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SUMMARY

Signal-transduction cascades are usually studied on
cell averages, masking variability between individual
cells. To address this, we studied in individual cells
the dynamic response of ERK2, a well-characterized
MAPK signaling protein, which enters the nucleus
upon stimulation. Using fluorescent tagging at the
endogenous chromosomal locus, we found that
cells show wide basal variation in ERK2 nuclear
levels. Upon EGF stimulation, cells show (1) a fold-
change response, where peak nuclear accumulation
of ERK2 is proportional to basal level in each cell; and
(2) exact adaptation in nuclear levels of ERK2, return-
ing to original basal level of each cell. The timing of
ERK2 dynamics is more precise between cells than
its amplitude. We further found that in some cells
ERK2 exhibits a second pulse of nuclear entry,
smaller than the first. The present study suggests
that this signaling system compensates for natural
biological noise: despite large variation in nuclear
basal levels, ERK2’s fold dynamics is similar
between cells.

INTRODUCTION

Human cells respond to signals such as growth factors, cyto-

kines, and hormones by means of signal transduction pathways.

These pathways typically culminate in the entry of regulatory

proteins into the nucleus, resulting in programs of gene expres-

sion. Such signaling systems need to function in the face of large

cell-cell variability in protein concentrations, cell size, and other

parameters (Barkai and Leibler, 1997; Colman-Lerner et al.,

2005; Feinerman et al., 2008; Kaern et al., 2005; McAdams and

Arkin, 1997; Sigal et al., 2006b). One may ask the following:

How are the dynamics of signaling systems affected by these

cell-to-cell variations? Are there specific aspects of the

dynamics that are more robust (invariant) to cell-cell variations

than other aspects?

To address such questions on cell-cell variability requires

studying the response of signaling proteins in individual living

cells over time. Standard assays based on averaging cell popu-

lations cannot be used, because they mask cell-cell variations,
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as well as dynamical features such as all-or-none effects (Ferrell

and Machleder, 1998), excitability (Suel et al., 2006, 2007) and

oscillations (Cai et al., 2008; Geva-Zatorsky et al., 2006; Hilioti

et al., 2008; Lahav et al., 2004; Momiji and Monk, 2008; Nelson

et al., 2004). Methods based on flow cytometry can provide

snapshots of signaling proteins in individual cells (Feinerman

et al., 2008; Sachs et al., 2005); however, they are not able to

observe the same cell over time.

Here, we measured the dynamics of nuclear entry of a key

signaling protein in individual living cells at high temporal resolu-

tion. As a model system, we chose the well-characterized pro-

tein ERK2 (extracellular signal-regulated kinase), which belongs

to the classical MAPK (mitogen-activated protein kinase)

cascade (Boulton et al., 1991; Chang and Karin, 2001; Lewis

et al., 1998; Raman et al., 2007; Seger and Krebs, 1995; Shaul

and Seger, 2007). ERK2 is a signaling protein that is activated

in response to a variety of stimuli, including epidermal growth

factor (EGF). Following EGF stimulation, there is a pulse of

translocation of ERK into the nucleus (Ando et al., 2004; Chen

et al., 1992; Chuderland et al., 2008; Costa et al., 2006;

Lenormand et al., 1993; Matsubayashi et al., 2001; Whitehurst

et al., 2002). In the nucleus, ERK2 activates transcription factors

to trigger cell proliferation or differentiation (Brunet et al., 1999;

Meloche and Pouyssegur, 2007). There may be additional

avenues of signaling in this system without nuclear translocation

of ERK (Dikic et al., 1994; Murphy et al., 2002; Traverse et al.,

1994).

To study the dynamics of ERK2, we employed a human cell

clone expressing ERK2 tagged with YFP (yellow fluorescent

protein) at its endogenous chromosomal locus and under its

native regulation. This tagged ERK2 is expressed at lower levels

than the untagged alleles in the same cell, and reports faithfully

their nuclear entry dynamical profiles, as assayed by immuno-

blots. We followed the dynamics of ERK2 by quantifying the

nuclear intensity of YFP in individual cells using automated

time-lapse microscopy. We found that prior to EGF treatment,

nuclear levels of ERK2 show wide cell-cell variation. Despite

this variability, we found that some aspects of the dynamics

upon EGF stimulation are very similar between cells: the relative

increase in ERK2 nuclear levels is proportional to basal level of

nuclear ERK2 of each cell, suggesting a fold-change response.

The timing of this nuclear accumulation is quite precise between

cells. Most cells then return to their own prestimulus basal levels,

a well-known phenomenon in sensory systems known as exact

adaptation. We also find that a subpopulation of cells shows
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a second pulse of nuclear entry, a behavior that would be

masked by standard cell population methods. The present

view of a signaling molecule at the individual cell level suggests

that the ERK2 system compensates for the natural biological

noise to provide exact adaptation, precise timing, and a fold-

change response.

RESULTS

Assay for Following ERK2 Dynamics in Individual Living
Cells
For studying the dynamics of ERK2 in individual living cells, we

used a clone from the library of annotated reporter cell clones

(LARC), based on the H1299 human non-small cell lung cancer

cell line (Sigal et al., 2007). The library was built using a tagging

approach that introduces YFP as a new exon into the chromo-

some, using a retrovirus (Figure 1A). This tagging preserves

both the native regulation and the chromosomal position of the

tagged gene. Study of 20 different endogenously tagged

proteins from the LARC library showed that 80% of the YFP-

tagged proteins serve as faithful markers for the dynamics of

the endogenous proteins (Cohen et al., 2008).

The clone used in this study has YFP introduced as an internal

exon into an allele of the ERK2 gene on chromosome 22. YFP is

inserted in-frame between exons 1 and 2 of the ERK2 gene.

When this gene is transcribed, YFP is spliced into the message

producing a full-length fluorescent fusion protein, expressed

from its native chromosomal locus, in parallel to untagged

ERK2 (Figure 1A).

Immunoblots with anti-ERK2 antibodies show that the tagged

ERK2 protein is �69 kD, which is 27 kD more than the untagged

ERK2 in the same cells, corresponding to the molecular weight of

YFP (Figures 1B [upper panel] and S1). The tagged ERK2 protein

is recognized by monoclonal anti-GFP antibodies (Figure 1B

[lower panel]).

We compared the expression of ERK2 from the tagged

allele to that of the untagged alleles in the same cells

(Figure 1B [upper panel]). We found that the band correspond-

ing to ERK2-YFP is about 4-fold less intense than the untagged

ERK2 band, using a monoclonal antibody against the C terminus

of ERK2 (Figure 1B [upper panel]) or about 5-fold lower using

a polyclonal antibody, which recognizes also ERK1 (Figure S1).

One possible reason for this lower expression is that the

parental H1299 cells show three copies of chromosome 22

(data not shown), of which only one is expected to be tagged.

Thus, ERK2-YFP seems to represent a relatively small fraction

(20%–25%) of total cellular ERK2. Note that the present endog-

enous tagging therefore seems to avoid the overexpression

concerns associated with other means of introducing tagged

proteins into cells.

The present YFP tag is close to the N terminus of ERK2 (39

amino acids from the terminus). Previous studies have indicated

that N-terminal fluorescent fusions (GFP or YFP) to ERK2 do not

affect protein localization, phosphorylation, or kinase activity

(Vantaggiato et al., 2006; Yung et al., 2001).

To further test the present system, we asked whether ERK2-

YFP is capable of nuclear translocation upon EGF stimulation.

For this purpose, we monitored the accumulation of ERK2-YFP
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in cell nuclei over time. Time-lapse microscopy on these cells

showed that the fluorescence intensity of YFP in the nucleus

increases after EGF (50 ng/ml) stimulation (Figure 1C; Movie

S1), peaks at about 10 min after stimulation, and decays there-

after. Immunoblots on nuclear cell fractions with monoclonal

antibody against ERK2 or GFP showed dynamics of ERK2-YFP

upon EGF stimulation with similar timing to the movies (Figures

1D and 1E). The dynamic profile of both the tagged and

untagged alleles in these immunoblots was also very similar

(Figures 1D and 1E). This temporal profile is in line with that

reported by previous studies on cell averages or transfected

cells (Ando et al., 2004; Chen et al., 1992; Costa et al., 2006;

Fujioka et al., 2006; Horgan and Stork, 2003). We also tested

the phosphorylation of tagged ERK2 upon stimulation in our

cells. Using antibodies against phosphorylated ERK, we found

that ERK2-YFP undergoes phosphorylation upon EGF treat-

ment, with similar dynamics for the tagged and untagged

ERK2 alleles (data not shown).

Next, we tested whether the nuclear accumulation of ERK2-

YFP is dependent on phosphorylation by its upstream kinases,

MEK1/2. Pretreatment of the cells with U0126 (10 mM), a specific

MEK inhibitor (Favata et al., 1998), impaired the phosphoryla-

tion upon EGF stimulation of both tagged and untagged

ERK2, as detected in nuclear fractions (Figure S2A). Movies of

cells treated with the MEK inhibitor and stimulated with EGF

showed no nuclear accumulation of ERK2-YFP (Figures S2B

and S3 [blue line]; Movie S2). Similar abolishment of nuclear

entry was observed when treating the cells with a selective

inhibitor of the EGF receptor (AG1478) (Levitzki and Gazit,

1995; Ward et al., 1994) (Figure S3 [green line]; Movie S3).

Taken together, these results suggest that the endogenously

tagged ERK2-YFP clone can serve as a faithful marker for the

nuclear dynamics of native ERK2 protein.

ERK2 Shows Variability in Its Nuclear Basal Levels
To study ERK2-YFP dynamics, we employed automated time-

lapse microscopy and image analysis to track �650 cells indi-

vidual cells for 5 min before EGF stimulation, and for additional

60 min following EGF stimulation.

The reporter cell library, from which our clone originates, was

designed for automated imaging of protein dynamics. These

H1299 cells are well suited for imaging due to their nonoverlap-

ping growth and relatively regular shape. Furthermore, to

enable automated image analysis, the parental clone of ERK2-

YFP cells was tagged with a second, red protein tag (Cohen

et al., 2008). This red tag (mCherry) was introduced as an

exon into the native locus of a protein with nuclear localization,

CBX5 (chromobox 5), which is unrelated to the ERK2 system.

This red tag allows automated image analysis to detect the

nucleus in each cell. Movies were automatically analyzed for

nuclear levels of ERK2-YFP (Cohen et al., 2008; Sigal et al.,

2006a).

We measured for each cell the nuclear levels of ERK2-YFP,

defined as the median fluorescence pixel intensity in the nucleus,

at a temporal resolution of 90 s. We found that prior to EGF stim-

ulation, individual clonal cells show different basal levels of ERK2

nuclear fluorescence intensity (Figures 2A and 2B). The cell-cell

variation in basal nuclear level spans about a 4-fold range. The
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Figure 1. ERK2-YFP Expressed from Its Native Chromosomal Locus Is a Faithful Reporter for Untagged ERK2

(A) Schematic representation of YFP insertion by retroviral infection at intron 1 at the chromosomal locus (chromosome 22) of human ERK2 in a H1299 cell clone

(clone C7). Following transcription, YFP is spliced in as an exon and expressed as a fluorescent fused protein.

(B) ERK2-YFP is expressed as a full-length protein in parallel to the native ERK2. Whole-cell lysates from C7 clone and H1299 parental cells were subjected to

immunoblotting. ERK2-YFP protein (�69 kD) is detected by monoclonal anti-ERK2 antibody and polyclonal anti-ERK1/2 antibody in parallel to untagged ERK2

protein (�42 kD) in cell clone C7. ERK2-YFP is also recognized by monoclonal anti-GFP antibody.

(C) ERK2-YFP shows translocation into nucleus upon EGF stimulation with a peak at about 10 min. Following serum starvation, cells were transferred into the

microscope incubator, visualized by time-lapse microscopy and then stimulated with 50 ng/ml EGF. Bar denotes 10 microns.

(D) ERK2-YFP displays a similar pattern of nuclear accumulation as untagged nuclear ERK2. Nuclear extracts were obtained from C7 cells stimulated with

50 ng/ml EGF for various times (0, 5, 10, 15, 25 min). Detection of ERK2 and ERK2-YFP in nuclear fractions was performed with monoclonal anti-ERK2 antibody.

Monoclonal anti-GFP antibody was used for detecting ERK2-YFP. Nuclear histone H3 was used as a control.

(E) ERK2-YFP shows similar dynamics in nuclear accumulation as ERK2. Quantification of the nuclear levels of ERK2 and ERK2-YFP is from both immunoblots

and time-lapse microscopy. Red line denotes nuclear protein levels of ERK2-YFP detected by anti-ERK2 antibody, green line denotes its detection by anti-GFP

antibodies, blue line denotes nuclear levels of untagged ERK2, and turquoise line denotes ERK2-YFP dynamics from time-lapse movies. Data is mean ± SE of

three independent experiments.
ratio between the median nuclear fluorescence of the 90th

percentiles of the cells to the 10th percentile of cells is 3.1 ±

0.6. This level of variability is comparable with that found in the

nuclear levels of other proteins in human cells (Sigal et al.,

2006b).

The fact that two proteins are tagged in our cells, one red and

the other yellow, allows one to control for global cell effects (size,
Molec
protein synthesis capacity) or experimental variations. We found

that the nuclear marker, CBX5-mCherry, exhibits a similar range

of variability in its nuclear levels as ERK2-YFP (Figure 2C). The

levels of the two proteins in the same cell are only mildly corre-

lated (R = 0.3 ± 0.1; p < 0.001). This suggests that ERK2 vari-

ability has a stochastic component not related to variations in

global cell properties (Elowitz et al., 2002).
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Figure 2. ERK2-YFP Nuclear Intensity Increases and Then Decreases upon EGF Stimulation

Following serum starvation, cells were subjected to time-lapse movies, with a time resolution of 90 s between frames. Nuclear YFP fluorescence intensities of

individual cells with tagged ERK2 were measured in response to EGF or mock stimulation added at t = 0. (A) ERK2-YFP does not accumulate in the nucleus of

mock-treated cells. Lines denote nuclear median pixel fluorescence of ERK2-YFP in individual cells (C7 clone).

(B) ERK2-YFP shows a pulse of accumulation upon EGF treatment. Lines denote nuclear median pixel fluorescence of ERK2-YFP in individual cells (C7 clone).

(C) Nuclear levels of CBX5-mCherry protein do not change upon EGF stimulation. Lines denote nuclear median fluorescence of CBX5-mCherry in the same indi-

vidual cells as in B (clone C7).
Cells Show a Fold-Change Response to EGF, Rather
Than an Absolute Response, with Precise Timing
Upon addition of EGF to the medium (50 ng/ml), we find

that ERK2-YFP nuclear levels rise, reaching a peak after

13 ± 2.2 min (Figure 2B). The nuclear fluorescence levels then

decay. No increase was observed in control experiments with

mock stimulation in which medium with no EGF was added to

the cells (Figure 2A). Likewise, no increase was observed upon

EGF stimulation in the red-tagged nuclear protein in the same

cells (Figure 2C).

To quantify the variability in the dynamics, we measured

several parameters of the response profile for each cell. We

measured the initial nuclear YFP fluorescence level before stim-

ulation (Fi), peak fluorescence (Fmax), and final fluorescence (Ff),

as well as temporal features of the dynamics, the half times for

increase (T50 up) and decrease (T50 down) phases, and the

time of peak fluorescence (Tmax). These parameters are defined

Figure 3A, and their values are summarized in Figure 3B. For

measuring the cell-cell variability, we used the coefficient of vari-

ation (CV), defined by the ratio of the standard deviation to the

mean (CV = SD/mean), as shown in Figure 3C.

We found that the CV of each of the nuclear fluorescence

levels parameters, Fi, Fmax and Ff, was about 30%, as shown

in Figure 3C, blue bars. In contrast, two of the temporal param-

eters showed smaller cell-cell variability: the timing of the peak

intensity, Tmax = 13 ± 2.2 min, shows a lower variation between

cells than fluorescent levels (CV �0.17; Figure 3C [red bars]).

A low CV was found also for the half-time of the increase in

nuclear levels. Larger variations were found in the half-time for

nuclear exit. Thus, there is larger cell-cell variability in parame-
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ters related to protein levels than in parameters for response

rise time and peak time.

We also studied the variability in the fold change of the

response, defined as the ratio of peak nuclear fluorescence

(Fmax) to basal levels (Fi). Interestingly, we find that cells exhibit

a well-defined fold change in nuclear ERK2-YFP levels in

response to EGF stimulation. The fold-change response, defined

by the ratio Fmax/Fi, is 1.25 ± 0.11 (mean ± SD) and has low vari-

ability between cells (CV = 0.09), as shown in Figure 3C, green

bars.

Thus, cells seem to show a rather constant fold increase in

ERK2 nuclear levels upon EGF stimulation. Another way to state

this is that the increase above the basal level, defined as the

difference between the peak nuclear intensity and the initial level

(DF = Fmax � Fi) is approximately proportional to the basal level

for each cell (R = 0.59, p < 0.001) (Figure 3D). This means that

cells with high initial nuclear ERK2-YFP tend to show a larger

absolute increase than cells with low initial EKR2-YFP. This

type of response can be termed a ‘‘fold-change response,’’

where the amount of ERK2 entering the nucleus is a constant

fraction of the basal level. This is opposed to an ‘‘absolute

response’’ in which the amount of ERK2 entering the nucleus is

the same between cells, regardless of their basal level.

Nuclear Levels of ERK2-YFP Show Exact Adaptation
to the Basal Level of Each Individual Cell
We next asked how exact is the adaptation following the stim-

ulus? For this purpose, we considered the ratio between the final

and initial fluorescence levels, Ff/Fi. We find that in about 80% of

the cells, the nuclear levels of ERK2-YFP return to within 10% of
Inc.
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Figure 3. Parameters of Nuclear Protein Level Are More Variable than Most Timing Parameters

(A) Definition of parameters in the nuclear accumulation pattern of YFP-tagged ERK2 in response to EGF stimulation. Fi denotes the initial fluorescence at t = 0, Ff

is the fluorescence at t = 30 min after EGF addition, and Fmax denotes the maximum fluorescence; T50 up denotes the time to reach 50% of maximal fluorescence

during nuclear fluorescence buildup (minutes), T50 down denotes the time to reach 50% of maximal fluorescence during nuclear fluorescence decrease (minutes),

and Tmax denotes the times to reach the maximal fluorescence. All fluorescence measurements are nuclear median YFP pixel fluorescence, normalized to

mCherry in the same pixels.

(B) Values of parameters characterizing the dynamics of ERK2. Values were obtained from time-lapse movies of EGF-stimulated cells (mean and standard devi-

ation between cells), and represent median nuclear YFP/mCherry fluorescence.

(C) Cell-cell variability measured as the CV (ratio of standard deviation to mean) of different aspects of ERK2 response. Blue bars represent measurements of

fluorescence level parameters, red bars represent measurements of timing parameters, and green bars represent the ratios of fluorescence levels. Error bars

are standard errors.

(D) Increase in nuclear fluorescence levels upon EGF stimulation is correlated with initial fluorescence Fi in each cell. Nuclear levels of YFP were normalized to the

mCherry. Each circle is a measurement obtained from an individual cell. Black line represents the best linear fit (R = 0.59, p < 0.0001).
the original, prestimulus basal level. This occurs on a timescale

of 25 min after EGF stimulation (Figure 2B). The average adapta-

tion ratio is close to one: Ff/Fi = 1.02 ± 0.12 (mean ± SD) with

a CV = 0.12 (Figure 3C [green bars]). Thus, ERK2 shows precise

adaptation in nuclear levels, returning to the original basal level in

the majority of cells.

Some Cells Show a Second Peak of ERK2 Nuclear Entry
Data analysis and manual inspection of the time-lapse movies

revealed that a fraction of the cells displayed a second peak

of ERK2 nuclear entry (Figure 4A, Movie S4). To quantitate

this, we operationally defined a second peak as a sharp rise of

at least 5% in nuclear levels after the end of the first nuclear

accumulation, i.e., after 25 min (Figure 4B). The fraction of the

cells that showed a second peak varied between experiments,

within the range 0.4 ± 0.2 (mean ± SD) across four movies.
Molec
Despite attention to experimental protocol, we could not find

what conditions corresponded to the variation in the fraction

of cells that display the second peak. The timing of the second

peak is quite uniform between cells, about 40 ± 9 min (mean ±

SD) after EGF stimulation. Its fold change was lower than the

first peak, averaging 1.11 ± 0.03 compared to 1.25 ± 0.11

(Figure 4C).

Such a second peak is likely to be masked in immunoblots and

other methods that assay cell averages, because of its low

amplitude and appearance in only a fraction of the cells.

DISCUSSION

This study provides a view of a signaling protein, ERK2, respond-

ing to its stimulus, EGF, in individual living cells. Nuclear localiza-

tion of ERK2 was followed at high temporal resolution and
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Molecular Cell

ERK2 Dynamics at Individual Cell Level
Figure 4. Some Cells Show a Second Peak after EGF Stimulation

(A) Some cells show a second peak of response to EGF. Filmstrip showing two peaks of nuclear accumulation of ERK2-YFP in response to EGF stimulation.

Following serum starvation, cells were transferred into the microscope incubator, visualized by time-lapse microscopy, and then stimulated with 50 ng/ml

EGF. Bars are 10 microns.

(B) Nuclear fluorescence intensities of individual cells with YFP tagged ERK2, in response to EGF, normalized to the initial time point. Lines denote median nuclear

YFP fluorescence in individual cells. Blue line represents cells with a single peak cells, and red line represents cells with two peaks, defined as cells showing

a sharp increase of more than 5% in nuclear fluorescence levels after 25 min.

(C) The second peak of nuclear accumulation of ERK2-YFP, normalized to initial levels, shows similar timing and lower amplitude. The second peak of ERK2-YFP

response was shifted in time to be superimposed on the first peak. Lines represent averages over experiments and bars are standard errors. Green line denotes

the first peak; red line denotes the second peak.
accuracy using an endogenously tagged ERK2-YFP cell line

clone. This approach preserves native regulation and avoids

overexpression concerns, and seems to faithfully report for the

endogenous protein dynamics. We find that basal nuclear levels

of ERK2-YFP show about 4-fold cell-cell variations. Despite this

variation, the dynamical profiles normalized to the basal level are

similar between cells. We find that the amount of ERK2 entering

the nucleus upon EGF stimulation is proportional to the basal

level of nuclear ERK2-YFP in each cell, suggesting a fold-change

response mechanism. This means that the more ERK2 is initially

in the nucleus, the more ERK2 accumulates in the nucleus

following EGF stimulation.

The present data seems to rule out an ‘‘absolute response’’

mechanismfor ERK2 nuclear accumulation, inwhich the response

is independent of basal levels. The question of fold change versus

absolute change is an interesting one, which has been rarely

studied in molecular systems. The fold-change response sug-

gested by the present data raises the question whether down-

stream targets of ERK2 respond to ERK2 fold or absolute

changes. This can be studied in principle by extending the present

approach to tag both ERK2 and a downstream target in the same

cell with different fluorescent colors (Sigal et al., 2006b).

In an accompanying paper, Goentoro and Kirschner present

experimental evidence on the Wnt pathway indicating that fold
890 Molecular Cell 36, 885–893, December 11, 2009 ª2009 Elsevier
changes rather than absolute levels of b-catenin regulate both

gene expression and embryo shape during frog development

(Goentoro and Kirschner, 2009). In contrast, an absolute-

response mechanism seems to occur in some bacterial two-

component systems (Goulian, 2004; Shinar et al., 2007). For

example, in the EnvZ/OmpR two-component system of E.coli,

the amount of phosphorylated response regulator OmpR-P

appears to be independent of the total level of OmpR in the

cell. It would be fascinating to study which molecular systems

detect fold changes in input and which do not.

We further find that cells exhibit exact adaptation in their

nuclear levels of ERK2-YFP following EGF stimulation. Such

exact adaptation, in which nuclear levels return to the baseline

of each individual cell, is a feature shared with other sensory

systems. The fact that cells differ widely in their basal levels,

but can still precisely adapt, suggests that exact adaptation in

this system is robust to variations in protein levels and conditions

between cells. Mechanisms for such robust exact adaptation

have been studied in the context of bacterial chemotaxis (Alon,

2006; Alon et al., 1999; Barkai and Leibler, 1997) and other

systems (Levchenko and Iglesias, 2002; Tyson et al., 2003),

and have been related to the engineering principle of integral

feedback (El-Samad et al., 2002; Muzzey et al., 2009; Yi et al.,

2000) or to incoherent feed-forward loops (Ma et al., 2009). It is
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intriguing to consider whether analogous mechanisms might be

involved in the adaptation in this system.

The present imaging of individual living cells allowed observa-

tion of two nuclear peaks of ERK2 following stimulation in a frac-

tion of the cells. Previous studies using immunoblots reported

a second increase in phosphorylation levels of ERK2 in 60 min

following upon EGF stimulation of hepatocytes (Ebner et al.,

2007), and more recently, oscillatory behavior of ERK activity

was reported upon activation (Nakayama et al., 2008; Shin

et al., 2009). Other studies find ERK oscillations that follow

temporal changes in development (Maeda et al., 2004), and in

memory formation (Eckel-Mahan et al., 2008). Oscillations in

ERK activity have been also predicted based on theoretical anal-

ysis (Kholodenko, 2000).

The second peak of nuclear ERK2 might represent a second

pulse of signaling in the MAPK cascade. One possible source

of delayed signaling is Ras residing in organelles other than the

cell membrane (Bivona et al., 2003; Perez de Castro et al.,

2004; Tian et al., 2007). Activation of Ras at the plasma

membrane by growth factor is rapid and transient while Ras acti-

vation in Golgi is delayed and sustained (Chiu et al., 2002; Perez

de Castro et al., 2004; Rocks et al., 2006). Other possible mech-

anisms include oscillatory mechanisms involving negative feed-

back (Alon, 2006; Geva-Zatorsky et al., 2006; Kholodenko, 2000;

Novak and Tyson, 2008; Romond et al., 1999; Sasagawa et al.,

2005).

As molecular components become better characterized, it is

becoming possible to build quantitative models of how proteins

work together to transduce signals (Asthagiri and Lauffenburger,

2001; Birtwistle et al., 2007; Fujioka et al., 2006). Constraining

such models requires physiological data in individual cells (van

Oudenaarden and Muzzey, 2009). One such important

constraint is knowing which properties of the response vary

from cell to cell—and which are robust between cells (Spencer

et al., 2009). We find that concentration parameters (basal levels,

peak heights) of the ERK2 response seem to vary much more

from cell to cell than some of the timing parameters (half-times

for increase, peak time). The relative robustness of timing param-

eters as compared to amplitudes may be a common feature of

biological dynamics. It was observed, for example, in p53 oscil-

lations (Geva-Zatorsky et al., 2006; Lahav et al., 2004), and circa-

dian oscillations (Mihalcescu et al., 2004).

The present observations raise the question of what mecha-

nisms might allow downstream genes to respond to fold rather

than to absolute levels of phosphorylated ERK2? One possible

answer to this question is presented in an accompanying paper

by Goentoro and colleagues (Goentoro et al., 2009), which

suggests a theoretical mechanism for detection of fold changes

based on the incoherent feedforward loop network motif (Alon,

2007).

In summary, studying ERK2 dynamics in individual cells shows

that ERK2 displays precision of timing, adaptation, and fold-

change response despite large variation in ERK2 nuclear basal

levels. In a fraction of cells, two peaks of ERK2 nuclear entry

occur following stimulation. The present approach can be

extended to study other signaling systems in individual cells,

and to determine which aspects of their dynamics are most

robust to cell-cell variations.
Molec
EXPERIMENTAL PROCEDURES

YFP CD Tagging of Endogenous Proteins

The library of exon-tagged proteins in the H1299 non-small cell carcinoma cell

line was previously described (Sigal et al., 2007). The clone used in this

research is named C7 (accession number ENSG00000100030).

Cell Culture

Cells (ERK2-YFP clone C7) were maintained in complete RPMI medium

(GIBCO) supplied with 10% FCS (GIBCO) and 1% Pen/Strep (Biological Indus-

tries, Israel).

Live Cell Microscopy

For movies, cells were seeded at a density of 15,000 cells per well on 12-well

coverslip optical plate (MatTek) coated with fibronectin (Sigma) and grown for

24 hr. Following serum starvation for 12 hr, the medium was replaced with 2 ml

transparent medium (Biological Industries, Israel) and cells were transferred

into the microscope incubator. For stimulation under the microscope, half of

the transparent medium (1 ml) was replaced by EGF diluted in transparent

medium (1 ml) or only transparent medium (mock). The same procedure was

used for inhibitor studies with U0126 (Sigma) or AG1478 (Calbiochem). For

a full description, see the Supplemental Experimental Procedures.

Immunobloting

Western blots were performed on whole cell lysates or nuclear extracts from

C7 clone, using the following antibodies: mouse anti-ERK2 (sc-1643, Santa

Cruz), rabbit anti-ERK1/2 (9102, Cell Signaling Technologies), mouse anti-

phosphorylated ERK1/2 (9106, Cell Signaling Technologies), mouse anti-

GFP (Roche), and rabbit anti-Histone H3 (sc-10809, Santa Cruz). Secondary

antibodies were from Jackson Laboratories, Maine. For full description, see

the Supplemental Experimental Procedures.

Nuclear Fractionation

Nuclei were extracted using a nondetergent method and mechanical disrup-

tion using NucBuster Protein Extraction Kit (Novagen, Germany) together

with a cocktail of phosphatase inhibitors (Sigma). For full description, see

the Supplemental Experimental Procedures.

Time-Lapse Microscopy

Time-lapse movies were obtained at 203 magnification with at a time resolu-

tion of 90 s. Each time point included three images: phase contrast, red fluo-

rescence, and yellow fluorescence. For full description, see the Supplemental

Experimental Procedures.

Image Analysis of Time-Lapse Movies

We used a custom written image analysis tool developed using the Matlab

image processing toolbox environment (Mathworks, Natick, MA), as previ-

ously described (Sigal et al., 2006a). Nuclei were segmented based on the

cherry-tagged protein CBX5 using a combination of thresholding and water-

shed algorithms. For a fuller description, see the Supplemental Experimental

Procedures.

Statistical Data

Cell-cell differences of all parameters describing the dynamical shaped

response were quantified using the coefficient of variation (CV) defined as

the ratio of standard deviation over the mean. For a full description, see the

Supplemental Experimental Procedures.

SUPPLEMENTAL DATA

Supplemental Data include three figures, four movies, Supplemental Experi-

mental Procedures, and Supplemental References and can be found online

at http://www.cell.com/molecular-cell/supplemental/S1097-2765(09)00866-1.
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