphorylating RASGAP binding 

sites directly on EGFR. Other mechanisms of RAS regulation by SHP2 have been proposed (6, 

53-55), including the possibility of SHP2 acting as a scaffold that recruits GRB2-SOS complexes 

to the cell membrane (7, 56). Aside from regulating RAS activity, SHP2 has also been reported to 

regulate the phosphorylation of paxillin (57, 58) and the transmembrane adaptor protein PAG/CBP 

(53). Thus, there are several SHP2 signaling targets that our analysis suggests EGFR can distally 

regulate via the reaction-diffusion mechanism described here.  

Our analysis reveals that GAB1-SHP2 complex maintenance throughout the cytosol is 

promoted by SFK phosphorylation of GAB1 tyrosines. Interestingly, a prior study noted impaired 

EGF-mediated SRC Y418 phosphorylation in the non-small cell lung cancer (NSCLC) cell line 

H3255, which expresses a kinase-activated EGFR mutant that confers sensitivity to EGFR 
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inhibition (59). H3255 cells also have a functional impairment in EGFR-mediated SHP2 activity 

and inability to drive ERK activity as efficiently as NSCLC cells expressing wild-type EGFR (60). 

Thus, EGFR may rely heavily on SFKs to activate ERK through SHP2, and disruption of this 

mechanism may occur with certain EGFR mutations that render cells susceptible to EGFR 

inhibitors.  

 Our analysis indicates that the GAB1-SHP2 persistence length scale is sensitive to 

perturbations in the rate constants for GAB1-SHP2 association and dissociation, SFK inactivation, 

and GAB1 dephosphorylation, but is surprisingly much less sensitive to the rate constants for SFK 

activation and GAB1 phosphorylation (Fig. 3A). In fact, the rate constant for SFK activation had 

essentially no control over the steady state cellular distribution of GAB1-SHP2 complexes. This 

is likely the result of a model topology wherein SFKs are activated only at the cell surface by 

membrane-bound EGFR. SFKs will be rapidly inactivated throughout the cytosol even if SFK 

activation is made more rapid. The appearance of the rate constant for SFK inactivation but not 

activation in our order-of-magnitude estimate for active SFKs (Eq. [13]) is consistent with this 

understanding. This view of the system is also consistent with our finding that EGFR only weakly 

controls the spatial gradient of GAB1-SHP2 complexes within the cell (Fig. 3A).  

 Characteristic time scales for the reaction-diffusion mechanism modeled here suggest that 

GAB1 may require phosphorylation up to 3-4 times by SFKs throughout the cytosol to permit an 

individual GAB1-SHP2 complex to diffuse to the cell center from the cell surface, but the time 

scale of SFK inactivation suggests that GAB1 can only be phosphorylated once before SFKs 

become inactivated. The time scales for SHP2 binding and unbinding from GAB1, however, are 

much smaller than the time scale for GAB1 dephosphorylation. For a pGAB1 molecule to diffuse 

to the cell center, at least 6-7 SHP2 binding events may occur prior to GAB1 dephosphorylation. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 19, 2022. ; https://doi.org/10.1101/2021.11.08.467801doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.08.467801


28 

 

This is reflected in the strong predicted sensitivity of  GAB1-SHP2 persistence and abundance to 

changes in SHP2 expression and GAB1-SHP2 binding kinetics. Thus, even with active SFKs 

primarily localized near the cell membrane, protective SHP2 binding to pGAB1 promotes the 

maintenance of GAB1-SHP2 complexes away from the cell surface. 

 The future refinement and verification of the model developed here would be greatly aided 

by time-resolved measurements of the distribution of GAB1-SHP2 complexes within a cell, such 

as could be obtained from live-cell FRET microscopy. While a GAB1-SHP2 FRET reporter pair 

is not presently available, our PLA experiments (Fig. 7) and previous findings using cell 

fractionation (12) show that GAB1-SHP2 complexes exist primarily in the cytosol rather than 

membrane compartments. PLA experiments capture only snapshots of protein-protein interactions 

from fixed cells and may not fully capture all reversible protein-protein binding events occurring 

within cells. Model calculations with HeLa abundances predict that ~300-400 GAB1-SHP2 

molecules are formed per cell in response to EGF treatment, which is about an order of magnitude 

greater than the amount measured by PLA. Live-cell FRET experiments may more accurately 

capture the dynamics and spatial distribution of GAB1-SHP2 association in cells. It would also be 

beneficial to measure the diffusivity of all the cytosolic proteins in the model (e.g., by fluorescence 

recovery after photobleaching), as our current predictions rely on using empirical relationships to 

estimate diffusivities based on protein and complex molecular weights (35, 36). In addition to 

refining model parameters, additional cellular processes can be incorporated into the model to 

more completely describe the steps leading to cytosolic protein complex assembly, including 

receptor endocytosis (61-63) and coordinated protein complex assembly via cytosolic scaffold 

proteins (64). Given that RTKs including EGFR and TrkA can nucleate signaling complex 

formation from endosomes (61-63, 65), consideration of these processes in future spatial models 
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will be important for more completely understanding the ability of receptors to regulate signaling 

events at a distance via reaction-diffusion mechanisms such as the one described here.  

 Mechanisms similar to that described for EGFR may exist for other receptors, including 

other ErbB receptor family members, capable of activating diffusible non-receptor kinases that 

phosphorylate protein complex constituents. ErbB2/HER2, for example, activates SFKs (66) and 

promotes GAB1 phosphorylation and association with SHP2 (67). SHP2 is also required for 

complete activation of ERK and other pathways downstream of MET and fibroblast growth factor 

receptors (FGFRs) (17, 68, 69), but the spatiotemporal regulation of SHP2 activity differs between 

these receptor systems and compared to EGFR. In some cell contexts, MET may drive lower but 

more sustained and membrane-localized GAB1-SHP2 association (12, 18). In response to FGFR 

activation, SHP2 binds preferentially to the membrane-bound adaptor FRS2 (70). These 

observations highlight the possibility that different receptors induce SHP2 activity with different 

dynamics and subcellular localization of GAB1-SHP2, and that not all receptors may be capable 

of regulating signaling over the entire cytosolic domain via GAB1-SHP2 complexes. We 

hypothesize that endocytosed EGFR, for example, may continue to regulate RAS signaling at the 

membrane via diffusible GAB1-SHP2, but such a mechanism may not exist or be necessary for 

other receptors, particularly if the trafficking dynamics of those receptors differ substantially from 

EGFR. Computational modeling is an invaluable tool in investigating such hypotheses, and our 

model provides a platform upon which future models could be built to study the spatiotemporal 

regulation of cytosolic phospho-proteins or protein complexes initiated by the activity of 

membrane-associated receptors and RTKs.  
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Figures 

 

Fig. 1. Model schematic. The cell cytosolic compartment is modeled as a sphere of radius R = 10 

µm. The dependence of protein and protein complex concentrations on position and time after 

EGFR activation was modeled using standard reaction-diffusion equations. No-flux boundary 

conditions were imposed at the cell center consistent with symmetry of the problem, and Robin 

boundary conditions were imposed at the cell membrane to reflect the equivalence between 

reaction and diffusion of species at r = R. Membrane-bound species were assumed to be 

homogenously distributed in that compartment and were therefore modeled only as a function of 

time. 
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Fig. 2. GAB1-SHP2 complexes are well distributed throughout cells in response to EGFR 

activation. (A-B) For the base parameters, model predictions are shown for the concentrations of 

active SFKs and phosphorylated GAB1 in response to 10 ng/mL EGF as a function of distance 

from the cell center (r) and time. (C) Average concentrations of phosphorylated EGFR and GAB1 

in response to 10 ng/mL EGF at t = 5 min were computed and normalized to the average 

concentration of phosphorylated EGFR. (D) Model predictions for the concentration of GABl-

SHP2 complexes as a function of r and time are shown. (E) The concentration of GAB1-SHP2 

complexes was predicted as a function of r and time for an initial 5-min pulse of 10 ng/mL EGF 

chased by a 2-min treatment with the EGFR inhibitor gefitinib. Gefitinib treatment was simulated 

by setting the rate constant for EGFR phosphorylation to 0. Model predictions are shown for the 

2-min chase time course. (F) Model predictions were made for 1,000 parameter sets in which each 

parameter was randomly varied by up to a factor of 10 above or below its base value. Robustness 

of the model length scale predictions was assessed by calculating the percentage of simulations in 

which the ratio of GAB1-SHP2 concentrations at the cell center to the cell surface 
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(CG1S2(0)/CG1S2(R)) was ≥ 0.5, 0.2, and 0.1. Protein diffusivities were collectively perturbed by the 

same factor in these simulations. 
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Fig. 3. Model sensitivity analysis identifies processes controlling the length scale of GAB1-

SHP2 persistence. (A) Extended Fourier amplitude sensitivity test (eFAST) was used to perform 

parameter sensitivity analysis of model predictions for the spatially averaged concentration of 

GAB1-SHP2 complexes (CG1S2,ave), the distance over which the GAB1-SHP2 concentration decays 

to 1/2 of the maximum GAB1-SHP2 concentration at the cell surface (r1/2), and the ratio of GAB1-

SHP2 concentrations at the cell center to the cell surface (CG1S2(0)/ CG1S2(R)) after a 5-min EGF 

treatment (10 ng/mL). Model sensitivities were calculated as total-order eFAST indices (ST) where 

model parameters were permitted to vary by up to a factor of 10 above or below their base values 

over 24,000 simulations (1,000 simulations per parameter varied). (B-E) Model predictions for the 

normalized concentration of GAB1-SHP2 after a 5-min EGF treatment (10 ng/mL) were compared 

with predictions when kG1dp, kS2,r, kS,i, or DSFK were varied by a factor of 10 as indicated. (F) eFAST 

was used to assess the model sensitivity to changes in initial protein concentrations when allowing 

the abundance of each protein to vary between 100 and 1,000,000 molecules per cell over 5,000 

total simulations. (G-H) Model predictions for the normalized concentration of GAB1-SHP2 or 
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pGAB1 after 5-min EGF treatment were compared with predictions when the concentration of 

SFKs or the indicated kinetic parameters were varied by a factor of 10 as indicated. (I-J) Model 

predictions for the normalized concentration of phosphorylated GAB1 after a 5-min EGF treatment 

(10 ng/mL) were compared with predictions when the concentration of SHP2 or the indicated 

kinetic parameters were varied by a factor of 10 as indicated. In panels (B-E) and (G-J), the 

concentration of GAB1-SHP2 was normalized to the maximum value within each individual curve. 
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Fig. 4. Confining SFK activity to the plasma membrane modestly reduces GAB1-SHP2 

complex persistence. (A) Model predictions for the concentrations GAB1-SHP2 complexes were 

plotted as a function of distance from the cell center (r) and time following 10 ng/mL EGF 

treatment when SFKs were only permitted to be active at the cell surface for the base model 

parameters. (B) eFAST was used to perform parameter sensitivity analysis of CG1S2,ave, r1/2, and 

CG1S2(0)/ CG1S2(R) after a 5-min 10 ng/mL EGF treatment when active SFKs were confined to the 

plasma membrane. Model sensitivities were calculated as total-order eFAST indices (ST) where 

model parameters were permitted to vary by up to a factor of 10 above or below their base values 

(1,000 simulations per parameter varied). (C, D) Model predictions are shown for the normalized 

concentration of GAB1-SHP2 after a 5-min 10 ng/mL EGF treatment when active SFKs were 

confined to the plasma membrane and where kG1dp and kS2,r were varied by the indicated fold 

changes from their base values. The concentration of GAB1-SHP2 was normalized to the 

maximum value within each curve. For comparison, the baseline model prediction for normalized 

or unnormalized GAB1-SHP2 concentration profile at t = 5 min (with diffusible active SFKs) is 

shown as a dashed red line in all panels except (B). 
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Fig. 5. Order of magnitude length scale estimates support the conclusions of the full model. 

(A) The key reaction-diffusion processes used to estimate an order-of-magnitude length scale 

estimate for GAB1-SHP2 association are illustrated schematically. Over the length scale for which 

SFKs are active (δSFK,a), GAB1 is phosphorylated, which enables its binding to SHP2. Beyond the 

length scale over which SFKs remain active distal from EGFR, GAB1-SHP2 association is 

extended by the length scales over which GAB1-SHP2 dissociates (δdis) and GAB1 

dephosphorylation occurs (δdep). (B) Estimates for δSFK,a, δdis, and δdep were calculated using the 

base model parameters from Table 1. (C) Model predictions for the distance over which the 

concentrations of active SFKs and GAB1-SHP2 fall to half their concentrations at the cell surface 

(r1/2) were compared to order-of-magnitude estimates for the length scales (δ) over which these 

species persist distal from the cell surface when the indicated parameters were varied by a factor 

of 10 from their base values. Model predictions for r1/2 were made by setting the cell radius to 50 

µm because length scale values > 10 µm could not be obtained with the base cell radius of 10 µm. 

In (C), r1/2 is denoted by darker bars shifted slightly to the left; δ values were calculated according 

to Eqs. 13 and 16 and are denoted by lighter, right-shifted bars. 
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Fig. 6. Qualitative model predictions hold for HeLa cell protein abundances, which include 

a stoichiometrically limiting concentration of GAB1. (A-C) Model predictions using HeLa 

protein abundances for the concentrations of active SFKs, phosphorylated GAB1, and GAB1-

SHP2 complexes were plotted as a function of distance from the cell center (r) and time following 

a 5-min 10 ng/mL EGF treatment. (D) Model predictions for CG1S2(0)/CG1S2(R) were calculated for 

a 5-min EGF treatment (10 ng/mL) when using the base model protein abundances and HeLa 

protein abundances. (E) Using HeLa protein abundances, model predictions were calculated for 

1,000 parameter sets in which each parameter was randomly varied by up to a factor of 10 above 

or below its base value. Robustness of the model length scale predictions was then assessed by 

calculating the percentage of simulations in which CG1S2(0)/CG1S2(R) was ≥ to 0.5, 0.2, and 0.1. 

Protein diffusivities were collectively perturbed by the same factor in these simulations. 
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Fig. 7. GAB1-SHP2 complexes are distributed throughout the cytoplasm and distal from 

EGFR in EGF-treated cancer cells. (A) Schematic representation of the proximity ligation assay 

(PLA) and experimental setup. EGFR-GRB2 complexes were stained via PLA and EGFR was 

stained via standard immunofluorescence (IF) using an alternative EGFR antibody to confirm the 

colocalization of the two signals. (B) Images of HeLa/mVenus-HRAS that were treated with 10 

ng/mL EGF as indicated, fixed, and stained for EGFR and EGFR-GRB2 by IF and PLA, 

respectively. Scale bars, 20 μm. (C) Quantification of PLA signals per cell for the conditions 

shown in (B) and PLA primary antibody controls (Fig. S4A) were computed. Welch’s ANOVA 

indicated a statistically significant difference among groups (F = 247.86, p < 1.363×10-8), and the 

Games-Howell post-hoc test was used to determine p values for pairwise comparisons. (D) High-
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magnification images of HeLa/mV-HRAS cells treated as indicated and stained via IF and PLA 

for EGFR and EGFR-GRB2, respectively. The far-right panel (“Coloc.”) shows 2.5× 

magnification of the region marked by the white square. White arrows indicate colocalization 

between EGFR and EGFR-GRB2 puncta. (E) Fraction of EGFR-GRB2 PLA puncta co-localized 

with EGFR puncta in treated HeLa/mV-HRAS cells stained using the full PLA reaction for the 

images shown in (D). Error bars, 95% confidence intervals. Scale bars, 20 μm. Images are 

representative of N = 3 to 5 independent coverslips per condition. (F) A combination of proximity 

ligation assay (PLA) for GAB1 and SHP2 and standard immunofluorescence (IF) for EGFR was 

used to determine the localization of GAB1-SHP2 complexes relative to EGFR. The schematic 

shows the basic elements of the approach for using three primary and three secondary antibodies. 

(G) HeLa cells expressing mVenus-HRAS were treated with 10 ng/mL EGF for t ≤ 15 min, fixed, 

and stained for PLA and IF. Maximum-intensity z-projections from epifluorescence imaging are 

shown. The rightmost column (“colocalization”) shows 2.5× magnifications of the regions 

indicated by white rectangles. White arrows indicate colocalization (overlap) of EGFR and GAB1-

SHP2 signals (i.e., EGFR and GAB1-SHP2 colocalization). Scale bars, 20 μm. Images are 

representative of n = 5 to 10 independent coverslips per condition. (H) PLA puncta per cell for 

conditions in (G) and PLA primary antibody controls (Fig. S4B) were computed. Welch’s 

ANOVA indicated a statistically significant difference among groups (F = 90.876, p < 2.2 × 10-

16). The Games-Howell post hoc test was used to determine between-group significance. p < 0.05 

except for the two comparisons indicated. (I) The fraction of GAB1-SHP2 puncta co-localized 

with EGFR puncta was computed. Welch’s ANOVA indicated the presence of statistically 

significant differences among groups (F = 12.153, p < 1.5 ×10-4), and Games-Howell post-hoc test 

was used to compute the p values shown. Error bars in C and D, 95% confidence intervals.  

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 19, 2022. ; https://doi.org/10.1101/2021.11.08.467801doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.08.467801


41 

 

 

Fig. 8. Diffusible GAB1-SHP2 complexes enable EGFR to regulate signaling processes distal 

from the receptor. Through the intermediate action of SFKs, EGFR promotes the formation of 

GAB1-SHP2 complexes, and hence active SHP2, which can then diffuse to different cellular 

locations and act on substrates involved in signaling pathways and cytoskeletal regulation. In cell 

backgrounds where the majority of EGFR is rapidly internalized after receptor activation, EGFR 

may still be able to influence signaling processes at the plasma membrane and in other cellular 

compartments via the activation of diffusible signaling complexes such as GAB1-SHP2. 
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Table 1. Model parameters 

Parameter (units) Description Value Source 

kE,f (μM-1 min-1) EGF binding to EGFR, forward 3.1×102 (29) 

kE,r (min-1) EGF binding to EGFR, reverse 8.0×10-1 (30) 

kdE,f (μm2 molec-1 min-1) EGFR dimerization, forward 1.2×100 (12) 

kdE,r (min-1) EGFR dimerization, reverse 1.0×10-1 (71) 

kcatE (min-1) EGFR phosphorylation, EGF-occupied dimer 1.3×101 (72) 

kdp (min-1) EGFR dephosphorylation 8.0×100 (12) 

kS,a (μm3 molec-1 min-1) SFK activation 7.7×10-1 Fit 

kS,i (min-1) SFK inactivation 3.2×101 Fit 

kG2,f (μm3 molec-1 min-1) GRB2 binding to EGFR, forward 1.6×100 (2) 

kG2,r (min-1) GRB2 binding to EGFR, reverse 4.6×102 (2) 

kG1,f (μm3 molec-1 min-1) GAB1 binding to GRB2, forward 1.0×10-1 (73) 

kG1,r (min-1) GAB1 binding to GRB2, reverse 6.0×101 (73) 

kG1p (μm3 molec-1 min-1) GAB1 phosphorylation 2.7×10-1 Fit 

kG1dp (min-1) GAB1 dephosphorylation 8.4×100 Fit 

kS2,f (μm3 molec-1 min-1) SHP2 binding to phosphorylated GAB1, forward 1.6×100 (74) 

kS2,r (min-1) SHP2 binding to phosphorylated GAB1, reverse 4.6×102 (74) 

Co,EGF (μM) Extracellular EGF concentration 1.7×10-3 See text 

Co,EGFR (cell-1) EGFR molecules per cell 6.0×105 (12) 

Co,GRB2 (cell-1) GRB2 molecules per cell 6.0×105 (73) 

Co,GAB1 (cell-1) GAB1 molecules per cell 6.0×105 (73) 

Co,SHP2 (cell-1) SHP2 molecules per cell 6.0×105 (73) 

Co,SFK (cell-1) SFK molecules per cell 6.0×105 (73) 

DSFK (μm2 min-1) Diffusivity of SFK molecules 8.2×101 (35, 36) 

DG2 (μm2 min-1) Diffusivity of GRB2 molecules 1.3×102 (35, 36) 

DG2G1 (μm2 min-1) Diffusivity of GRB2-GAB1 molecules 6.1×101 (35, 36) 

DG2G1S2 (μm2 min-1) Diffusivity of GRB2-GAB1-SHP2 molecules 5.5×101 (35, 36) 

DG1 (μm2 min-1) Diffusivity of GAB1 molecules 6.6×101 (35, 36) 

DG1S2 (μm2 min-1) Diffusivity of GAB1-SHP2 molecules 5.6×101 (35, 36) 

DS2 (μm2 min-1) Diffusivity of SHP2 molecules 7.8×101 (35, 36) 

R (μm) Cell radius 1.0×101 (28) 
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