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ABSTRACT The extracellular signal-regulated kinase (ERK) signaling pathway plays promi-
nent roles in cell growth, proliferation, and differentiation. ERK signaling is dynamic, involv-
ing phosphorylation/dephosphorylation, nucleocytoplasmic shuttling, and interactions with
scores of protein substrates in the cytosol and in the nucleus. Live-cell fluorescence micros-
copy using genetically encoded ERK biosensors offers the potential to infer those dynamics
in individual cells. In this study, we have monitored ERK signaling using four commonly used
translocation- and Férster resonance energy transfer-based biosensors in a common cell stim-
ulation context. Consistent with previous reports, we found that each biosensor responds
with unique kinetics; it is clear that there is not a single dynamic signature characterizing the
complexity of ERK phosphorylation, translocation, and kinase activity. In particular, the wide-
ly adopted ERK Kinase Translocation Reporter (ERKKTR) gives a readout that reflects ERK
activity in both compartments. Mathematical modeling offers an interpretation of the mea-
sured ERKKTR kinetics, in relation to cytosolic and nuclear ERK activity, and suggests that
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biosensor-specific dynamics substantially influence the measured output.

INTRODUCTION

Extracellular signal-regulated kinases 1 and 2 (hereafter, ERK1/2) are
serine-threonine kinases of the mitogen-activated protein kinase
(MAPK) family that are considered master regulators of cell growth,
proliferation, and differentiation in metazoans (Zhang and Liu, 2002;
Mebratu and Tesfaigzi, 2009; Schevzov et al., 2015), and dysregula-
tion of ERK1/2 signaling has been implicated in the progression of
most cancers (Kohno and Pouyssegur, 2006; McCubrey et al., 2007;
Roberts and Der, 2007). ERK1/2 and other MAPKSs are the last pro-
tein kinases to be activated by sequential phosphorylation in ca-
nonical, three-kinase cascades that respond to growth factor stimu-
lation or/and stress signals (Seger and Krebs, 1995; Garrington and
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Johnson, 1999; Chang and Karin, 2001; Zhang and Liu, 2002). To
assess the dynamics of ERK1/2 and other signaling dynamics,
various biochemical approaches may be employed to quantify the
phosphorylation states of key signaling proteins at discrete time
points after cell stimulation; however, this approach generally has
poor temporal resolution, offers limited information about subcel-
lular localization, and reports only an aggregate snapshot of a cell
population. Live-cell imaging with fluorescent protein (FP)-tagged
proteins/biosensors provides more precise spatial and temporal in-
formation about signal transduction (Zacharias et al., 2000; Hahn
and Toutchkine, 2002, Gaits and Hahn, 2003; Meyer and Teruel,
2003; Chavez-Abiega et al., 2019).

Spurred by the biological and biomedical relevance of ERK1/2
signaling, various live-cell fluorescence strategies have been devel-
oped to continuously monitor the pathway in single cells. The first
strategy was to fuse ERK1 or ERK2 with enhanced green FP (or other
FPs) and track its translocation from the cytosol to the nucleus, a
hallmark of ERK1/2 activation (Yung et al., 2001). With this approach,
either transient or sustained translocation dynamics have been
observed, depending on the stimulus and experimental model
system (Ebisuya et al., 2005; Sasagawa et al., 2005; Ahmed et al.,
2014). Sustained oscillations of ERK nucleocytoplasmic shuttling
have been observed under certain conditions (Shankaran et al.,
2009). To measure the enzymatic activity of ERK1/2 more directly,
Forster resonance energy transfer (FRET)-based biosensors report-
ing ERK1/2 kinase activity have also been developed and with
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nuclear export/import sequences added to report on ERK1/2 activ-
ity in the cytosol/nucleus, respectively (cyto- and nuc-EKAR) (Harvey
et al., 2008). Combining biochemical measurements and live-cell
imaging results from mouse fibroblast NIH 3T3 cells using the FP-
tagged ERK1/2 and cyto- and nuc-EKAR biosensors, our laboratory
developed a data-driven kinetic model of growth factor-stimulated
ERK signaling (Ahmed et al., 2014). This model explains how phos-
phorylation and total nuclear ERK1/2 can show dramatic adaptation,
while the enzymatic activities of ERK1/2 in the cytosol and nucleus
do not. In particular, nuclear ERK1/2 activity accumulates slowly,
reaching a plateau well after the peak in total nuclear ERK1/2 in the
same cell. The transient nature of whole-cell ERK1/2 phosphoryla-
tion is consistent with high-affinity interactions of phosphorylated
ERK1/2 with one or more of its protein substrates, which had also
been inferred from quasi-steady-state measurements in Drosophila
embryos (Kim et al., 2011; Lee et al., 2019).

More recently, the ERK Kinase Translocation Reporter (ERKKTR)
was developed (Regot et al., 2014; Kudo et al., 2018). In this biosen-
sor, the docking sites of the ERK1/2 substrate Elk1 are conjugated
with a bipartite nuclear localization signal (bNLS) and nuclear export
signal (NES). The bNLS is neutralized when phosphorylated by
ERK1/2, whereas the NES is activated when phosphorylated by
ERK1/2; thus, ERKKTR translocates from the nucleus to the cytosol
in the presence of active ERK1/2. The simplicity and high signal-to-
noise ratio of the ERKKTR measurement make this biosensor an at-
tractive alternative to the FRET-based biosensors (Kudo et al., 2018).
However, the readout obtained with ERKKTR might be difficult to
interpret, because it can be phosphorylated by ERK1/2 while either
in the nucleus or in the cytosol. We have addressed this question by
combining newly and previously acquired kinetic data with an up-
dated mathematical model that accounts for ERKKTR dynamics. In
the context of growth factor-stimulated fibroblasts, the data show
that ERKKTR misses the initial cytosolic ERK1/2 activity dynamics
and also the slow accumulation of nuclear ERK1/2 activity. The
model-guided interpretation is that the initial translocation of ERK-
KTR is frustrated by the biosensor-specific dynamics. Although ERK-
KTR phosphorylation in the nucleus is not likely rate-limiting, ERK-
KTR phosphorylated on only the NES is in a “compartment-fluid”
form that is predicted to buffer the decisive translocation of the bio-
sensor between the nucleus and cytosol. These results reveal cave-
ats associated with the use of translocation-based biosensors to in-
fer signaling dynamics of ERK1/2 and other protein kinases.

RESULTS

Measurements of ERK1/2 signaling dynamics using available
biosensors show unique kinetics

To assess ERK1/2 signaling dynamics in a common stimulation con-
text, we transiently expressed each of the four available ERK1/2 bio-
sensors (Figure 1A) in NIH 3T3 mouse fibroblasts. The cells were
serum starved and then maximally stimulated with platelet-derived
growth factor-BB (PDGF, 1 nM) while monitored by fluorescence mi-
croscopy (see Supplemental Figure S1 for representative montages).
Consistent with previous results (Ahmed et al., 2014), PDGF-stimu-
lated nuclear localization of FP-tagged ERK2 is transient, peaking
after ~8 min and attaining an adapted steady state after ~45 min
(Figure 1B). By comparison, the FRET-based cyto- and nuc-EKAR
biosensors report ERK1/2-kinase activity in the cytosol and nucleus,
and they exhibit relatively fast (peak at ~6 min) and slow (plateau at
~15 min) kinetics, respectively, with little or no apparent adaptation
(Figure 1, C and D). It was confirmed previously that the relatively
slow nuc-EKAR response reflects the availability of active ERK1/2 in
the nucleus, not intrinsically sluggish dynamics of the EKAR biosen-
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sor; with subsequent inhibition of the upstream kinase, MEK1/2,
both cyto- and nuc-EKAR FRET readouts return to baseline within
~2 min (Ahmed et al., 2014). Under the same stimulation conditions,
the ERKKTR biosensor exhibits kinetics that are quite different from
those of the other three (Figure 1E). This is also shown for cells co-
expressing FP-ERK2 and ERKKTR (Supplemental Figure S2). ERK-
KTR translocation is initially delayed, with no detectable change for
~2 min, after which it rapidly increases, peaks at ~10 min, then
steadily decreases with time. And, as we will show, decay of the
ERKKTR readout following MEK1/2 inhibition is relatively slow.

The dynamic range of the ERKKTR biosensor is limited
under normal ERK activation conditions

To better understand the ERKKTR response to stimulation, we
sought to estimate the fractions of ERKKTR in the nucleus and cyto-
sol and the relative rates of ERKKTR nucleocytoplasmic shuttling
under serum-starved and stimulated conditions. In epifluorescence
images, the identified nuclear region contains the nucleus of course,
but also portions of the cytosol above and below (Figure 2A). We
refer to the cytosolic fluorescence contained within the nuclear re-
gion as “spillover.” From the images of cells expressing the cyto-
EKAR biosensor, which contains a canonical NES (almost 100% cyto-
solic), we quantified the ratio of the mean fluorescence intensity in
the nuclear region (attributed to spillover) to that of a surrounding
ring region in the cytosol (Figure 2B). Ascribing the mean value of
this fluorescence ratio to any cell image, one can approximately cor-
rect the fluorescence of the nuclear region for the cytosolic spillover
and thus estimate the fractions of the whole-cell fluorescence actu-
ally contained in the cytosol and nucleus. As expected, applying this
correction to the cyto-EKAR images yielded a mean cytosolic frac-
tion close to 1, which was stable throughout a protocol of PDGF
stimulation followed by addition of the MEK inhibitor, U0126 (Figure
2, CandD).

Applying this procedure to the ERKKTR images, we estimate that
an average of 75% of the biosensor was in the cytosol in our serum-
starved cells initially, while only 25% of the biosensor was actually
inside the nucleus. Following PDGF stimulation, the cytosolic frac-
tion of ERKKTR was estimated to peak at close to 1, i.e., with only a
small fraction remaining inside the nucleus (Figure 2E). The near-
complete emptying of nuclear ERKKTR in stimulated cells was con-
firmed by confocal microscopy (Figure 2F). We conclude that the
extent of the ERKKTR translocation response was readily maxed/
saturated under our normal ERK activation conditions. With the
ERKKTR readout properly scaled, also presented in Figure 2E is its
decay following addition of the MEK inhibitor, U0126. Relative to
FP-ERK nuclear localization and the EKAR readouts, which decay
with half times ~1-3 min (Ahmed et al., 2014), the decay of ERKKTR
translocation is much slower (see also Supplemental Figure S2). This
further indicates that biosensor-specific dynamics affect the ERKKTR
response kinetics.

With a predicted molecular weight of 35 kDa, ERKKTR passively
diffuses through nuclear pores. Considering that MEK inhibition re-
turns the ERKKTR response to baseline (Figure 2E), serum starvation
was effective in eliminating detectable ERK activity; we reason that
the localization of ERKKTR prior to stimulation is determined by the
balance of passive transport across the nuclear membrane and ac-
tive nuclear import promoted by the unphosphorylated bNLS. To
assess the influence of the bNLS, we imaged the volume marker, teal
fluorescent protein (TFP), which is distributed by passive diffusion
only. Correcting fluorescence in the nuclear region as described
above, we found that an average of 84% of TFP was in the cytosol
(16% in the nucleus) (Supplemental Figure S3), presumably reflecting
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FIGURE 1: ERK activity measurements using available live-cell fluorescent reporters.

(A) Schematic of PDGF-stimulated ERK-signaling cascade along with four different live-cell
biosensors for probing ERK activitation. (B-E) NIH 3T3 mouse fibroblasts transiently expressing
GFP-ERK2 (B, n=29), cytosolic (Cyto-) EKAR (C, n = 28), nuclear (Nuc-) EKAR (D, n = 30), or

ERKKTR-Clover (E, n = 70) were serum starved for 4 h, then stimulated with PDGF (1 nM). The
symbols indicate the mean normalized readout, and the shaded regions shows the 95%
confidence intervals. Each set of data was pooled from three independent experiments.

the (accessible) volumes of the two compartments. Assuming that
the export of unphosphorylated ERKKTR from the nucleus, like TFP,

is passive, and that net fluxes of ERKKTR and TFP across the nuclear
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membrane are approximately zero at steady
state, we estimate that the ERKKTR bNLS
increases the rate of nuclear import by ap-
proximately twofold in unstimulated cells
(Materials and Methods). We conclude that,
in the absence of ERK activity, active import
of ERKKTR (due to the unphosphorylated
bNLS) and passive diffusion across nuclear
pores contribute about equally to the cross-
ing of ERKKTR from the cytosol to the nu-
cleus. This analysis provides a quantitative
basis for the assessment of the ERKKTR ki-
netics following growth factor stimulation.

An updated model of ERK1/2
dynamics reconciles the observed
ERKKTR kinetics

We have amended the previous model
(Ahmed et al., 2014) (Figure 3A) by adding
processes that apply only to ERKKTR (Sup-
plemental Text S1). The ERKKTR biosensor
was constructed from the ERK-docking site
fragment (312-356) of Elk-1 in tandem with
the aforementioned bNLS and NES; the
bNLS and NES each have three serine phos-
phorylation sites that affect nucleocytoplas-
mic shuttling (Regot et al., 2014). Phosphor-
ylation by ERK1/2 disrupts nuclear import
and activates nuclear export. In the kinetic
model proposed by Regot et al. (2014), it
was assumed that ERKKTR is sequentially
phosphorylated by ERK1/2, first at the bNLS
and then at the NES (Regot et al., 2014). In
our present model, switching off or on of the
bNLS or NES was also treated as a single
phosphorylation event (meaning that either
a single phosphorylation is sufficient for the
switch or the sites in each of the bNLS and
NES are phosphorylated processively), but
these modiifications are considered inde-
pendent rather than sequential (Figure 3B).
Phosphorylation and dephosphorylation of
the bNLS and NES are allowed different,
compartment-specific rate constants. Our
model also considers nuclear export and im-
port as multistep processes (Figure 3C).
Forms of nuclear ERKKTR with NES phos-
phorylated may engage in an export com-
plex (EC), which translocates to the cyto-
plasm and then releases ERKKTR. Forms of
cytosolic ERKKTR with unphosphorylated
bNLS may engage in an import complex
(IC), which translocates to the nucleus and
then releases ERKKTR. These considerations
are based on energy-dependent transport
of proteins with a NLS or NES (Gama-Carv-
alho and Carmo-Fonseca, 2001; Pemberton
and Paschal, 2005; Freitas and Cunha, 2009;
Kim et al., 2017), for example, as driven by

the Ran GTPase shuttling mechanism (Cole and Hammell, 1998;
Kuersten et al., 2001). In addition to the transitions depicted in
Figure 3C, the model accounts for passive, nucleocytoplasmic flux
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Estimation of nuclear and cytosolic fluorescence from epifluorescence images.
(A) Side-view cartoon illustrating the “spillover” effect in segmented epifluorescence images.
The nuclear area includes cytosolic regions above and below the nucleus (shaded). To correct for
this, the mean fluorescence in a ring around the nuclear region (cyt-ring) is measured.
(B) Representative images showing Cyto-EKAR biosensor in NIH 3T3 cells imaged by
epifluorescence microscopy setting. Scale bar = 10 pm. The nuclear and cyto-ring (5 pixels wide
and 5 pixels away from the nucleus) regions are marked with blue and red lines respectively. The
mean intensity ratio of nuclear and cyt-ring fluorescence was calculated from a population of
these cells. (C and D) The ratio of total cytosolic fluorescence over the total cellular fluorescence
of Cyto-EKAR biosensor without (C) or with spillover correction (D) (mean + 95% confidence
interval, n = 98). (E) Correction of the ERKKTR data shown in Figure 1E with estimated cytosolic
fraction as a function of time; the decay of the readout following treatment with the MEK
inhibitor, U0126, is also shown. (F) Confocal image of a representative cell expressing ERKKTR-
Clover, fixed after PDGF stimulation, confirming nearly complete translocation.

of ERKKTR whenever the biosensor is not engaged in actively trans-
ported complexes.

The model was globally fit to the four acquired live-cell imaging
data sets, together with archival, biochemical data reported in our
previous study (Ahmed et al., 2014). Fitting was performed as con-
sistent as possible with the prior study; the key difference here is
that the ERKKTR response, quantified as the fraction of the biosen-
sor mass in the cytosol, was fit by the model directly (i.e., without
alignment). An ensemble of 5000 sets of parameter values was thus
identified, and the ensemble-averaged output successfully captures
the distinct features of the measured kinetics (Figure 3, D-M). In
parallel, fitting was also performed without the ERKKTR data or
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the distinct kinetics of ERKKTR
translocation relative to ERK kinase
activity

Just as the ERKKTR kinetics help refine the
model-guided interpretation of ERK dy-
namics, the model can offer interpretations
of the ERKKTR response. Analysis of the
biosensor-specific rate constants for the
parameter set with the lowest weighted er-
ror (Figure 5A) and ensemble-averaged,
predicted kinetics (Figure 5B) yields the fol-
lowing narrative for the poststimulation dy-
namics. Given that most of the ERKKTR in
the cell is cytosolic, and availability of ac-
tive ERK in the nucleus is delayed, the ini-
tial phosphorylation of ERKKTR occurs in
the cytosol and on the NES (Sup in the
model). This form can still be imported to the nucleus (Rup in the
model), but it is rapidly exported, and thus there is a net flux of
ERKKTR from the nucleus to the cytosol, even in the absence of
freely available ERK activity in the nucleus. As active ERK gradually
becomes available in the nucleus, more of the ERKKTR becomes
fully phosphorylated there (Rpp in the model) and exported to the
cytosol (Spp in the model). Eventually, almost all of the ERKKTR is
cytosolic. Although the unphosphorylated Suu species persists
and continues to be imported to the nucleus, it is rapidly phos-
phorylated and exported upon arrival, and ERKKTR awaiting re-
lease from ECs is predicted to be a major fraction of the cytosolic
pool (Figure 5B).

Molecular Biology of the Cell



A ]
MEK _@—‘@

B

Cytoplasm

ORORP
KBD | bNLS NES .

Nucleus

-' H- @ 0 o N = Active 1% m\ a @l
:*ﬁm? KBD amT < = Inactive suu == Sup = s
Nucleus uu § o PP
Spu Cytoplasm
25 22 > 2 1 20
b o Expt 2 = E g
w 2 —Model 215 S1s 3 515
© X ° 309 =
15 £ 0. X o o =
k) w1 2 X 1t fooo o £10
> 1 o w = 3
Z = 5 X 0.8 o
T 805 805 X £ 5
205 g S o S
[ < =] Ll
0 O o Z 0 0 0 ®
0 20 40 0 20 40 0 20 40 0 20 40 60 80 0 50 100
3 3 4 1.5 > ®0
2 0. s 2 &
X 2 =
¥ ° 3 < 1 °2 o 21.5
w2 ¥2 4 X X
2 4 o 4 4
o} N I} |.|°.|_2 w w1
7] Q. o —
o1 1 o 505 @
2 o 1 2 PP %0.5
° 5 3 o z y
0 o 0 0 0 0
0 50 100 0 50 100 0 50 100 0 20 40 0 20 40 60
Time (min) Time (min) Time (min) Time (min) Time (min)

FIGURE 3: Data-driven kinetic modeling of ERK activation, including ERKKTR data and dynamics. (A) Schematic of ERK
phosphorylation, localization, and activity, adapted from Ahmed et al. (2014). (B) Phosphorylation network of ERKKTR
biosensor. The red arrows signify phosphorylation reactions catalyzed by ERK. Phosphorylation neutralizes the bNLS,
whereas it activates the NES. (C) Nucleocytoplasmic shuttling model of ERKKTR. Nuclear (Rxx) and cytosolic (Sxx)
phospho-forms follow the notation shown in B; for example, Rpu is the fraction of ERKKTR that is free in the nucleus
with its bNLS phosphorylated and its NES unphosphorylated. IC1/2 refer to ICs that form when the bNLS is not
phosphorylated; EC1/2 refer to ECs that form when the NES is phosphorylated. As in B, the red arrows signify
phosphorylation reactions catalyzed by ERK. (D-M) Aligned model fits of the data used to acquire good-fitting
parameter sets. The red dots show the experimental means, and the solid black line shows the mean + 95% confidence
intervals for the parameter set ensemble (n = 5000). The dark green box encloses new live-cell imaging data from Figure
1B-D, which replicated previous data presented in Ahmed et al. (2014). The light green box indicates the newly acquired
ERKKTR data. The rest of the time courses are archival data from Ahmed et al. (2014).

The results likewise offer an interpretation of the relatively slow
decay of the ERKKTR readout following the subsequent inhibition of
MEK and rapid cessation of ERKKTR phosphorylation. In the model,
ERKKTR is protected from dephosphorylation while engaged in im-
port and ECs, which collectively act as a buffer. Consequently, as
ERKKTR is dephosphorylated, there is an accumulation and reten-
tion of the forms that are not actively transported (Spu and Rpu in
the model) (Figure 5B). These effects can explain the sluggish reset
of the biosensor’s localization.

DISCUSSION

Live-cell fluorescence microscopy is a powerful and prevalent ex-
perimental tool in cell biology. To obtain quantitative insights from a
biosensor readout, it is important to acquire and analyze the image
data carefully; however, even a careful measurement can be mis-
leading or misinterpreted if the dynamics intrinsic to the biosensor
affect the measured response in a way that does not reflect, or per-
turbs, the native dynamics (Haugh, 2012). The KTR biosensors for
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ERK1/2, JNK, and p38 are synthetic substrates designed using bind-
ing domains from established substrates of the respective MAPKs,
together with sequences that affect translocation of the biosensor
upon phosphorylation (Regot et al., 2014). They have been widely
adopted because the readouts report endogenous kinase activity
with greater sensitivity/signal-to-noise than FRET-based activity re-
porters (Kudo et al., 2018). In this study, we have compared the ki-
netics of ERK1/2 signaling as reported by ERKKTR to those reported
by compartment-specific activity reporters and by the overall local-
ization of FP-tagged ERK2. We found that the ERKKTR, though suit-
able and in some ways superior as an indicator of ERK activity, does
not generally reflect the kinetics of either cytosolic or nuclear ERK1/2
activity nor does it approximate a weighted sum of the two. This is
apparent from the initial lag of the ERKKTR response, its slow adap-
tation, and its sluggish decay following MEK inhibition. For certain
other experimental contexts, particularly when fine temporal resolu-
tion of the dynamics is less important, the ERKKTR may be well
suited for quantitative studies. For example, ERKKTR has been used
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pp!
to monitor ERK activity during developmental and homeostatic pro-
cesses in model organisms, including Caenorhabditis elegans (de la
Cova et al., 2017), zebrafish (Mayr et al., 2018), Drosophila (Yuen
et al., 2022), and mouse (Okuda et al., 2021).

An updated mathematical model was able to fit the ERKKTR and
other biosensor responses thus reconciling the disparate kinetics.
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The present model has many more parameters to account for the
dynamics specific to ERKKTR, yet the additional data and model
complexity yielded a more constrained prediction of ERK dynamics.
This analysis demonstrates the utility of ERKKTR when combined
with other ERK biosensors. The modeling also offers an interpreta-
tion of why ERKKTR responds as it does to stimulation. We initially

Molecular Biology of the Cell
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FIGURE 5: Modeling-based interpretation of ERKKTR dynamics. (A) ERKKTR submodel, as depicted in Figure 3C,
showing the values of rate constants (min~") for the parameter set with the lowest weighted error in the ensemble. For
the phosphorylation reactions (red arrows), the rate laws include the time-dependent fractions of ERK that are free and

active in the nucleus (npp) or cytosol (c

). Not shown: passive shuttling via diffusion through nuclear pores.

(B) Ensemble-averaged kinetics of all the ERKKTR species (mean + 95% confidence intervals, n = 5000). The gray

arrows signify the cycle of ERKKTR export and import.

wondered how the sluggish accumulation of nuclear, active ERK
available to phosphorylate ERKKTR might drive the observed kinet-
ics of the biosensor's translocation. The slow kinetics of the nuclear
activity could explain the lag of the response but not its rapid in-
crease thereafter. Hence a key insight and modeling constraint was
our experimental determination that ERKKTR is, by mass, predomi-
nantly cytosolic even prior to stimulation in our cells. Accordingly,
the modeling suggests that substantial phosphorylation of cytosolic
ERKKTR occurs before active ERK is available to phosphorylate nu-
clear ERKKTR; however, nuclear import and export of ERKKTR phos-
phorylated only on the NES might frustrate the translocation process
initially. The modeling also suggests why the full reset of the ERKKTR
localization following MEK inhibition takes much longer than the de-
cay of ERK activity. Again, this can largely be attributed to the im-
port/export mechanisms, which could buffer dephosphorylation of
the biosensor and drive accumulation of ERKKTR phosphorylated
only on the bNLS, which translocates via passive transport only.

The present analysis and insights could inform the design of new
KTR biosensors. We contend that a more ideal KTR should be
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almost entirely in one compartment when unphosphorylated; then,
upon phosphorylation, there is net translocation of the KTR to the
other compartment. A KTR that transitions from almost entirely nu-
clear (or cytosolic) to partially cytosolic (or nuclear) could offer an
excellent readout of nuclear (or cytosolic) kinase activity. Instead,
ERKKTR transitions from mostly cytosolic to almost entirely cyto-
solic, with kinetics that are apparently frustrated by the biosensor-
specific dynamics. One strategy is to identify a single localization
sequence—either a NLS or NES—that is strong in the absence of
phosphorylation but then neutralized upon phosphorylation. In that
scenario, translocation of the phosphorylated KTR would be via
passive transport, which would be rapid enough to report changes
in kinase activity that occur on the timescale of ~5 min or slower.
Dephosphorylation of the KTR in both compartments would also
need to be sufficiently fast. This strategy is simple in concept, but
achieving it is another matter. The rational design or directed evolu-
tion of translocation-based reporters that faithfully track compart-
ment-specific kinase activities presents an exciting protein engi-
neering challenge.
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MATERIALS AND METHODS

Reagents and plasmids

PDGF was purchased from Peprotech (Rocky Hill, NJ) and U0126
was purchased from Millipore Sigma (Burlington, MA). Human fibro-
nectin was purchased from Fisher Scientific (#CB-40008) (Hampton,
NH). All other plasmids were obtained from Addgene: GFP-ERK2
(#37145) (Yung et al., 2001); cyto-EKAR (#18679) and nuc-EKAR
(#18681) (Harvey et al., 2008); ERKKTRs pLenti—PGK—BIast—ERKKTR—
mRuby2 (#90231) and plLentiCMV Puro DEST ERKKTR-Clover
(# 59150) (Regot et al., 2014).

Cell culture

NIH 3T3 mouse fibroblasts were acquired from American Type
Culture Collection (Manassas, VA). The cells were cultured in
DMEM supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin/glutamine solution (PSG). All tissue culture re-
agents were purchased from Thermo Fisher Scientific/Invitrogen
(Carlsbad, CA). For transient transfection, ~200,000 cells were
plated per 35-mm dish 24 h prior. Lipofectamine 3000 and P3000
reagents or Lipofectamine and Plus reagents were used according
to the manufacturer’s protocol; 24 h after transfection, 50,000 cells
were replated on a fibronectin-coated (10 pg/ml coating concen-
tration) 35-mm glass-bottom dish (MatTek) with normal growth
medium. After allowing the cells to spread for 2-3 h, the subcon-
fluent cells were lightly serum-starved for 4 h prior to imaging. The
imaging buffer composition was 20 mM HEPES, 125 mM NaCl, 5
mM KCI, 1.5 mM MgCly,, 1.5 mM CaCl,, 10 mM glucose, and 2
mg/ml fatty acid-free bovine serum albumin, pH 7.4, supple-
mented with 1% PSG. The imaging chamber is maintained at
37°C, and mineral oil is layered on top of the imaging buffer to
prevent evaporation during the experiment. Cells were imaged in
a quiescent state for 20-30 min before the addition of 1 nM PDGF.
These steps closely followed the protocol used in our previous
study (Ahmed et al., 2014).

Microscopy and image processing

Sequential images were acquired by epifluorescence using a
modified Axioskop 2 FS microscope equipped with a 40x 0.8 NA
Achroplan water-dipping objective (Carl Zeiss) and charge-cou-
pled device camera (ORCA ER; Hamamatsu Photonics). A 50 W
mercury lamp was used to excite Cerulean, Clover/EGFP, and
mCherry fluorophores using 436/20-, 480/20-, and 572/20-nm ex-
citation band-pass filters, respectively. Band-pass emission filters
were 480/40 and 535/30 nm for Cerulean and Venus, respectively
(FRET reporters); 525/50 nm for Clover and EGFP constructs; and
645/75 nm for mCherry fluorophores. The excitation and emission
filters were purchased from Chroma Technology Corp. Meta-
Morph software (Universal Imaging) was used for automatic image
acquisition. For image processing, the binary cell mask of indi-
vidual cells was generated using a custom MATLAB code. The bi-
nary cell mask was used to track the individual cells using the lin-
eage mapper’s MATLAB plugin (Chalfoun et al., 2016). For ERKKTR
C/N ratio or FP-tagged ERK1/2 nuclear translocation measure-
ment, the nuclear mask was generated using the Microscopy Im-
age Browser (Belevich et al., 2016). Finally, a custom MATLAB
script was written to incorporate the lineage mapper tracking in-
formation and nuclear mask information needed to calculate the
fractions of ERKKTR mass in the cytosol and nucleus or the mean
nuclear over total intensity ratio of FP-ERK2 for individual cells.
For processing the EKAR reporter data, the lineage mapper track-
ing information was used to track and calculate the mean intensity
ratio of YFP/CFP from the background-subtracted cellular regions.
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The FP-ERK1/2 and EKAR experimental data were normalized to
the initial value.

Confocal fluorescence microscopy of fixed cells was performed
using a Nikon A1R confocal microscope (Nikon Instruments)
equipped with a 40x oil immersion objective and 488-nm laser line.
The acquired ND2 z-stacks were imported and XZ and YZ projec-
tions of individuals cells were obtained using FIJI analysis software
(Schindelin et al., 2012).

Kinetic modeling and ensemble-based data fitting

The model equations that account for the phosphorylation, localiza-
tion, and activity states of ERK1/2 (Ahmed et al., 2014) were used
without modification to calculate the free ERK activities in the cyto-
sol and nucleus as a function of time following PDGF stimulation
and subsequent MEK inhibition. These two outputs are passed to a
new submodel of ERKKTR dynamics represented by the reaction
network shown in Figure 3C. In this network, all transitions follow
(pseudo) first-order/unimolecular kinetics, except for the reactions in
which ERKKTR is phosphorylated by ERK reactions; for those, bimo-
lecular kinetics are assumed with rates proportional to the free ERK
activity in the compartment. In addition to the transitions shown in
the network, we included passive, diffusion-based transport of free
ERKKTR species (those not in import/ECs) through nuclear pore
complexes (NPCs). For this, the net rate of nuclear influx (molecules/
time) via passive diffusion, per NPC, is given by

Rate = p(CCyt - Cnuc)

where C; and C,c are the concentrations of the protein species in
the cytosol and nucleus, respectively. Bizzarri et al. (2012) quantified
the passive nucleocytoplasmic exchange in fibroblasts by photo-
bleaching the nucleus and monitoring the kinetics of recovery (Bizzarri
et al., 2012). In terms of the rate developed above, the recovery ex-
periment is characterized by the following differential equation,

dchuc N Cc - Cnuc
_P NPC( yt );Cnuc(o):O
dt Vnuc

where Nypc is the number of NPCs spanning the nuclear mem-
brane, and V. is the volume of the nucleoplasm. Bizzarri et al.
(2012) estimated, for exchange of EGFP (27-kDa) in a mammalian
cell line, a rate constant of

PecrpNNpC
VﬂuC

=1.0 min™

To adjust for the molecular weight of ERKKTR (35-kDa), we follow
the correlation of Timney et al. (2016), who showed an approxi-
mately inverse-cubic dependence of p on molecular weight (Timney
etal., 2016), yielding an estimated rate constant for passive nuclear
import of free ERKKTR species,

N 27}
kpy = PERKTRENPC _ 27} (1.0) = 0.46 min~"
Vie 35

ERKKTR species variables are formulated as fractions of total cel-
lular ERKKTR, and so, for example, the rate of unphosphorylated
ERKKTR import by passive diffusion (fraction of total ERKKTR/time)
is given by

Suu  Ruu Viie
Rate = PERKKTRNNPC —— | = kp| v Suu—Ruu

cht Vnuc eyt
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As explained in the text, we estimated for our cells that the nu-
cleus is, on average, approximately 16% of the accessible cellular
volume; hence for the model calculations, we fixed the value of

Vie 0.6
=——=0.19
Vg 0.84

A full specification of model variables, conservation equations,
and parameters is provided in Supplemental Text S1.

Ensemble parameter fitting to the combined ERK/ERKKTR
model was performed using a Monte Carlo scheme, implemented
in MATLAB. The pertinent MATLAB and other files are included in
the Supplemental Material. The scheme was described in detail pre-
viously (Ahmed et al., 2014), with necessary modifications. As be-
fore, in each iteration, nuclear ERK2 and EKAR imaging data and the
biochemical data were aligned with the corresponding model out-
puts/observables, and the sum of squared deviations (SSD) was cal-
culated for each time course. These individual SSDs were weighted
as before (with weighting factors ranging from 1 to 10) and summed
in the cumulative SSD. The ERKKTR readout (fraction in the cytosol)
was neither normalized nor aligned with the model output. Because
the individual SSD of the ERKKTR fit is uniquely sensitive to the
ERKKTR-specific parameters, its weighting factor in the cumulative
SSD needed to be much higher than the others (150) to constrain
acceptable fits of the combined model. The algorithm was run until
the running average of the cumulative SSD had converged to an
acceptable degree, with more than 10° parameter sets stored. The
final ensemble of parameter sets was selected by 1) imposing con-
servative individual SSD cutoffs; and then 2) selecting among those
the 5000 parameter sets with the lowest cumulative SSD.

Estimation of fold increase in nuclear import of
unphosphorylated ERKKTR due to the bNLS

The steady-state conservation of unphosphorylated ERKKTR in the
cytosol (as a fraction of total ERKKTR in the cell), in the absence ERK
activity, may be written as follows.

dSuu_ R ‘ Viue S rouleo
dr bNLS Pl cht uu—Ruu | =

where Rynis is the portion of the import rate attributed to the active
import. Using this equation, the fold increase in import rate relative
to passive import is calculated as

R k VHUC
bNLS T Kpi v Suu K
eyt _ pRUU [ 7 j Ruu

v, S (v " Ve JSuu
kPI fue Suu I(p| fue Suu nae
cht cht

The approximate estimate we give in the text neglects the fraction
of ERKKTR in the IC. Incorporating our experimental estimates,

Vey \Ruu _ (0861025
Voue JSuu (0.14)0.75
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