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ABSTRACT: We combined oxygen channeling assays with
two distinct chemiluminescent beads to detect simulta-
neously protein phosphorylation and interaction events
that are usually monitored separately. This novel method
was tested in the ERK1/2 MAP kinase pathway. It was first
used to directly monitor dissociation of MAP kinase ERK?2
from MEK1 upon phosphorylation and to evaluate MAP
kinase phosphatase (MKP) selectivity and mechanism of
action. In addition, MEK 1 and ERK?2 were probed with an
ATP competitor and an allosteric MEK1 inhibitor, which
generated distinct phosphorylation—interaction patterns.
Simultaneous monitoring of protein—protein interactions
and substrate phosphorylation can provide significant
mechanistic insight into enzyme activity and small mole-
cule action.

Throughout biology, protein structure and function are affec-
ted by post-translational modifications (PTMs) and interactions
with diverse partners. Specifically, phosphorylation and protein—
protein interaction (PPI) events ensure tight regulation and
specific outputs in signal transduction (/). For phosphorylation
and PPIs, multiplexing can be used to detect similar biomolecular
events such as numerous phosphorylated molecules (2) or multi-
ple interacting partners (3). Although the roles of protein
phosphorylation and interaction are well-established in regulat-
ing signaling events, their interdependence, though often correla-
ted, has not yet been directly measured.

Luminescent oxygen channelling (commercialized under the
AlphaScreen and AlphaLISA trademarks) is an assay technology
in which a biomolecule bridges a Donor and an Acceptor bead
in proximity of each other. Laser excitation of the assay mixture
elicits the formation of singlet oxygen which can migrate 200 nm
from the Donor bead before reverting to its nonexcited state (4).
When an Acceptor bead is within this 200 nm range, singlet
oxygen molecules react with the dyes it bears to trigger light
emission. In contrast to time-resolved fluorescence resonance
energy transfer, this technology does not require specific spatial
alignment of fluorescent molecules but relies rather on the long-
range diffusion of singlet oxygen, which confers great flexibility
in assay design. AlphaScreen and AlphaLISA technologies have
namely been used to detect PPIs (5—7) as well as phosphoryla-
tion events (8, 9). AlphaScreen and AlphaLISA Acceptor beads
contain different dyes that grant them distinct emission spectra
(Figure 1a of the Supporting Information). AlphaScreen beads
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harbor rubrene which emits broadly in the wavelength range of
560—620 nm and has an emission peak around 560 nm, while
AlphaLISA beads are dyed with a europium chelate with a sharp
emission peak at 615 nm. We have taken advantage of these
different light emission properties to monitor substrate phos-
phorylation and PPIs in a single well. We used ERK?2 as a model
because this essential MAP kinase is tightly regulated by the
phosphorylation of the threonine and tyrosine residues in its
activation loop, as well as by docking interactions with upstream
kinases such as MEK 1, downstream effectors, scaffolding pro-
teins, and negative regulators such as MKPs (70).

To set up assay conditions for the dual detection of phosphory-
lation and PPI, we first optimized detection of the two biomole-
cular events separately. We assayed PPIs using GSH Donor and
nickel chelate AlphalLISA Acceptor beads. Hence, active histidine-
tagged MEK 1 (His-MEK 1) was incubated with increasing concen-
trations of glutathione S-transferase-tagged unphosphorylated
ERK2 [GST-ERK2 (Figure 1c of the Supporting Information)].
Complexed MEK1 and ERK2 proteins bridged GSH-coated
Donor and nickel chelate-coated AlphalLISA Acceptor beads to
allow signal generation and thus binding detection (Figure 1b of
the Supporting Information). Maximal interaction was observed
with His-MEK 1 and GST-ERK2, each at an assay concentration
of 100 nM, whereas no signal could be detected in absence of
either counterpart.

We then monitored ERK2 phosphorylation by MEK1 in a
complementary experimental configuration using a mouse mono-
clonal antibody recognizing the dual-phosphorylated activation
loop threonine and tyrosine residues, in combination with anti-
mouse antibody-conjugated AlphaScreen Acceptor beads. The
assay setup was also completed by GSH-coated Donor beads
binding to GST-ERK2 (Figure 1d of the Supporting Infor-
mation). In this assay, GST-ERK?2 was phosphorylated by active
His-MEK in the presence of 10 uM ATP. As expected, the
magnitude of the signal was proportional to ERK2 and MEK1
concentrations in the assay, and maximal counts were obser-
ved with each partner at 100 nM (Figure le of the Supporting
Information). Notably, no signal was generated in the absence
of MEK1, thus indicating that unactive ERK2 does not auto-
phosphorylate under these experimental conditions.

These individual tests with AlphalLISA and AlphaScreen
beads indicated that both the binding and phosphorylation assays
are optimal with 100 nM His-MEK1 and GST-ERK2. Since
these two assays rely on GSH-coated Donor beads, we hypothe-
sized that their merger could allow the simultaneous measurement
of ERK2 phosphorylation by MEK 1 and interaction between the
two proteins (Figure 1a). To correlate appropriately these two dis-
tinct biomolecular events, active His-sMEK 1 and unphosphorylated
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FiGure 1: ERK2 dissociation upon phosphorylation by MEKI.
(a) Dual-assay configuration obtained by combined use of Ni-coated
AlphaLISA Acceptor beads to monitor His-MEK 1 and GST-ERK?2
binding and AlphaScreen-coupled phosphorylation detection. Narrow
bandwidth filters were used for sequential reading of the Alpha-
Screen signal followed by the AlphaLLISA signal. (b) Phosphorylated
His-MEK 1 was incubated with the unphosphorylated GST-ERK2
protein in the presence of increasing concentrations of ATP.
Phosphorylation and interaction events were simultaneously moni-
tored as depicted in panel a [(red squares) AlphaLISA 615 nm
signal with MEK1—ERK?2 interaction and (gold circles) Alpha-
Screen 572 nm signal with ERK2 phosphorylation].

GST-ERK2 were co-incubated in an equimolar ratio in the pre-
sence of increasing ATP concentrations (Figure 1b). The simul-
taneous monitoring of phosphorylation and interaction events
was achieved using narrow bandwidth filtering of the Alpha-
Screen and AlphaLISA light emission signals, respectively. This
assay revealed a close correlation between ERK?2 activation loop
dual phosphorylation and its dissociation from MEK1 (see the
Supporting Information for further discussion). To the best of
our knowledge, this represents the first direct detection in a single
experiment of a dynamic phenomenon encompassing these two
distinct biomolecular events.

To ensure signal specificity and assay robustness, assays were
repeated via substitution of the anti-mouse conjugated Alpha-
Screen or nickel chelate-coated AlphalISA beads with their
respective unconjugated counterparts, or by withdrawing the
phosphorylation-specific antibody (Figure 2a of the Supporting
Information). As expected, withdrawal of essential assay com-
ponents resulted in the loss of the corresponding signal without
affecting the other. Additionally, control experiments using
swapped AlphaScreen and AlphalLISA beads (Figure 2b of the
Supporting Information) confirmed the specificity of the detec-
tion method. Importantly, we observed that the best signal-to-
background ratios in a dual-assay configuration were obtained
with AlphaScreen beads for monitoring phosphorylation and
with AlphaLLISA beads for monitoring interaction.

After demonstrating the inverse relationship between phos-
phorylation and interaction occurring in a kinase cascade, we
sought to monitor dephosphorylation reactions. Dual-specificity
MAP kinase phosphatases catalyze the deactivation of MAP
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FIGURE 2: Selectivity mechanism for three MAP kinase phospha-
tases. MKP-2, MKP-6, and MKP-7 exhibit different mechanisms of
action. Each MKP acts similarly on ERK2 and P38 but exhibits
different selectivities in terms of catalytic activity [(gold circles)
AlphaScreen 572 nm signal with ERK2 or P38a dual phosphory-
lation] and PPI [(red squares) AlphalLISA 615 nm signal with
MKP—MAP kinase interaction].

kinases by dephosphorylating both of their activating resi-
dues (/7). MKPs display diverse subcellular localizations and
substrate selectivity. In addition, some harbor MAP kinase
docking motifs that confer upon them interaction selectivity
(Figure 3a of the Supporting Information). Despite their estab-
lished role as negative MAP kinase regulators, MKPs” mecha-
nisms of action remain incompletely characterized, and their
selectivity is still elusive. We used the dual phosphorylation—
interaction assay to determine the selectivity of three His-tagged
MKPs toward ERK2 and P38 MAP kinases, as well as to
obtain mechanistic insight into their action (Figure 3b of the
Supporting Information). On both substrates, the order of
potency for dephosphorylation was as follows: MKP-2 >
MKP-7 > MKP-6 (based on ICs, values). Moreover, MKP-2
displayed more potency for dephosphorylation of ERK2 versus
P38a (Figure 2, top panels). At equimolar concentrations,
MKP-2 significantly interacted with the dephosphorylated forms
of P38 and ERK2, interaction with the latter yielding a stronger
signal. This is in agreement with reported data which show that
ERK2 exhibits better MKP-2 binding and significantly enhances
MKP-2 phosphatase activity, in comparison to P38a (72). Dis-
tinguishably, MKP-6 exhibited significantly less activity and
binding toward ERK2 and P38a, with both substrates being
only partially dephosphorylated at a MKP-6 concentration of
100 nM (Figure 2, middle panels). MKP-7 exerted similar
dephosphorylation activity toward ERK2 and P38a but inter-
acted preferably with P38a (Figure 2, bottom panels). Taken
together, these results demonstrate that MKP-2, MKP-6, and
MKP-7 exhibit different mechanisms of action and selectivity.
A dual assay for the simultaneous monitoring of protein
binding and phosphorylation may enable detailed assessment
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FiGure 3: Different inhibition patterns from an ATP competitor
and an allosteric modulator. Unactive GST-ERK?2 was incubated
with unactive His-MEK1 (left) or active His-sMEK 1 and 10 uM ATP
(right) and with increasing concentrations of the generic kinase
inhibitor staurosporine (top) or with the MEK 1/2 allosteric inhibitor
U0126 (bottom). Phosphorylation and interaction events were simul-
taneously monitored as depicted in Figure la [(gold circles) Alpha-
Screen 572 nm signal with ERK2 phosphorylation and (red squares)
AlphaLISA 615 nm signal with MEK1—ERK2 PPIs]. Staurosporine
and U0126 each display a two-site inhibition effect on inactive MEK 1
and ERK2 interaction, and 1Cs, values reported refer solely to inter-
action (left). In contrast, when phosphorylation could occur, phos-
phorylation and interaction 1Cs, values are reported (right).

of pharmacological inhibitors’ mechanisms of action by discri-
minating between ATP competitors and allosteric modulators.
Two inhibitors, namely, staurosporine and U0126, were thus
tested for their ability to modulate both the phosphorylation and
interaction events between MEK 1 and ERK2, either as unactive
binding partners (Figure 3, left panels) or with active MEK1
acting on unphosphorylated ERK2 in the presence of ATP
(Figure 3, right panels). Staurosporine is a highly promiscuous
pan-kinase inhibitor that mimics ATP and acts as a competitor
for the binding to the kinase catalytic cleft (13). As expected,
staurosporine completely inhibited ERK2 phosphorylation
by MEKI1, which in turn partially restored their interaction
(Figure 3, top right panel). Interestingly, in the absence of ATP,
staurosporine affected unactive MEK 1 and ERK?2 in a biphasic
manner (Figure 3, top left panel), consistent with the binding of
the compound to both kinases with affinities differing by several
orders of magnitude, as reported previously (/3). In sharp
contrast to staurosporine, U0126, an allosteric and non-ATP
competitive MEK1/2 inhibitor (14), also blocked ERK2 phos-
phorylation, but it did not restore PPI (Figure 3, bottom right
panel). Moreover, U0126 disrupted the interaction between un-
active MEK1 and ERK2 also in a biphasic manner (Figure 3,
bottom left panel), consistent with the compound acting more
strongly on MEK1 than ERK2 (75). These data indicate that
phosphorylation—interaction patterns can provide important
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mechanistic insights into the action of pharmacological inhi-
bitors.

AlphaScreen and AlphaLISA technologies are widely used in
compound screening campaigns, and one can easily foresee the
applicability of our dual technology to identification of modu-
lators of catalytic activity and/or PPIL. Plotting simultaneous
phosphorylation and interaction signals generates characteristic
signature patterns. These patterns can in turn be used to compare
the action of different enzymes on a substrate and to provide
insights into the mechanism of action of small molecules.
Furthermore, the versatility of this detection method makes it
amenable for use outside of the phosphorylation field to monitor
PTM and simultaneous PPIs.

SUPPORTING INFORMATION AVAILABLE

Experimental methods, supplementary table, figures, and
discussion. This material is available free of charge via the
Internet at http://pubs.acs.org.
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