
Title The Mammalian MAPK/ERK Pathway Exhibits Properties of a Negative Feedback Amplifier

Authors(s) Sturm, O. E., Orton, Richard J., Grindlay, J., et al.

Publication date 2010-12-21

Publication information Sturm, O. E., Richard J. Orton, J. Grindlay, and et al. “The Mammalian MAPK/ERK Pathway 

Exhibits Properties of a Negative Feedback Amplifier” 3, no. 153 (December 21, 2010).

Publisher American Association for the Advancement of Science

Item record/more 

information

http://hdl.handle.net/10197/5086

Publisher's version (DOI) 10.1126/scisignal.2001212

Downloaded 2023-04-27T09:43:47Z

The UCD community has made this article openly available. Please share how this access

benefits you. Your story matters! (@ucd_oa)

© Some rights reserved. For more information

https://twitter.com/intent/tweet?via=ucd_oa&text=The+Mammalian+MAPK%2FERK+Pathway+Exhibi...&url=http%3A%2F%2Fhdl.handle.net%2F10197%2F5086


 1

Overline: Computational Biology 

One-sentence summary: Analysis of the ERK circuitry suggests the most effective targets in the 

pathway for inhibition, which may aid in drug development  

Editor's Summary:  

Biological Circuits Inform Drug Development  

The mitogen-activated protein kinase (MAPK) pathway involves a three-tiered kinase 

module, which amplifies the signal. Many cells also have negative feedback loops from the 

last kinase in the module back to various points upstream in the pathway.  Sturm et al. 

show that the MAPK module with negative feedback loops results in a system like that of a 

negative feedback amplifier (NFA), which is an engineering design that smoothens the 

output to changes in input and makes a system robust to change. These NFA-like properties 

may explain why some cells are sensitive to inhibition of the second kinase in the cascade 

(they lack the feedback loops); whereas other cells are resistant to inhibition at this point 

(their feedback loops are intact). These results also have implications for drug development, 

because inhibitors that target components that are outside the NFA are more effective at 

inhibiting the pathway.  
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Abstract 

Three-tiered kinase modules, such as the Raf-MEK-ERK mitogen-activated protein 

kinase pathway, are widespread in biology suggesting that this structure conveys 

evolutionary advantageous properties. Here, we show that the three-tiered kinase 

amplifier module combined with negative feedback recapitulates the design principles 

of a negative feedback amplifier (NFA), which is used in electronic circuits to convey 

robustness, output stabilization, and linearization of nonlinear signal amplification. 

With mathematical modelling and experimental validation, we demonstrated that the 

ERK pathway has properties of a NFA that (i) converts intrinsic switch-like activation 

kinetics into graded linear responses; (ii) conveys robustness to changes in rates of 

reactions within the NFA module; and (iii) stabilizes outputs in response to drug-

induced perturbations of the amplifier. These properties determine biological 

behavior, including activation kinetics and the response to drugs.  

 

Introduction 

Three-tiered kinase modules are a common motif in signal transduction pathways that 

enable precise cellular responses to extracellular cues. The prototypic mitogen-activated 

protein kinase (MAPK) cascades consist of a guanosine triphosphatase (GTPase)- regulated 

initial kinase (mitogen-activated protein kinase kinase kinase, MAPKKK), which 

phosphorylates and activates an intermediate kinase (MAPKK) with narrow substrate 

specificity that phosphorylates and activates the third kinase (MAPK), which is the main 

pathway effector and usually has multiple substrates (1). The biological reason for this 
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design is unclear. Theoretical considerations suggest that it enables high signaling rates and 

amplification, while providing stable off states (2). Negative feedback loops (NFLs) are 

predicted to add rich dynamic properties to signaling pathways, such as oscillations and 

switch-like responses (3). In metabolic pathways, NFLs  stabilize end-product 

concentrations with respect to changes in consumption rates or substrate input supplies (4). 

Combining experimental and mathematical analysis, we show that the integration of a 

kinase cascade amplifier with NFLs generates emergent system-level properties that 

resemble the negative feedback amplifier (NFA) known from engineering, and that these 

NFA-like properties affect drug sensitivity and adaptation to perturbations of cells. We 

analyzed the extracellular signal-regulated kinase (ERK) MAPK pathway, which regulates 

fundamental cellular processes including proliferation, survival, transformation, 

differentiation, and motility (5, 6). ERK signaling is initiated by cell surface receptors that 

activate Ras by recruiting guanine nucleotide exchange factors, such as SOS, which load 

Ras with GTP (5, 7, 8). RasGTP binds mitogen-activated protein kinase kinase kinases 

(MAPKKKs) of the Raf family with high affinity, translocating them from the cytosol to 

the cell membrane where they become activated. Active Raf phosphorylates and activates 

mitogen-activated or extracellular signal-regulated protein kinase kinase (MEK), which in 

turn phosphorylates and activates ERK.  

 

Results 

The NFA design and experimental approaches to examine NFA-like properties of the 

Raf-MEK-ERK pathway 
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In engineering, the NFA design (Fig. 1A) is widely used for controlling dynamic processes 

to reduce the effects of input noise, buffer perturbations in the amplifier, and smoothen 

output responses (9, 10). In a Raf-MEK-ERK biological circuit, the input signal coming 

from receptors proceeds through activated RasGTP to the amplifier, represented by the Raf-

MEK-ERK module (Fig. 1B). The ratio of protein abundances of Raf-1, MEK, and ERK is 

approximately 1:3:6 in COS cells and 1:0.7:9 in NIH 3T3 fibroblasts (Fig. S1), thus 

permitting signal amplification. A direct NFL from ERK to SOS, involving its 

phosphorylation and inhibition (11), inhibits Ras activation; and another NFL involves Raf-

1  phosphorylation and inhibition (12) by activated ERK. A key property of a NFA is to 

convey robustness against perturbations to the amplifier (Fig. 1C), while still linearly 

transmitting input signals (Fig. 1D). To explore the NFA properties of the ERK pathway, 

we modeled it as either a simple amplifier ("Feedback Broken") or as a NFA ("Feedback 

Intact") using ordinary differential equations (Supplementary Materials, sections 1.1 and 

1.2, fig. S2). The Feedback Intact model starts with Ras as the input reflecting Raf 

stimulation by different growth factors, and ends with ERK activity, as measured by ERK 

phosphorylation, as output. To test the predictions of this model experimentally we 

employed two strategies to eliminate the NFLs (Fig. 1E; fig. S3). Introduction of Raf6A, a 

Raf-1 mutant where all six ERK phosphorylation sites are replaced by alanines (12), 

eliminated the feedback from ERK to Raf6A, but not the feedback to SOS or to endogenous 

Raf-1. Both feedback loops were eliminated if the pathway was activated by BXB-ER, 

which consist of the kinase domain of Raf-1 (BXB) fused to the hormone-binding domain 

of the estrogen receptor (ER) (13). The kinase activity of BXB-ER is directly activated by 

4-hydroxy-tamoxifen (4HT), bypassing growth factor receptors and Ras proteins (13). 

Comment [NG1]: SPi: This is the 
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BXB-ER lacks five of the six ERK phosphorylation sites rendering it resistant to negative 

ERK feedback regulation. To ensure that the results were directly comparable, we 

calibrated (i) the mathematical model to provide equal input strengths through Raf-1 

activated by RasGTP and BXB-ER activated by 4HT (Supplementary Materials, section 

1.3), leaving the other parameters the same; and (ii) the biological system by titrating 4HT 

to adjust the kinase activity of BXB-ER to that of endogenous Raf-1 activated by EGF-

stimulated RasGTP accumulation (Fig. 1F), and by expressing Raf6A at similar abundance 

as a wild-type Raf-1 control (fig. S4).  Exposure of EGF- or 4HT-stimulated cells to the 

MEK inhibitor U0126 (14, 15) had no effect on BXB-ER activity, but prolonged the 

activity of Raf-1. Cells expressing Raf6A had slightly increased basal kinase activity, 

which was stimulated by EGF, but in contrast to Raf-1, was sustained even in the absence 

of U0126 (Fig. 1F). These results showed that the negative feedback limits the duration of 

Raf-1 activation, and that our experimental tools are suitable to interrogate the NFA design. 

 

Conversion of switch-like ERK activation into a graded response by the NFA like 

design 

In the ERK pathway, amplifier distortions arise naturally because MEK phosphorylates 

each of the two sites required for full ERK activity separately rather than processively 

during one binding event (16, 17). As a result, the single phosphorylated, low activity form 

of ERK is generated during the initial activation phase. When enough single 

phosphorylated ERK has accumulated, every new phosphorylation event produces double 

phosphorylated, fully activated ERK, which is apparent as a steep nonlinear increase in 

ERK activation kinetics (18). This hypersensitive mode of activation changes the internal 
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gain of the amplifier in a nonlinear fashion resulting in a switch-like response, which is 

predicted by our mathematical model (Fig. 2A), and was observed experimentally in 

Xenopus oocytes (19). According to our mathematical NFA model simulations (Fig. 2A), 

the negative feedback should convert the switch-like, hypersensitive response into a more 

graded response by reducing the sensitivity of the reactions in the amplifier module to 

perturbations (Fig. 2A). To test this prediction theoretically, we performed sensitivity 

analysis of the mathematical model (Fig. 2B, Supplementary Materials, section 1.5). 

Sensitivity coefficients provide a quantitative measurement of how changes in individual 

reactions affect the output, here measured as the abundance of doubly phosphorylated ERK 

(ppERK). Elimination of the negative feedback increased the sensitivity coefficients of 

most reactions in the amplifier module, especially the reactions that activate and deactivate 

MEK. This increase in the sensitivity coefficients in the amplifier module is explained by 

the mathematical model because the strength of the negative feedback is directly coupled to 

the gain of the amplifier, which corrects variations in the parameters in the amplifier 

module. Thus, the biological NFA allowed signal amplification but made the system 

resilient to amplifier perturbations. 

 

The theoretical analysis of the NFA model predicted that ERK activation should be switch-

like in absence of negative feedback, but graded when it is present. To test this prediction 

experimentally, we analyzed ERK activation by flow cytometry, which measures ERK 

activity in individual cells of a population (Fig. 2C). In the Feedback Intact system, ERK 

activation increased in a graded manner proportional to the stimulation. However, in the 

Feedback Broken system, the response became switch-like, in which individual cells either 
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responded or not, and the number of responding cells increased in proportion to the 

stimulation. Thus, the presence or absence of the NFLs can determine whether the response 

of the kinase module is graded or switch-like (Fig. 2D). This may explain divergent results 

about the activation kinetics of the ERK cascade in different biological systems. Although 

it has switch-like properties in Xenopus oocytes (19), subsequent studies in mammalian 

cells found that it responded in a graded fashion (20, 21). In Xenopus oocytes the main 

mitotic activator of the ERK module is not Raf-1 but c-Mos (22). c-Mos lacks the Ras-

binding domain and the ERK phosphorylation sites, and hence is not subjected to negative 

feedback regulation by ERK resulting in switch-like ERK activation dynamics. However, 

in mammalian cells in which Raf-1 activates MEK, growth factor stimulation permits the 

NFA properties to buffer the intrinsic hypersensitivity of the amplifier and generate a 

graded response. 

 

The NFA-like design and drug sensitivity   

Another salient prediction of the NFA model is that ERK activation should be resilient to 

disturbances of the amplifier (Fig. 1C). To test this prediction, we used the MEK-selective 

inhibitor U0126 (14, 15). Computational simulations of U0126 dose-response curves 

predicted high sensitivity of ERK activation to MEK inhibition in the absence of NFLs 

(Feedback Broken), and resistance to MEK inhibition in the presence of  the NFA 

(Feedback Intact) (Fig. 3A). To test this prediction, we treated cells having either the 

negative feedback intact or broken with varying amounts of the MEK-selective inhibitor 

U0126, stimulated them with either EGF (Feedback Intact) or 4-HT (Feedback Broken) and 

then measured ERK activation (14, 15). As predicted by our model, in the Feedback 
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Broken system, ERK activation was thoroughly inhibited by low concentrations of U0126, 

whereas in the Feedback Intact system ERK activity persisted even in the presence of high 

U0126 concentrations (Fig. 3B).  With the negative feedback intact, increasing U0126 

concentrations weakened the negative feedback and allowed the amplifier gain to rise, thus 

causing increased resistance to U0126. As inhibitor concentrations were increased further, 

resistance persisted until U0126 concentrations were high enough to achieve complete 

inhibition. 

 

We also observed enhanced sensitivity to low U0126 concentrations in the Feedback Intact 

system. This effect can be explained by three mechanisms, which can operate separately or 

jointly depending on conditions and inhibitor properties. First, low inhibitor concentrations 

are inherently associated with linear inhibition kinetics that precede the flattening out of the 

inhibition curve when rising inhibitor concentrations push the system towards saturation. 

Linear inhibition ranges are generally larger for tightly bound inhibitors, such as U0126 

(15).  Second, the allosteric mode of inhibition by U0126 fixes MEK in a nonfunctional 

conformation and prevents MEK from interacting with ERK (23). Thus, U0126 not only 

prevents MEK from binding to ERK, but also disrupts MEK-ERK complexes (reactions 27-

35 in table S1), making inhibition more efficient. Third, if the concentration of ppERK is 

larger than the abundance of the upstream activator Raf-1 (fig. S1), the negative feedback 

becomes saturated. In this last scenario, a large reduction of ppERK would be required 

before Raf-1 inhibition eased and the feedback weakened to allow the increase of input to 

compensate for the inhibition.  

Comment [NG2]: Ok as edited? This 
was changed to active voice. A new 
paragraph was also introduced. 
OK 

Comment [NG3]: Why is this figure 
relevant here? 
It shows that ERK is more abundant than 
Raf-1. But it can be deletedwithout 
changing the meaning or conclusion. 

Comment [NG4]: Ok as edited? 
OK 



 11

The sensitivities to MEK inhibition that we observed in the computational simulations were 

obtained using the parameter values from the model by Schoeberl et al. (24). To test 

whether variations in the concentrations of Raf-1, MEK, and ERK affected the model, we 

used the concentrations determined in COS1 cells (fig. S1). The results showed the effects 

of MEK inhibition in the Feedback Intact and Feedback Broken models (fig. S5) were 

similar to those in the simulations in Fig. 3B. In conjunction with the experiments shown in 

Figs. 2C,D, where we enhanced the activity of the amplifier module, the inhibition 

experiments shown in Figs. 3A,B demonstrated that the NFA-like design of the ERK 

pathway conveyed resistance to perturbations of the amplifier caused by increasing 

concentrations of the MEK inhibitor. These results also showed that the biological circuit is 

more complex than the classic electronic circuit. One main difference is the temporal 

element of feedback regulation, which is immediate in the classic electronic NFA, but can 

be delayed or operating on different parallel timescales in the biological design. Because 

the effects of U0126 included parallel effects that can occur on different timescales, we 

tested a situation where U0126 was applied at the peak of ERK activation (fig. S6). In the 

Feedback Broken system, U0126 caused full ERK inhibition, whereas the Feedback Intact 

system exhibited dampened inhibition, resulting in a partial recovery to a new steady state 

of ERK activity above the basal activity. These results suggest that the NFA-like design of 

biological systems can dynamically buffer amplifier perturbations over time.   

 

The model also predicts that inhibition of components that are not part of the biological 

NFA should be more effective than inhibition of components within the NFA (Fig. 3A. 

This prediction was corroborated by comparing the effects of 4557W, an EGF receptor 
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(EGFR) inhibitor, with that of U0126 (Fig. 3B). Inhibition of EGFR produced an almost 

linear dose-response relationship both in the model and in the experimental system. This 

suggests that proteins embedded in NFA-like topologies make suboptimal drug targets, 

because the effects of their inhibition are dampened.  

 

We also tested the effects of the biological NFA with the "Feedback Partially Broken" 

system based on the Raf6A mutant (12) to partially break the negative feedback.  

Unfortunately, due to cytotoxic effects, we could not obtain cells expressing Raf6A alone 

in the absence of endogenous Raf-1. Therefore, we used COS1 cells stably expressing 

similar amounts of Raf-1 or Raf6A (fig. S4). These cells were stimulated with EGF and 

treated with increasing doses of U0126. In response to EGF stimulation, cells expressing 

Raf6A were more sensitive to MEK inhibition than were cells expressing Raf-1 (Fig. 4A, 

upper left). To examine the specificity of the NFA-like effect we tested different growth 

factors, in particular platelet-derived growth factor (PDGF) and insulin-like growth factor 

(IGF1), factors for which COS1 cells have receptors. PDGF-activated ERK showed a NFA-

like response that was similar but smaller than the response to EGF, with cells expressing 

Raf6A showing decreased resistance to U0126 (Fig. 4A, upper right) but not to a PDGF 

receptor inhibitor (Fig. 4A, lower left), compared to cells expressing Raf-1. The smaller 

NFA-like effect seen with the inhibitor of the NFA component MEK can be explained by 

the lesser ability of PDGF to activate ERK (fig. S7), which weakens the influence of the 

NFA (Fig. 1A). Curiously, stimulation of ERK by IGF1 did not exhibit the NFA-like 

property that partial loss of negative feedback made the MEK inhibitor more effective in 

reducing ERK activation (Fig. 4A, lower right). We found that IGF1 selectively activated 
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B-Raf and not Raf-1 (Fig. 4B). Although ERK can phosphorylate B-Raf and induce the 

disassembly of B-Raf – Raf-1 heterodimers at late time points, acute B-Raf activation is not 

inhibited by ERK (25) (fig. S8). Hence, IGF1-induced ERK activation is not protected from 

U0126 inhibition by the NFA-like effect from ERK to Raf-1: This feedback may not exist 

because IGF1 does not activate Raf-1, or if B-Raf signaling leading to ERK activation does 

result in ERK phosphorylation of Raf-1, then this phosphorylation will have no 

consequences for IGF1 responses.  These results suggest that the NFA model applies to 

ERK activated downstream of Raf-1, but not B-Raf, which  is consistent with the 

observation that cancer cells harboring mutated B-Raf are highly susceptible to MEK 

inhibitors (26, 27). The susceptibility of cancers with B-Raf mutations to MEK inhibitors 

may be due to the lack of negative feedback-buffering of MEK inhibition, leading to 

effective inhibition of ERK activation. Results demonstrating a switching from B-Raf to 

Raf-1 as the main activator of the ERK pathway in melanoma (28) highlight the possibility 

that this switch could be accompanied by increased resistance to MEK inhibitors due to the 

acquisition of NFA-like properties. Our results predict that breaking the NFA is essential to 

ensure sensitivity to MEK inhibitors. 

 

Therefore, we used our model to suggest scenarios for disabling the biological NFA. One 

possibility is to inhibit targets outside of the biological NFA (Figs. 3A, B, Fig. 4A). An 

alternative prediction of the mathematical NFA model was that Raf-1 inhibition should 

sensitize the pathway to MEK inhibition by weakening the NFA effect (Fig. 5A). This 

prediction seems counterintuitive because Raf-1 – MEK – ERK is a linear activation 

cascade. However, as predicted by the NFA model, the Raf-1 inhibitor GW5074 increased 
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the sensitivity to MEK inhibition in the Feedback Intact system (Fig. 5B, left). The 

cooperative effects of Raf and MEK inhibition were absent in the Feedback Broken system 

(Fig. 5B, right).    

 

Discussion 

These results suggest that the ERK pathway has intrinsic design features like that of a NFA. 

Although the biological circuitry differs from the engineering blueprint by its greater 

complexity and nonlinearity, it conveys salient NFA properties including graded response 

characteristics, robustness to change, and output stabilization. These have important 

implications for the regulation of the pathway and the design of inhibitors. For instance, the 

presence of the negative feedback dictates whether ERK activation follows a graded or 

switch-like pattern as demonstrated by the differences in ERK activation responses when 

the negative feedback is broken (Figs. 2B-D). Thus, the biological NFA provides a 

mechanism to generate analog or digital responses. Another implication is in the choice of 

targets for pharmacological intervention. Signal transduction pathways are important drug 

targets (29, 30). However, it has proven difficult to predict which components should be 

targeted, and the cornucopia of potential drug targets is contrasted by a paucity of objective 

criteria for how to choose amongst them. Our results suggest that inhibition of a pathway 

by inhibiting targets embedded in a NFA-like topology is more difficult to achieve than the 

effect of inhibiting targets outside of the feedback loop, which provides a simple drug 

target selection guideline that is deductible from the network structure. The NFA-like 

properties also suggest that drugs that inhibit targets within the NFA circuit may be more 
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effective if the negative feedback loops are also blocked or inhibited, thus providing insight 

into potentially effective combination therapies. On a more speculative note, the results also 

suggest that biological evolution and engineered systems may converge to similar solutions 

when designing robustness.    

Materials and Methods  

Reagents and plasmids  

Growth factors, drugs and pharmacological inhibitors were from commercial sources and 

used according to suppliers’ recommendations or as indicated. Antibodies that recognize 

phosphorylated ERK1 and 2 (ERK1/2) and antibodies that recognize ERK1/2 for 

immunoblotting were purchased from Cell Signaling. Antibodies that recognize C-Raf-1 

and antibodies that recognize hemagglutinin (HA) for immunoprecipitation were purchased 

BD Bioscience and Roche, respectively. 

 

Cell culture  

Stable BXB-ER NIH/3T3 cells were described (31), and COS1 cell lines stably expressing 

BXB-ER were generated similarly.  

 

Dose-response curves  

BXB-ER COS-1, NIH 3T3 wt-Raf-1, or NIH 3T3 6A-Raf-1 cells were starved in serum-

free medium overnight. The cells were pre-incubated with the indicated amounts of 

inhibitors U0126, 4557W, or D-64406  for 1 hour and subsequently stimulated with 50 
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ng/ml growth factors or 0.1 μM 4-hydroxy-tamoxifen (4HT). The stimulation was stopped 

by washing the cells with ice-cold PBS and immediate freezing at -80°C. 

 

Immunoprecipitation, immunoblotting, and immunocomplex kinase assays 

Cells were treated with growth factors with or without inhibitors as indicated and lysed in 

25 mM HEPES pH 7.4, 50 mM NaCl, 5 mM EDTA, 1 % Triton X-100 supplemented with 

protease inhibitor cocktail (Roche) and phosphatase inhibitors (2mM NaF, 0.2mM NaP2O5, 

0.5mM sodium orthovanadate, 10mM β-glycerophosphate). Immunoprecipitations, 

Western blotting, and kinase assays were performed as described (25).  Western blots were 

developed and scanned using Licor technology (http://www.licor.com/bio/index.jsp), which 

is a quantitative technique for staining Western blots based on infrared imaging. 

 

Fluorescence-activated cell sorting  

Fluorescence-activated cell sorting was performed as described (32). Cells were serum 

starved for 2 hours, treated as indicated, and stained with Alexa 488-conjugated antibodies 

against phosphorylated ERK (Invitrogen). Fluorescence profiles were measured on a 

FACSCalibur (BD Biosciences) using CellQuest Pro software. Distribution profiles were 

produced using FlowJo software (7.2.2). Data fitting was performed using Microsoft Excel 

and GraphPad Prism. 

 

Models and Modelling 

The mathematical models were based on mass action models using ordinary differential 

equations of an adapted version of the core ERK pathway described in (24). Two 
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computational models, "Feedback Intact" and "Feedback Broken," were developed to 

investigate the NFA characteristics of the ERK pathway. The NFA-like model is the 

Feedback Intact model. Details are supplied in the Supplementary Materials, section 1. 

 

Supplementary Materials 

Section 1. Models and modeling. 

Section 2. Model parameters. 

Section 3. SBML files of the models. 

References 

Fig. S1. Absolute concentrations of Raf-1, MEK, and ERK in COS1 and NIH/3T3 

cells. 

Fig. S2. Schematic topologies of the models used. 

Fig. S3. Schematic of Raf-1 and the Raf-1 mutants used to probe the NFA hypothesis. 

Fig. S4. Expression of Flag-tagged Raf-1 and the Raf6A mutant. 

Fig. S5. The effects of U0126 on steady-state ppERK abundance with protein 

concentrations of COS1 cells.  

Fig. S6. The NFA effect also stabilizes non steady-state dynamic systems. 

Fig. S7. Dose-dependent ERK activation by different stimuli. 

Fig. S8. B-Raf kinase activity is not feedback inhibited by ERK. 

Tables S1-3. Model parameters. (Excel) 

SBML files of the models. (XML) 
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Fig. 1. The ERK pathway resembles a negative feedback amplifier (NFA). (A) 

Blueprint of a standard amplifier and a NFA; u=input, y=output, A=amplification, 

F=feedback. (B) The ERK pathway resembles a NFA with an amplifier consisting of the 

three-tiered kinase module Raf-MEK-ERK and feedbacks emanating from ERK to SOS 

and Raf-1 activation. (C) Simulation of signal input – output relationships (u/y) in regard to 

changes in the amplifier (amplification strength, A) for a standard amplifier (blue line and 

blue y-axis labels) and a NFA (red line and red y-axis labels). (D) Simulation of signal 

input – output relationships in regard to changes in input (u) signals in a standard amplifier 

(blue line) and a NFA (red line). (E) Strategies to break the NFA. GFR, growth factor 

receptor; GFR-I, GFR inhibitors; U0126, MEK inhibitor; solid red lines ending in 

diamonds represent negative feedback interactions; dashed red lines ending in diamonds 

indicate partial loss of negative feedback; blue molecules indicate introduced mutant or 

fusion proteins. (F) Kinase activities of Raf-1 and Raf-1 mutants. Flag-tagged Raf-1 and 

Raf6A or HA-tagged BXB-ER were expressed in COS1 cells. Serum-starved cells were 

treated with 10 M U0126 before stimulation with 50 ng/ml EGF or 0.1 μM 4-hydroxy-

tamoxifen (4HT). At the indicated time points tagged Raf proteins were 

immunoprecipitated and assayed for kinase activity. Error bars represent SEM, n=4. 

Fig. 2. The NFA smoothens signaling output. (A) Simulation of doubly phosphorylated 

ERK (ppERK) input/output response curves of the Feedback Intact and Feedback Broken  

models. The y-axis represents total number of steady state ppERK molecules, the x-axis 

represents the respective initial input strengths of BXB-ER and RasGTP normalized to half-

maximal response. (B) Sensitivity analysis of the Feedback Intact and Feedback Broken 

Comment [NG11]: This is very subtle. 
Can you make the dashes in the figure 
farther apart to make this more obvious? 
Done  
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models. Sensitivity coefficients were calculated as described in the Supplementary 

Materials, section 1.5. The rate constants and the kinetic rate constant numbers are 

described in tables S1 and S2. The amplifier module is boxed red.  *denotes MEK 

phosphorylation by Raf-1; **denotes MEK dephosphorylation. (C) NFA effects on ERK 

activation kinetics. NIH/3T3 cells stably expressing BXB-ER(31) were stimulated with 

increasing amounts of 4-hydroxy-tamoxifen (4HT; 0, 1, 3, 10, 30, 100nM) or fetal calf 

serum (FCS; 0, 1, 3, 10, 30, 100%) for 20 minutes. ERK phosphorylation (ppERK) was 

determined by Western blotting and flow cytometry analysis. The data are representative of 

3 independent experiments, in each of which 105 cells were analyzed. The schematic at the 

bottom illustrates the interpretation of the data. (D) Means of the ppERK fluorescence 

intensity distributions from panel C are plotted as a function of FCS or 4HT concentration. 

Triangles and squares represent the first and second peaks in the bimodal 4HT distribution, 

respectively. The color bar represents the percentage of cells in each category.  

Fig. 3. The NFA-like property determines the responses of the ERK pathway to drugs 

that inhibit different components of the pathway.  (A) Predicted sensitivity profiles to 

MEK (U0126) and EGFR (4775W) inhibitors. The y-axis represents numbers of ppERK 

molecules. U0126 was modeled as an allosteric inhibitor, and concentrations are given as 

number of molecules. The effects of 4775W were modeled as a decrease in the number of 

RasGTP molecules.  (B)  Measured sensitivity profiles to U0126 and 4775W inhibitors. 

COS1 cells stably expressing BXB-ER cells were treated with U0126 or 4775W for one 

hour and subsequently stimulated with EGF or 4HT for 20 minutes. The x-axis shows 

inhibitor concentrations, and the y-axis arbitrary response units based on quantitative Licor 
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analysis of Western blot measurements of phosphorylated ERK (ppERK). Data represent 

the average of 3 experiments; error bars are standard deviation. 

Fig. 4. Partial breaking of the NFA-like properties by expression of the Raf6A mutant 

reveals Raf-1 as feedback target. (A) COS1 cells expressing Raf-1 or the Raf6A mutant 

were treated with the indicated inhibitors for one hour before stimulation with the indicated 

growth factors (50 ng/ml; 20 minutes). ERK activity was measured by Licor analysis of 

Western blot measurements of phosphorylated ERK (ppERK). Data represent the standard 

deviation of at least 3 experiments.  (B) Kinase activities of endogenous Raf-1 and B-Raf 

were measured by kinase assays of the enzymes immunoprecipitated from COS1 cells 

exposed to the indicated growth factors (50 ng/ml). Data represent the standard deviation of 

at least 3 experiments. 

 

Fig. 5. Cooperation between Raf and MEK inhibitors. (A) Model predictions of ppERK 

abundance at different combinations of Raf (GW5047) and MEK (U0126) inhibitors. The 

y- and x-axis show numbers of ppERK and U0126 molecules. (B) Serum-starved NIH/3T3 

BXB-ER cells (31) were treated with 10 nM Raf-1 inhibitor (GW5047) and various 

amounts of the MEK inhibitor U0126 for 60 minutes, and then stimulated with 10% FCS or 

100nM 4HT for 15 minutes. ppERK was measured by quantitative Licor analysis of 

Western blot measurements of phosphorylated ERK. Error bars represent the standard 

deviation from the mean of triplicate points.  
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