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COMPUTATIONAL BIOLOGY

The Mammalian MAPK/ERK Pathway Exhibits
Properties of a Negative Feedback Amplifier
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Three-tiered kinase modules, such as the Raf-MEK (mitogen-activated or extracellular signal-regulated
protein kinase kinase)-ERK (extracellular signal-regulated kinase) mitogen-activated protein kinase
pathway, are widespread in biology, suggesting that this structure conveys evolutionarily advantageous
properties. We show that the three-tiered kinase amplifier module combined with negative feedback reca-
pitulates the design principles of a negative feedback amplifier (NFA), which is used in electronic circuits
to confer robustness, output stabilization, and linearization of nonlinear signal amplification. We used
mathematical modeling and experimental validation to demonstrate that the ERK pathway has properties
of an 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 (jii) 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 [MAPK
kinase kinase (MAPKKK)], which phosphorylates and activates an in-
termediate kinase (MAPKK) with narrow substrate specificity that phos-
phorylates and activates the third kinase (MAPK), which is the main
pathway effector and usually has multiple substrates (/). The biological
reason for this 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 gen-
erates emergent system-level properties that resemble the negative feedback
amplifier (NFA) known from engineering, and that these NFA-like prop-
erties affect drug sensitivity and adaptation to perturbations of cells. We
analyzed the extracellular signal-regulated kinase (ERK) MAPK pathway,

"Department of Computing Science, University of Glasgow, Glasgow G12
8QQ, UK. ®Signalling and Proteomics Laboratory, Beatson Institute for Cancer
Research, Garscube Estate, Switchback Road, Glasgow G61 1BD, UK. 3Systems
Biology Ireland, University College Dublin, Belfield, Dublin 4, Ireland. 4Sir Henry
Wellcome Functional Genomics Facility, University of Glasgow, Glasgow G12
8QQ, UK. °Conway Institute, University College Dublin, Belfield, Dublin 4, Ireland.
*These authors contributed equally to this work.

TPresent address: Department of Immunology, St. Jude Children’s Research
Hospital, Memphis, TN 38104, USA.

FPresent address: Comparative Epidemiology Group, Faculty of Veterinary
Medicine, University of Glasgow, Glasgow G61 1QH, UK.

§Present address: Department of Mathematics and Statistics, University of
Strathclyde, Glasgow G1 1XH, UK.

lIPresent address: School of Information Systems, Computing and Mathematics,
Brunel University, Uxbridge, Middlesex UB8 3PH, UK.

1To whom correspondence should be addressed. E-mail: walter.kolch@ucd.ie

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 guanosine
triphosphate (GTP) (3, 7, 8). RasGTP binds MAPKKKSs of the Raf family
with high affinity, translocating them from the cytosol to the cell mem-
brane where they become activated. Active Raf phosphorylates and acti-
vates 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

In engineering, the NFA design (Fig. 1A) is widely used for controlling
dynamic processes to reduce the effects of input noise, buffer perturba-
tions in the amplifier, and smoothen output responses (9, /0). 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 about 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 phospho-
rylation and inhibition (/2) by activated ERK. A key property of an 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 an NFA (“Feedback Intact”), using or-
dinary differential equations (Supplementary Materials, sections 1.1 and
1.2, and 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 pre-
dictions of this model experimentally, we used two strategies to eliminate
the NFLs (Fig. 1E and fig. S3). Introduction of Raf6A, a Raf-1 mutant
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where all six ERK phosphorylation sites are replaced by alanines (/2),
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 consists of the kinase do-
main of Raf-1 (BXB) fused to the hormone-binding domain of the es-
trogen receptor (ER) (/3). The kinase activity of BXB-ER is directly
activated by 4-hydroxy-tamoxifen (4HT), bypassing growth factor recep-
tors and Ras proteins (/3). BXB-ER lacks five of the six ERK phospho-
rylation 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 acti-
vated 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 epidermal growth
factor (EGF)-stimulated RasGTP accumulation (Fig. 1F), and by express-
ing Raf6A at similar abundance as a wild-type Raf-1 control (fig. S4). Ex-
posure 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.
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Fig. 1. The ERK pathway resembles a negative feedback amplifier (NFA).
(A) Blueprint of a standard amplifier and an NFA; u = input; y = output; A =
amplification; F = feedback. (B) The ERK pathway resembles an 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 an 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 an NFA (red line).

Output(y) in response

Cells expressing Raf6 A 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 ex-
perimental 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 sep-
arately 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 non-
linear increase in ERK activation kinetics (/8). This hypersensitive mode
of activation changes the internal 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
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(E) Strategies to break the NFA. GFR, growth factor receptor; GFR-I, GFR
inhibitors; U0126, MEK inhibitor; solid red lines ending in diamonds repre-
sent negative feedback interactions; dashed red lines ending in diamonds
indicate partial loss of negative feedback; blue molecules indicate intro-
duced mutant or fusion proteins. (F) Kinase activities of Raf-1 and Raf-1 mu-
tants. Flag-tagged Raf-1 and Raf6A or HA-tagged BXB-ER was expressed
in COS1 cells. Serum-starved cells were treated with 10 uM U0126 before
stimulation with EGF (50 ng/ml) or 0.1 uM 4HT. At the indicated time points,
tagged Raf proteins were immunoprecipitated and assayed for kinase
activity. Error bars represent SEM (n = 4).
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(19). According to our mathematical NFA model simulations (Fig. 2A),
the negative feedback should convert the switch-like, hypersensitive re-
sponse 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 mathe-
matical model (Fig. 2B and Supplementary Materials, section 1.5). Sen-
sitivity 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 neg-
ative 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 acti-
vation should be switch-like in the absence of negative feedback, but
graded when it is present. To test this prediction experimentally, we ana-
lyzed ERK activation by flow cytometry, which measures ERK activity
in individual cells of a population (Fig. 2C). In the Feedback Intact sys-
tem, ERK activation increased in a graded manner proportional to the
stimulation. However, in the Feedback Broken system, the response be-
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Fig. 2. The NFA smoothens signaling output. (A) Simulation of 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 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 phosphoryl-
ation by Raf-1; (**) denotes MEK dephosphorylation. (C) NFA effects on ERK activation kinetics. NIH 3T3 cells stably expressing BXB-ER (37) were
stimulated with increasing amounts of 4HT (O, 1, 3, 10, 30, and 100 nM) or fetal calf serum (FCS; 0, 1, 3, 10, 30, and 100%) for 20 min. ERK phos-
phorylation (ppERK) was determined by Western blotting and flow cytometry analysis. The data are representative of three independent experiments, in
each of which 10° cells were analyzed. The schematic at the bottom illustrates the interpretation of the data. (D) Means of the ppERK fluorescence
intensity distributions from (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.
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came switch-like, in which individual cells either responded or not, and
the number of responding cells increased in proportion to the stimula-
tion. 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 phospho-
rylation 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 stimula-
tion 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 (/4, 15). Com-
putational 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 the negative feedback either intact or broken with varying
amounts of the MEK-selective inhibitor U0126, stimulated them with either
EGF (Feedback Intact) or 4HT (Feedback Broken), and then measured
ERK activation (14, 15). As predicted by our model, in the Feedback
Broken system, ERK activation was thoroughly inhibited by low concen-
trations 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 con-
ditions 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 concentra-

tions push the system toward saturation. Linear inhibition ranges are gen-
erally 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 to 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 feed-
back 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.

The sensitivities to MEK inhibition that we observed in the computa-
tional simulations were obtained with 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 COSI1 cells (fig. S1). The results showed that the effects
of MEK inhibition in the Feedback Intact and Feedback Broken models
(fig. SS5) were similar to those in the simulations in Fig. 3B. In conjunction
with the experiments shown in Fig. 2, C and D, where we enhanced the
activity of the amplifier module, the inhibition experiments shown in Fig.
3, A and 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 time scales in the biological design. Because the
effects of U0126 included parallel effects that can occur on different time
scales, 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 activi-
ty 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 com-
ponents within the NFA (Fig. 3A). This prediction was corroborated by
comparing the effects of 4557W, an EGF receptor (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 sub-
optimal drug targets, because the effects of their inhibition are dampened.

Fig. 3. The NFA-like property determines A 44,406 B 14

the responses of the ERK pathway to 124108 -

drugs that inhibit different components of . ) T .

the pathway. (A) Predicted sensitivity pro- 1840 HIH Az

files to MEK (U0126) and EGFR (4775W) 3 8x10° x o8\ !

inhibitors. The y axis represents numbers '8 6x10° ¥ EGF +increasing U0126 Woog4 { \ + EGF +increasing U0128

of ppERK molecules. U0126 was modeled % 40108 e 041 ; { — .

as an allosteric inhibitor, and concentra- 24108 S 1 X T nereasi ?

tions are given as number of molecules. i DIV O'Z 44Ty ereasing 00128 ! i |

The effects of 4775W were modeled as a2 uotzs 0 5x10°  10x10°  15x10°  20x10°  25x10° U016 0 5 10 2 20 40 50uM

decrease in the number of RasGTP mole- Ras-GTP 5350 4280 3210 2140 1070 0 455TW 0 5 10 20 30 40 50 uM
= |

cules. (B) Measured sensitivity profiles to
U0126 and 4775W inhibitors. COS1 cells
stably expressing BXB-ER cells were treated with U0126 or 4775W for
1 hour and subsequently stimulated with EGF or 4HT for 20 min. The x axis
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based on quantitative LI-COR analysis of Western blot measurements of
phosphorylated ERK (ppERK). Data represent the average of three
experiments; error bars are SD.
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We also tested the effects of the biological NFA with the “Feedback
Partially Broken” system based on the Raf6 A mutant (/2) to partially
break the negative feedback. Unfortunately, due to cytotoxic effects, we
could not obtain cells expressing Raf6A alone in the absence of endog-
enous 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
1 (IGF-1), factors for which COS1 cells have receptors. PDGF-activated
ERK showed an NFA-like response that was similar but smaller than
the response to EGF, with cells expressing Raf6 A 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 IGF-1 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 IGF-1 selectively
activated 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, IGF-1-induced ERK activation is not protected from
U0126 inhibition by the NFA-like effect from ERK to Raf-1: This feed-
back may not exist because IGF-1 does not activate Raf-1, or if B-Raf
signaling leading to ERK activation does result in ERK phosphoryl-
ation of Raf-1, then this phosphorylation will have no consequences
for IGF-1 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 biolog-
ical NFA (Figs. 3, A and B, and 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. SA). This
prediction seems counterintuitive because Raf-1-MEK-ERK is a linear ac-
tivation cascade. However, as predicted by the NFA model, the Raf-1 inhib-
itor GW5074 increased the sensitivity to MEK inhibition in the Feedback

Intact system (Fig. 5B, left). The cooper-
ative effects of Raf and MEK inhibition
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geted, and the cornucopia of potential
drug targets is contrasted by a paucity
of objective criteria for how to choose
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Fig. 5. Cooperation between Raf and MEK inhibitors. (A) Model predictions of
ppERK abundance at different combinations of Raf (GW5074) and MEK
(U0126) inhibitors. The y and x axes show numbers of ppERK and U0126 mole-
cules, respectively. (B) Serum-starved NIH 3T3 BXB-ER cells (37) were treated with

among them. Our results suggest that inhibition of a pathway by inhibiting
targets embedded in an 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 effective if the NFLs
are also blocked or inhibited, thus providing insight into potentially effec-
tive 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 com-
mercial 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
from BD Biosciences and Roche, respectively.

Cell culture
Stable BXB-ER NIH 3T3 cells were described (37), and COSI1 cell lines
stably expressing BXB-ER were generated similarly.

Dose-response curves

BXB-ER COS1, NIH 3T3 wild-type-Raf-1, or NIH 3T3 6A-Raf-1 cells
were starved in serum-free medium overnight. The cells were preincubated
with the indicated amounts of inhibitors U0126, 4557W, or D-64406 for
1 hour and subsequently stimulated with growth factors (50 ng/ml) or
0.1 uM 4HT. The stimulation was stopped by washing the cells with ice-
cold phosphate-buffered saline and immediate freezing at —80°C.

Immunoprecipitation, immunoblotting, and
immunocomplex kinase assays

Cells were treated with growth factors with or without inhibitors as indi-
cated and lysed in 25 mM Hepes (pH 7.4), 50 mM NaCl, 5 mM EDTA,
and 1% Triton X-100 supplemented with protease inhibitor cocktail (Roche)

10 nM Raf-1 inhibitor (GW5074) and various amounts of the MEK inhibitor U0126 for
60 min and then stimulated with 10% FCS or 100 nM 4HT for 15 min. ppERK was
measured by quantitative LI-COR analysis of Western blot measurements of phos-
phorylated ERK. Error bars represent the SD from the mean of triplicate points.

and phosphatase inhibitors (2 mM NaF, 0.2 mM NaP,0Os, 0.5 mM sodium
orthovanadate, and 10 mM [-glycerophosphate). Immunoprecipitations,
Western blotting, and kinase assays were performed as described (25). West-
ern blots were developed and scanned with LI-COR technology (http://
www.licor.com/bio/index.jsp), which is a quantitative technique for stain-
ing Western blots based on infrared imaging.

Fluorescence-activated cell sorting

Fluorescence-activated cell sorting (FACS) 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) with CellQuest Pro software. Distribution profiles were
produced with FlowJo software (7.2.2). Data fitting was performed with
Microsoft Excel and GraphPad Prism.

Models and modeling

The mathematical models were based on mass action models using ordi-
nary differential equations of an adapted version of the core ERK pathway
described in (24). Two 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 sup-
plied in the Supplementary Materials, section 1.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/3/153/ra90/DC1

Section 1. Models and modeling.

Section 2. Model parameters.

Section 3. SBML files of the models.
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Abstracts

One-sentence summary: Analysis of ERK pathway circuitry suggests appropriate targets for inhibition,
providing a guide for drug development.

Editor’s Summary:
Biological Circuits Inform Drug Development

The mitogen-activated protein kinase (MAPK) pathway involves a three-tiered kinase module, which ampli-
fies the signal. Many cells also have negative feedback loops from the last kinase in the module to various
points upstream in the pathway. Sturm ef al. showed that, with negative feedback loops, the MAPK module
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 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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