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Abstract: Numerous types of cancer operate through the deregulation of the Raf/MEK/ERK
pathway. It is therefore of importance to design and synthesize inhibitors of this pathway. Consequently, we have developed several tests to measure in vitro the effect of inhibitors on the
activity of the complete cascade Raf-1/MEK/ERK and also on the activities of Raf-1, MEK,
and ERK individually. We present here the results obtained with two time-resolved fluorescence
resonance energy transfer (TR-FRET) methods by comparison with a classical radioactivity
method and experimental data found in literature. The capability of a series of optimized assays
to detect different types of inhibitors is evaluated and discussed.
Keywords: Raf/MEK/ERK cascade, inhibitors of Raf-1, MEK, and ERK, PEBP/RKIP,
phosphocellulose filter binding assay, time-resolved fluorescence resonance energy transfer

Introduction
Protein kinases implicated in the Raf/MEK/ERK pathway are important targets for
cancer therapeutics1–4 because they are implicated in 30% of all cancers. This pivotal
pathway, present in all eukaryotic cells, relays growth factor signals from the cell surface
to the nucleus via a cascade of specific phosphorylation events involving the proteins
Ras, Raf-1, MEK, and ERK (Figure 1) to regulate fundamental cellular processes,
including proliferation, differentiation, and cell survival.5 Constitutive upregulation of
wild-type Raf-1 activity is a common feature of solid tumors and can arise by several
mechanisms. Among the main mechanisms leading to activation of the Raf-1 pathway,
oncogenic mutations within upstream Ras gene6,7 was observed in pancreatic (90%),
thyroid (50%), colorectal (50%), non small cell lung carcinoma (NSCLC, 35%), hepatocellular carcinoma (HCC, 30%), acute myeloid leukemia (AML, 30%), melanoma
(15%), and kidney tumors (10%). Constitutive Raf-1 activation can also be driven by
oncogenic mutations or overexpression of upstream receptor tyrosine kinases (RTKs)
in particular the epidermal growth factor receptor (EGFR).8 The upregulation of the
Raf-1 pathway in numerous cancers indicated that inhibition of Raf-1 is a promising
strategy in cancer therapy.9,10 Thus, over the past 10 years, several small-molecule
kinase inhibitors were synthesized and, at present, seven Raf-1 kinase inhibitors have
been evaluated preclinically or clinically. These new compounds include: sorafenib,
PLX4032, ZM336372, AZ628, Raf265, AAL881, and LBT613.9,11 Other therapeutics
agents have been developed that act on upstream and downstream points of Raf in

International Journal of High Throughput Screening 2010:1 81–98
© 2010 Saab et al, publisher and licensee Dove Medical Press Ltd. This is an Open Access article
which permits unrestricted noncommercial use, provided the original work is properly cited.

81

Dovepress

Saab et al

hormones, chemokines,
interleukines,

Growth factors (TGF-α, EGF, VEGF, PDGF-β)

International Journal of High Throughput Screening downloaded from https://www.dovepress.com/ by 54.166.228.35 on 20-Jul-2018
For personal use only.

GPCR

00000000 00000000000 0000000000000000000000000000000
000000 Protein G 0000000 0000000000000000000
PLC

Ras

C-Raf direct effects:

AC
Src

PKA

Apoptose inhibition

PAK-1

PKC

BAD
A-,B-,
C-Raf

C-Raf

BCL-2

Cytochrome c
release
mitochondria

RKIP/
PEBP

MEK

inactive
active

ERK

C-Raf MEK/ERK-dependent effects:
proliferation, differentiation, survival,
adhesion, angiogenesis, mobility

Figure 1 The Raf/MEK/ERK pathway. The role of the pathway in cells is indicated as well as the main modulators that activate or inhibit the pathway.

the EGFR/Ras/Raf/MEK/ERK signaling pathway. MEK is a
particularly promising target that has received much attention
in recent years. To date, several MEK kinase inhibitors have
advanced to phase II clinical trials, among them are included
CI-1040, AZD-6244/ARRY-142886, and PD-0325901.12–15
At present, in order to reduce any side effects in future
therapeutic treatment, clinicians are looking for products that
could be associated in multitherapy treatments. The latter
could be adapted individually to each patient and the therapeutics could take into account the particular signal pathways
and metabolism of the individual patients. Considering the
need for new inhibitors able to target either Raf-1 or other
enzymes of the Raf/MEK/ERK cascade, we developed
assays adapted for high throughput screening to test these
new compounds rapidly and easily. Numerous technologies
can be used to measure protein kinases activity in vitro.
These techniques include scintillation proximity assay
(SPA), time-resolved fluorescence resonance energy transfer
(TR-FRET), and fluorescent polarization (FP). There are a
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number of detailed reviews of these commonly employed
technologies.16,17 While considering the regular development
of new technologies, assay developers or users must take
into account several factors prior to designing experiments.
For example, which assay technology should be used? What
are the advantages and disadvantages of a cascade assay
compared with a direct assay format? The advantages and
drawbacks of these assays should be analyzed relative to their
impact on the search for specific inhibitors.
Our goal in this study is to rapidly characterize new
inhibitors of the Raf/MEK/ERK cascade while considering
their possible mode of action, ie, 1) inhibitors specific for
one of the kinases; 2) inhibitors acting on several kinases of
the cascade; 3) competitive or allosteric inhibitors; 4) inhibitors acting either on active or inactive forms of the cascade
enzymes. We therefore tested several methodologies suitable
for high-throughput screening to measure kinase activity. We
chose and developed assays to measure the inhibitory effects
of compounds on the whole cascade Raf/MEK/ERK, on the
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double cascade MEK/ERK and directly on the individual
activities of Raf-1, MEK, and ERK. Finally, for each assay,
three methods were assessed: the classical radioactive assay
phosphocellulose filter-binding assay (PFBA) and two TRFRET methods: Lance® Ultra (Perkin Elmer, Waltham, MA)
and LanthaScreenTM from Invitrogen (Carlsbad, CA).18–21
PFBA was used as a reference method because of its robustness. It is based on a direct detection of the radioactivity
incorporated in substrates during kinase reaction, and it does
not interfere with either colored or fluorescent compounds.
However, the disadvantage of PFBA is its radioactivity handling (adenosine triphosphate [ATP] labeled with 32P) and
several washings are required to remove excess radio-labeled
ATP. On the contrary, TR-FRET is a technology more suitable
for routine tests because it is sensitive, reliable, homogenous
(no washing step), and compatible with high-throughput
screening.
Because the three methods used different substrates
and experimental conditions, it was not possible to consider comparing them directly, so we optimized each of
the assays and we compared their efficiency to detect well
known and commercially available inhibitors. To achieve
this aim we tested compounds representative of the three
types of kinase inhibitors currently classified as: (1) type
I, inhibitors which bind exclusively to the ATP-binding
site of the kinase; (2) type II, inhibitors which bind to an
adjacent allosteric site of the ATP-binding site; (3) type
III, inhibitors which bind to an allosteric site remote from
the ATP. By comparison with the concentrations of a drug
that is required for 50% inhibition values (IC50) found in
the literature and obtained with the PFBA method, we
studied the capability of each TR-FRET assay to detect
the different kinase inhibitors. A main conclusion of this
work was that the TR-FRET assays on the triple cascade
Raf/MEK/ERK could be useful to detect inhibitors of the
whole cascade and also inhibitors of individual kinase,
particularly MEK-1. Indeed, in the absence of MEK1 substrates well-adapted to detect inhibitors, the triple
cascade Raf/MEK/ERK is suitable to study ATP competitive as well as allosteric inhibitors of MEK-1. Finally,
the optimized and validated TR-FRET assays were used
to screen newly synthesized inhibitors and to study the
action of the phosphatidylethanolamine protein (PEBP),
a natural inhibitor of the cascade Raf/MEK/ERK. PEBP
is also called Raf kinase inhibitory protein (RKIP) and is
known to take part in the accurate regulation of the Raf/
MEK/ERK pathway by direct physical interaction with the
kinases of the cascade.22–24

Materials and methods
Enzymes and reagents

International Journal of High Throughput Screening 2010:1

Most of the human enzymes were purchased from Upstate
(Millipore Billerica, MA), ie, constitutively active Raf-1 (306end, mutated Y340Y341D, specific activity 81414 U/mg), fulllength active MEK-1 (specific activity 3272 U/mg), inactive
MEK-1, full-length active ERK-2 (specific activity 1410 U/mg),
and inactive ERK-2. Myelin basic protein (MBP) used as an
ERK-2 substrate was also purchased from Upstate.
The γ-32P ATP used for the PFBA method was purchased
from Amersham (Piscataway, NJ) or from Perkin Elmer and
incorporated radioactivity was measured using a Victor 14120
multilabel Wallac counter. To perform the TR-FRET tests,
the Lance® Ultra from Perkin Elmer and the LanthaScreenTM
method from Invitrogen were used. Consequently, for
the Lance® Ultra assays, the ERK-2 substrate ULightMBP peptide (TRF0109), the Europium-labeled antibody
anti-phosphorylated MBP [pThr 232 ] (TRF0201), the
Raf-1 substrate ULight-Histone H3 peptide (TRF0125), the
Europium-labeled antibody antiphosphorylated Histone H3
[pThr3] (TRF0211), the MEK-1 substrate ULight-p70S6K
peptide (TRF0126), and the Europium-labeled antibody
antiphosphorylated p70S6K [pThr 389] (TRF0214) were
supplied by Perkin Elmer. Concerning the LanthaScreenTM
assays, inactive fluorescein-labeled MEK-1 (PV4812) and
Terbium-labeled antibody antiphosphorylated MEK-1 [pSer
217/221] (PV4817), needed for the direct Raf-1 assay were
purchased from Invitrogen as GFP-ATF2 (PV4445), as well
as the Terbium-labeled antibody antiphosphorylated ATF2
[pThr 71] (PV4451) needed for the direct ERK, the double
cascade MEK/ERK, and the triple cascade Raf/MEK/ERK
assays. All TR-FRET assays were performed in low volume
white 384-well plates from Corning and time-resolved fluorescence was measured using a plate reader Victor V from
Perkin Elmer.
Staurosporine, GW5074, ZM336372, U0126, MEK
inhibitor II, PD98059, and FR180204 were purchased from
Calbiochem (Gibbstown, NJ) while sorafenib was provided by
the COMPISTO Company. Human PEBP/RKIP was prepared
as previously described25 and was lyophilized; for each method,
it was dissolved in the appropriate kinase buffer (1 mg/mL).

PFBA determination of experimental
conditions to measure the effect
of inhibitors
Five different tests were developed: 1) Raf-1 assay was performed with active Raf-1 and inactive MEK-1; 2) MEK-1
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assay, using active MEK-1 and inactive ERK-2; 3) ERK-2
assay with active ERK-2 and MBP; 4) MEK/ERK double
cascade performed with active MEK-1, inactive ERK-2,
and MBP; and 5) Raf/MEK/ERK triple cascade using active
Raf-1, inactive MEK-1, inactive ERK-2, and MBP. First, the
experimental conditions were optimized for each assay, and
the capability of the optimized assays to detect commercially
well known inhibitors was tested. Finally, the optimized and
validated assays were used to measure the inhibitory effect of
new synthesized compounds and of PEBP/RKIP (the natural
inhibitor of the Raf/MEK/ERK pathway).
The kinases were diluted in the PFBA reaction buffer 1X
(50 mM Tris/HCl pH 7.5, 0.1 mM EGTA, 0.1 mM Na3VO4,
0.1% mercaptoethanol, 0.01% Brij-35) to obtain 1.4 nM to
250 nM final concentration per assay. The ATP solution
was prepared from a concentrated stock solution composed
of 1 mM ATP, 500 mM MOPS pH 7.2, 50 mM MgCl2. 32P
ATP was added at a final concentration of 0.05 to 0.5 µCi by
assay. The inhibitors were first diluted at 25 µM in dimethyl
sulfoxide (DMSO) and further diluted solutions were prepared by 2.5-fold serial dilution in DMSO. To measure the
inhibitory effect of PEBP/RKIP, a mother solution (1 mg/mL
(50 µM)) was prepared with the PFBA reaction buffer.
The experimental conditions were optimized for each
PFBA assay: the obtained optimized volumes and concentrations are summarized in Table 1. The same process was
followed to optimize assays and to measure the inhibitory

effect of compounds. The experimental steps of this process,
especially described for the evaluation of inhibitors, were as
following. The assays were performed in a final volume of
25 µL in 1.5 mL microtubes. First, 5 µL of PFBA reaction
buffer 5X containing 250 mM Tris/HCl pH 7.5, 0.5 mM
EGTA, 0.5 mM Na3VO4, 0.5% mercaptoethanol, 0.05% Brij35 was added to each microtube. Then the active enzyme and
inactive enzymes at optimal concentrations and MBP at Km
concentration (Table 1) were incubated with the inhibitor to
be tested. The reaction was started by adding ATP (0.8 nM to
0.33 µM). To test compound inhibition, 0.5 µL of compound
was used at a final concentration of 2% DMSO. The positive
control was run with 2% DMSO and the negative control was
run in the absence of the active kinase. To measure the inhibitory effect of PEBP/RKIP, the mother solution (1 mg/mL
(50 µM)) was then diluted to have final concentrations from
0.64 to 25 µM by the addition of 12.5 µL of PEBP/RKIP solution in the assay. The positive control was run with 12.5 µL
of reaction buffer instead of PEBP/RKIP solution and the
negative control was run in absence of the active kinase.
The kinase reaction was terminated by the addition of 5 µL
of 50% phosphoric acid in each tube and 15 µL of the terminated reaction was transferred to a phosphocellulose filter
(Whatman® P81; Whatman, Piscataway, NJ). Each filter was
washed twice for 5 minutes with 5 mL of 75 mM phosphoric
acid to wash away unreacted γ-32P ATP and once for 2 minutes
with 2 mL methanol to remove trace of phosphoric acid. The

Table 1 PFBA assays, experimental conditions
PFBA assay

Enzyme
final conc.
volume

Substrate 1
final conc.
volume

Direct Raf-1

Raf-1
18.7 nM
3 µL
MEK-1
0.25 µM
5 µL
ERK-2
0.25 µM
5 µL
MEK-1
7.55 nM
5 µL
Raf-1
1.4 nM
2 µL

MEK-1
0.25 µM
3 µL
ERK-2,
1.2 µM
5 µL
MBP,
38 µM
5 µL
ERK
50 nM
2.4 µL
MEK-1
7.55 nM
2.5 µL

Direct MEK-1

Direct ERK-2

MEK/ERK
Double
cascade
Raf/MEK/ERK
Triple cascade

Substrate 2
final conc.
volume

MBP
28.2 µM
2.6 µL
ERK-2
50 nM
2.1 µL

Substrate 3
final conc.
volume

ATP
final conc.*
volume**

32

P ATP
final conc.

Incubation
time, temp.

Reaction
time, temp.

0.5 µCi

20 min, RT

20 min, 30°C

0.05 µCi

20 min, RT

10 min, 30°C

0.1 µCi

20 min, RT

10 min, 30°C

0.1 µCi

20 min, RT

20 min, 30°C

MBP
28.2 µM
2.9 µL

0.25 µM
13.5 µL,
6.5 µL
0.47 nM
9.5 µL,
2.5 µL
0.8 nM
9.5 µL,
2.5 µL
19.5 nM
10 µL,
2.5 µL
0.33 µM
10 µL,
3 µL

0.5 µCi

20 min, RT

20 min, 30°C

Notes: Each assay was performed in a final volume of 25 µl.The kinases were diluted at the suitable concentration in the PFBA reaction buffer (50 mM Tris/HCl pH 7.5, 1 mM
EGTA, 10 mM MgCl2, 2 mM DTT, 0.01% Brij-35). The ATP solution was prepared from a stock solution composed of 1 mM ATP, 500 mM MOPS pH 7.2, 50 mM MgCl2. Inhibitory compounds were dissolved at 25 µM in DMSO and further solutions were prepared by 2.5-fold serial dilution. PEBP/RKIP was solubilized at 1 mg/mL (50 µM) in PFBA
reaction buffer. *The final ATP concentration includes 32P ATP. **The first volume was used for chemical inhibitors; the second volume was used for PEBP/RKIP.
Abbreviations: Conc., concentration; temp., temperature; RT, room temperature.
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washes were performed in 15 mL conical tubes using a roller
shaker. The filter was introduced in a scintillation vial and
the filter-bound radioactivity was quantified using a Victor
14120 multilabel Wallac counter without the addition of
scintillation cocktail.

The same process was followed to optimize assays and
to measure the inhibitory effect of compounds. The detailed
operation steps, described for the evaluation of inhibitors,
follow. Optimal concentrations of the active enzyme and the
inactive enzymes (intermediate substrates) were incubated
with a chemical inhibitor or PEBP/RKIP for 20 minutes
at room temperature (Table 2). The enzyme reaction was
initiated by adding final ULight-substrate and ATP at Km
concentrations (100 to 334 nM ULight-substrate and 0.354
to 24.7 µM ATP according to the assay) and was run at room
temperature for 30 to 60 minutes (Table 2). To test compound
inhibition, 0.5 µL of the compound was used at a final concentration of 5% DMSO. The positive control was run with
5% DMSO and the negative control was run in absence of
the active kinase. To measure the inhibitory effect of PEBP/
RKIP, the protein was solubilized in the Lance® reaction
buffer to final concentrations of 0.64 to 25 µM when 5 µL
of PEBP/RKIP solution was added. The positive control was
run with 5 µL of Lance® reaction buffer instead of PEBP/
RKIP and the negative control was run in the absence of the
active kinase. A preparation of 10 µL, containing 5 µL of
40 mM ethylenediaminetetraacetic acid (EDTA) and 5 µL
of 8 nM Europium-labeled antibody directed against the
phosphorylated ULight-substrate, was added to terminate
the kinase reaction. The final concentrations of EDTA and
antibodies in the assays were 20 mM and 4 nM, respectively.
The plate was allowed to incubate at room temperature for

TR-FRET Lance® Ultra Perkin Elmer
assays, determination of experimental
conditions to measure the effect
of inhibitors
Five different tests were developed, as described above for
the PFBA method. The optimal experimental conditions used
to test the effects of inhibitors are detailed in Table 2. The
assays were performed in a final volume of 10 µL in lowvolume white 384-well plates. The kinases were diluted in
the Lance® reaction buffer (50 mM Tris/HCl pH 7.5, 1 mM
EGTA, 10 mM MgCl2, 2 mM DTT, 0.01% Brij-35) to obtain
0.615 to 187 nM final concentration per assay (Table 2). The
ATP solution was prepared from a concentrated stock solution
composed of 1 mM ATP, 500 mM MOPS pH 7.2, 50 mM
MgCl2. All the Europium-labeled antibodies were diluted in
the TR-FRET detection buffer 1X (CR97-100, Perkin Elmer).
The inhibitors were first diluted at 25 µM in DMSO and
further diluted solutions were prepared by 2.5-fold serial dilution in DMSO. A mother solution of PEBP/RKIP (1 mg/mL
(50 µM)) was prepared in the Lance® reaction buffer.
Table 2 Lance® Ultra assays, experimental conditions
Lance® Ultra
assay

Enzyme
final conc.
volume*

Substrate 1
final conc.
volume*

Direct Raf-1

Raf-1
20 nM
5 µL, nd
MEK-1
100 nM
5 µL, nd
ERK-2
187 nM
5 µL, 2 µL
MEK-1
2,56 nM
5 µL, 2 µL
Raf-1
0.615 nM
4 µL, 1 µL

Ulight-histone H3
119 nM
2.5 µL, nd
Ulight- p70S6K
334 nM
2.5 µL, nd
Ulight-MBP
100 nM
2.5 µL, 2 µL
ERK-2
187 nM
2 µL, 1 µL
MEK-1
2.56 nM
2 µL, 1 µL

Direct MEK-1

Direct ERK-2

MEK/ERK
Double cascade
Raf/MEK/ERK
Triple cascade

Substrate 2
final conc.
volume*

Ulight-MBP
100 nM
1.5 µL, 1 µL
ERK-2
187 nM
2 µL, 1 µL

Substrate 3
final conc.
volume*

Ulight-MBP
100 nM
1 µL, 1 µL

ATP
final conc.
volume*

Incubation
time, temp.

Reaction
time, temp.

17 µM
2 µL, nd

20 min, RT

60 min, RT

24.7 µM
2 µL, nd

20 min, RT

30 min, RT

354 nM
2 µL, 1 µL

20 min, RT

30 min, RT

5.5 µM
1 µL, 1 µL

20 min, RT

60 min, RT

5 µM
0.5 µL, 1 µL

20 min, RT

50 min, RT

Notes: Each assay was performed in a final volume of 10 µL. The kinases were diluted at the suitable concentration in the Lance® Ultra reaction buffer: 50 mM Tris/HCl pH
7.5, 1 mM EGTA, 10 mM MgCl2, 2 mM DTT, 0.01% Brij-35.The ATP solution was prepared from a stock solution composed of 1 mM ATP, 500 mM MOPS pH 7.2, 50 mM MgCl2.
Inhibitory compounds were dissolved at 25 µM in DMSO and further solutions were prepared by 2.5-fold serial dilution. PEBP/RKIP was solubilized at 1 mg/mL (50 µM) in
Lance® Ultra reaction buffer. *The first volume was used for chemical inhibitors and the second volume was used for PEBP/RKIP. nd; not determined because the assay was
not sensitive enough to measure the inhibitory effect of PEBP/RKIP.
Abbreviations: Conc., concentration; RT, room temperature; nd, not determined.
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20 minutes. The fluorescence signal was then measured using
a Perkin Elmer Victor VTM plate reader using an excitation
wavelength of 340 nm and emission wavelengths of 615 nm
and 665 nm.

TR-FRET LanthaScreenTM Invitrogen
assays, determination of experimental
conditions to measure the effect
of inhibitors
Four different assays were developed: Raf-1, ERK-2,
MEK/ERK double cascade, and Raf/MEK/ERK triple cascade. LanthaScreenTM MEK-1 kinase assay was not tested
because the fluorescein-ERK2 or GFP-ERK2 needed as the
MEK-1 substrate was not commercially available.
LanthaScreenTM kinase assays were performed in a
final volume of 10 µL in low-volume white 384-well
plates. All the kinases were diluted in the LanthaScreenTM
reaction buffer (50 mM HEPES pH 7.5, 1 mM EGTA,
10 mM MgCl2, 2 mM DTT, 0.01% Brij-35) to obtain
0.2 to 50 nM according to the assay (Table 3). The ATP
solution was prepared from a concentrated stock solution
composed of 1 mM ATP, 500 mM MOPS pH 7.2, 50 mM
MgCl2. All the terbium-labeled antibodies were diluted
in the TR-FRET detection buffer (PV3574, Invitrogen).
The inhibitors were first diluted at 25 µM in DMSO and
further diluted solutions were prepared by 2.5-fold serial
dilution in DMSO. A mother solution of PEBP/RKIP
(1 mg/mL (50 µM)) was prepared in the LanthaScreenTM
reaction buffer.

The experimental process was as follows. Active enzyme
and inactive enzymes (intermediate substrates) at optimal
concentrations were incubated with a chemical inhibitor or
PEBP/RKIP during 20 minutes at room temperature (Table 3).
The enzyme reaction was started by adding ATP (75 nM
to 27 µM) and the final fluorescent substrate labeled with
fluorescein or GFP at Km concentrations (40 nM), followed
by the kinase reaction run at room temperature during 45 to
80 minutes (Table 3). To test compound inhibition, 0.5 µL
of the compound was used at a final concentration of 5%
DMSO; the positive control was run with 5% DMSO and the
negative control was run in the absence of the active kinase.
To measure the inhibitory effect of PEBP/RKIP, the protein
was diluted in the LanthaScreenTM reaction buffer to final
concentrations of 0.64 to 25 µM when adding 5 µL of the
PEBP/RKIP solution; the positive control was run with 5 µL
of LanthaScreenTM reaction buffer instead of protein solution
and the negative control was run in the absence of the active
kinase. All the kinase reactions were stopped by adding 10 µL
of a solution containing 5 µL of 40 mM EDTA and 5 µL of
8 nM terbium-labeled antibody. The plate was allowed to
incubate at room temperature for at least 20 minutes. The
fluorescence detection was performed with a Perkin Elmer
Victor VTM plate reader using an excitation wavelength of
340 nm and emission wavelengths of 445 nm and 520 nm.

Data analysis
All the experiments, ie, titration of enzymes and substrates,
ATP, time course of kinase reactions, and inhibition curves,

Table 3 LanthaScreenTM assays, experimental conditions
LanthascreenTM
assay

Enzyme
final conc.
volume*

Substrate 1
final conc.
volume*

Direct Raf-1

Raf-1
3.8 nM
5 µL, 2 µL
ERK-2
50 nM
5 µL, 2 µL
MEK-1
1.13 nM
5 µL, 2 µL
Raf-1
0.2 nM
4 µL, 1 µL

Fluorescein-MEK1
40 nM
2.5 µL, 2 µL
GFP-ATF2
40 nM
2.5 µL, 2 µL
ERK-2
50 nM
2 µL, 1 µL
MEK-1
1.13 nM
2 µL, 1 µL

Direct ERK-2

MEK/ERK
Double cascade
Raf/MEK/ERK
Triple cascade

Substrate 2
final conc.
volume*

GFP-ATF2
40 nM
1.5 µL, 1 µL
ERK-2
50 nM
2 µL, 1 µL

Substrate 3
final conc.
volume*

GFP-ATF2
40 nM
1µL, 1 µL

ATP
final conc.
volume*

Incubation
time, temp.

Reaction
time, temp.

0.075 µM
2 µL, 1 µL

20 min, RT

45 min, RT

421 nM
2 µL, 1 µL

20 min, RT

50 min, RT

4.4 µM
1 µL, 1 µL

20 min, RT

80 min, RT

27 µM
0.5 µL, 1 µL

20 min, RT

80 min, RT

Notes: Each assay was performed in a final volume of 10 µL. The kinases were diluted at the suitable concentration in the LanthaScreenTM reaction buffer: 50 mM HEPES pH
7.5, 1 mM EGTA, 10 mM MgCl2, 2 mM DTT, 0.01% Brij-35.The ATP solution was prepared from a stock solution composed of 1 mM ATP, 500 mM MOPS pH 7.2, 50 mM MgCl2.
Inhibitory compounds were dissolved at 25 µM in DMSO and further solutions were prepared by 2.5-fold serial dilution. PEBP/RKIP was solubilized at 1 mg/mL (50 µM) in
LanthaScreenTM reaction buffer. *The first volume was used for chemical inhibitors; the second volume was used for PEBP/RKIP.
Abbreviations: Conc., concentration; RT, room temperature.

86

Powered by TCPDF (www.tcpdf.org)

submit your manuscript | www.dovepress.com

Dovepress

International Journal of High Throughput Screening 2010:1

International Journal of High Throughput Screening downloaded from https://www.dovepress.com/ by 54.166.228.35 on 20-Jul-2018
For personal use only.

Dovepress

Comparison of two TR-FRET methods to detect Raf/MEK/ERK inhibitors

were performed in triplicate. All data were plotted and
analyzed using Kaleidagraph® software (Synergy Software,
Reading, PA). For each well, the percent of inhibition was
calculated using the following equations (1) for the TR-FRET
assays and (1’) for the radioactive assay.

their capability to detect inhibitors. The phosphocellulose
filter-binding assay (PFBA) was used as a reference method
because it is a conventional technique using radioactivity.
Briefly, an aliquot of the kinase assay was transferred onto
a phosphocellulose paper filter that was then washed three
times and the remaining radioactivity due to substrate phosphorylation was quantified using a scintillation counter.
Lance® Ultra and LanthaScreenTM methods, more suitable than PFBA for high throughput screening, were chosen.
These two methods are based on the TR-FRET homogenous
technology, illustrated in (Figure 2). Both Lance® Ultra and
LanthaScreen™ methods use antiphosphosubstrate antibodies
labeled with a donor dye and substrates labeled with an acceptor dye. In the presence of kinase(s) and ATP, the substrate is
phosphorylated and recognized by its specific antibody which
brings the donor and acceptor dyes in close proximity. Upon
excitation at 340 nm, the donor transfers its energy to the
acceptor dye, resulting in a fluorescent light emission from
the acceptor. TR-FRET technologies use lanthanides (ie,
europium, terbium) as donor dyes because they have large
Stoke’s shifts and long-lived emission fluorescence. The use of
long-lived fluorophores combined with a time-resolved detection (a time delay of 50 to 150 µseconds between excitation
and emission detection) minimizes background or prompt
fluorescence. Lance® Ultra technology uses europium as the
donor dye and a new ULightTM dye as the acceptor. ULight is
a small acceptor dye with spectral characteristics similar to
allophycocyanin. LanthaScreenTM technology uses terbium as
the donor dye and fluorescein or GFP as the acceptor dye. One
advantage of these technologies is the ability to monitor the
fluorescence of both the acceptor and donor dyes, which allows
a ratiometric correction for liquid dispensing errors, reducing
assay variability. Consequently, the emission ratio (acceptor
emission/donor emission) calculation is currently used by TRFRET technologies. In all the assays presented in this paper,
the 665/615 nm ratio and the 520/495 nm ratio were calculated
for Lance® Ultra and LanthaScreenTM, respectively.

% inhibition = 100 − (((Em. ratio − µc-) × 100)/
(µc+ − µc-))
(1)
in which Em. ratio is the ratio of ULight/Europium
(665 nm/615 nm) emission signal intensities for the
Lance® Ultra assay or the ratio fluorescein or GFP/terbium
(520 nm/495 nm) for the LanthaScreenTM assay; µc- is the
average of the negative control (100% inhibition); µc+ is the
average of the positive control (0% inhibition).
% inhibition = 100 − (((cpm − µc−) × 100)/
(µc+ − µc−))

(1’)

in which cpm is the counts per minute signal intensity
measured in the radioactive assay PFBA; µc− is the average
of the negative control (100% inhibition); µc+ is the average
of the positive control (0% inhibition).
To obtain the IC50 curves, the data were fitted using an
hyberbolic equation (2) or a sigmoidal equation (3) according
to the type of inhibitors:
Y = 100 * x/(b + x); b = IC50

(2)

Y = (100 * x)b/(Cb + xb); b = Hill number; C = IC50 (3)
Z´ factors were calculated according to the equation (4)
where σ is the standard deviation and µ is the mean of the
positive (c+) or the negative (c−) controls.26 The negative
controls (c−) were calculated in the presence of 2 µM of
sorafenib, corresponding to 100% inhibition whereas the
positive controls (c+) were calculated in the absence of the
inhibitor sorafenib corresponding to 0% inhibition.
Z′ = 1- [(3σc+ + 3σc-) / (µc+ - µc-)]

(4)

The Z´ factor is an attempt to quantify the suitability of
a particular assay for use in a full-scale, high-throughput
screen. A Z´ factor between 0.5 and 1 indicates a high signal difference between positive and negative controls that is
favorable for suitable assay reproducibility.

Results
Choice of method
In this work, our goal was to develop assays suitable to
detect inhibitors of the whole Raf/MEK/ERK cascade as
well as inhibitors of each separate enzyme. All the kinase
assays described here were optimized and evaluated for
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Strategy for the optimization and
evaluation of the Raf-1, MEK-1
and ERK-2 direct assays
The three direct assays on Raf-1, MEK-1, and ERK-2 were
optimized for each of the three methods PFBA, Lance® Ultra,
and LanthaScreen.TM The same four steps approach was followed. The first step was the double titration of both active
enzyme and substrate at a nonlimiting concentration of ATP
in order to determine the optimal enzyme concentration and
the apparent Km for the substrate. The enzyme concentration
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Figure 2 Principle of the time-resolved fluorescence resonance energy transfer (TR-FRET) technology; comparison of LanthaScreenTM and Lance® Ultra methods. Excitation
of the donor dye leads to an energy transfer to the acceptor dye when it is in close proximity with the donor, resulting in a light emission proportional to the level of substrate
phosphorylation.The use of donor dyes with a long-lived fluorescence (ie, europium and terbium) combined with time-resolved detection minimizes background interference.
These TR-FRET assays differ principally in the nature of the acceptor dye used for the energy transfer (fluorescein or green fluorescent protein (GFP) in LanthaScreenTM
method, ULight™ in Lance® Ultra method), and in the nature of the substrate (protein or peptide).

needed was determined in order to have the best sensitivity
using the smallest quantity of enzyme. The second step
was the ATP titration to determinate its apparent Km value.
The third step was the time course monitoring of the substrate phosphorylation in order to choose a time reaction in
the linear range. The fourth step was the evaluation control
by measuring the effect of reported inhibitors on enzyme
activity. In order to have a high level of sensitivity, compatible with the detection of inhibitors, all the inhibition assays
were performed at the optimal enzyme concentrations, Km
of substrate and ATP, and in a linear range of time reaction.

Results for the optimization and
evaluation of the Raf-1 direct assays
When the direct Raf-1 kinase assays were performed, the
phosphorylated substrate was the protein MEK-1, the peptide
ULight-Histone H3, and the protein Fluorescein-MEK-1
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for PFBA, Lance® Ultra, and LanthaScreenTM methods
respectively. As an example, Figure 3 presents the curves
obtained for the direct Raf-1 assay optimization with the
PFBA method. The first step was the optimization of the
amount of Raf-1 and MEK-1 (Figure 3a). This assay was
performed varying the amount of active Raf-1 from 0 to 43
nM and inactive MEK-1 from 0 to 0.77 µM in the presence
of nonlimiting ATP concentration. 18.7 nM appeared to be
the optimal Raf-1 concentration and the apparent Km for
MEK-1 was 0.25 µM. Thus, we selected these enzyme and
substrate concentrations for the ATP titration assay. An apparent Km value of 0.25 µM was obtained for ATP (Figure 3b).
As the last step of the optimization, a time course of MEK-1
phosphorylation was performed. The Raf-1 direct kinase
reaction was linear for up to 30 minutes at 30°C (Figure 3c).
Based on these results, a time incubation of 20 minutes at
30°C was chosen. Further IC50 measurements of the Raf-1
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A

(curves not shown). The cross-titration of Raf-1 and ULightHistone H3 substrate was performed by varying the amount
of Raf-1 from 0 to 20 nM and ULight-Histone H3 from 0
to 300 nM in the presence of a nonlimiting ATP concentration. On the basis of these results, we chose concentrations
of 20 nM Raf-1 and 0.119 µM ULight-Histone H3 (apparent
Km). In these conditions, an apparent Km value of 16.9 µM
was obtained for ATP. The time course of ULight-Histone
H3 phosphorylation was performed at room temperature, the
Raf-1 kinase reaction was linear up to 90 minutes. Based on
these results, the further inhibition studies were performed
in conditions described in Table 2 (line 1).
The LanthaScreenTM method uses the entire MEK-1
protein labeled with fluorescein as an Raf-1 substrate. The
cross-titration of Raf-1 and Fluorescein-MEK-1 protein
substrate was performed varying the amount of Raf-1 from
0 to 30.8 nM and the Fluorescein-MEK-1 from 0 to 0.8 µM
in the presence of nonlimiting ATP concentration. We thus
chose 3.8 nM as the optimal Raf-1 concentration and the
apparent Km for Fluorescein-MEK-1 substrate was determined to be 40 nM. An apparent Km value of 0.075 µM was
obtained for ATP. The Raf-1 direct kinase reaction was linear
up to 60 minutes at room temperature. These conditions are
indicated in Table 3, line 1. Further inhibitory studies were
therefore performed in these optimized conditions.
The effects of five commercially available Raf-1 inhibitors, namely sorafenib, GW5074, ZM336372, U0126, and
MEK II inhibitor, were tested in order to validate the optimized Raf-1 direct assays. The obtained results are shown
in Table 4. As expected, the ATP competitive inhibitors
sorafenib, GW5074, and ZM336372 were detected as strong
Raf-1 inhibitors.27–29 The results obtained with PFBA and
LanthaScreenTM methods were coherent between themselves
and consistent with the reported IC50 values. In order to
know whether the PFBA and TR-FRET assays were able to
characterize a weaker inhibitor of Raf-1, MEK inhibitor II
was tested.30 The expected IC50 values were obtained for the
MEK inhibitor II with the PFBA and LanthaScreenTM methods. The Lance® Ultra Raf-1 assay was not able to reveal any
of the tested Raf-1 inhibitors (even the very strong inhibitor
sorafenib). This unsuccessful result was due to ULight-Histone H3 which was not an adequate substrate for Raf-1 and
led to a very low signal/background ratio of 1.5, not suitable for inhibition studies. This problem was avoided when
using the entire MEK-1 protein as an Raf-1 substrate in the
LanthaScreenTM method.
In conclusion, the LanthaScreenTM Raf-1 assay appeared
to be suitable for routine screening. On the opposite side,
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Figure 3 Optimization of the direct Raf-1 phosphocellulose filter binding assay (PFBA).
The coefficient of determination R2 is shown and error bars represent standard deviation
obtained from 3 different assays. The reactions were stopped after 20 minutes at 30°C
by addition of 5 µL of 50% phosphoric acid. The 32P incorporated by MEK-1 during the
kinase reaction was quantified using a scintillation counter without addition of scintillation cocktail. A) Optimization of active Raf-1 and MEK-1 substrate amounts. Active
Raf-1 was titrated from 0 to 43 nM and inactive MEK-1 from 0 to 0.77 µM in presence of
nonlimiting 2 µM adenosine triphosphate (ATP) and 0.5 µCi γ-32P ATP per tube. B) ATP
titration. Diluted ATP was added in assay reactions containing 18.7 nM active Raf-1 and
0.25 µM inactive MEK-1. ATP was varied from 0 to 3 µM with 0.5 µCi γ-32P ATP per
tube C) Time course of the Raf-1 kinase reaction. The assay was performed using the
optimized concentrations of 18.7 nM active Raf-1, 0.25 µM inactive MEK-1, and 0.25 µM
ATP with 0.5 µCi γ-32P ATP per tube. Reactions were terminated at specific time points
by the addition of 5 µL of 50% phosphoric acid.

inhibitors were performed at the Km values for both ATP
and MEK-1 and at the initial speed of the kinase reaction.
All these experimental conditions are summarized in the first
line of Table 1 and were used for further evaluation of inhibitors. The same process was applied for the optimization of
the direct Raf-1 kinase assay with the Lance® Ultra method
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Table 4 Evaluation of the direct Raf-1 and direct MEK-1 assays
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Commercial compound
(inhibition type)

Measured Raf-1 IC50 (nM)
PFBA

Lance® Ultra

LanthaScreenTM

Direct Raf-1
Sorafenib (II)
GW5074 (I)
ZM 336372 (I)
MEK inhibitor II (III)

6
9
70
34 500

5 ± 0.5
9.6 ± 0.6
80 ± 8.4
29 500 ± 943

50 000
50 000
50 000
50 000

9.3 ± 1.0
16.2 ± 1.8
62 ± 6.8
22 000 ± 6.0

Direct MEK-1
Staurosporine (I)
MEK inhibitor II (III)
U0126 (III)
PD98059 (III)

4
380
530
5 000

2.7 ± 0.275
4 700 ± 262
27 600 ± 3 670
50 000

15.6 ± 2.17
50 000
50 000
50 000

n.d.a
n.d.a
n.d.a
n.d.a

Notes: aThe assay was not performed (substrate of MEK not commercially available). Assays were performed as described in materials and methods. The inhibition type of
commercial compounds is indicated in brackets: (I) type I inhibitors, which bind exclusively to the ATP-binding site of the kinase; (II) type II inhibitors, which bind to an adjacent
allosteric site of the ATP-binding site; (III) type III inhibitors, which bind to an allosteric site remote from the ATP.

in absence of an adequate substrate for Raf-1, the Lance®
Ultra direct Raf-1 assay could not be used to detect Raf-1
inhibitors.

Results for the optimization and
evaluation of the MEK-1 direct assays
Because labeled ERK-2 for the LanthaScreenTM assay was
not commercially available, only the PFBA and Lance® Ultra
MEK-1 direct kinase assays were optimized and evaluated.
The same approach was followed as that for the direct Raf-1
kinase assay and the final experimental conditions are indicated in Tables 1 and 2, lines 2.
In order to assess the optimized MEK-1 direct assays, the
effects of four commercially available inhibitors were measured. Owing to the available inhibitors, three compounds
were allosteric inhibitors of MEK-1: MEK inhibitor II,30
U0126,31 and PD98059.32 The fourth compound was staurosporine, a broad based ATP competitive kinase inhibitor.21
As expected, the data revealed (Table 4) that the assays
failed to characterize the three allosteric inhibitors U0126,
MEK inhibitor II, and PD98059. Indeed, it is known that the
allosteric inhibitors are not able to inhibit the active form of
MEK-1.32,33 In particular, it was demonstrated that PD98059
blocks MEK-1 activation by Raf-1 and not MEK-1 activity.33
Probably the LanthaScreenTM assay would give the same
results if it had a better substrate. However, Staurosporine
which is an ATP competitive inhibitor was detected as a
potent MEK-1 inhibitor and gave an IC50 value of 2.7 nM
and 15.7 nM with the PFBA and Lance® Ultra methods,
respectively. Because of the discrepancy observed between
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the two methods and the very weak signal/background ratio
of 3 obtained with ULight-p70S6K as an MEK-1 substrate,
the Lance® Ultra assay was not sensitive enough to accurately
detect MEK-1 inhibitors.

Results for the optimization and
evaluation of the ERK-2 direct assays
The ERK-2 direct kinase assay was optimized for each of
the three methods PFBA, Lance® Ultra, and LanthaScreen.TM
As an example, Figure 4 presents the results concerning
the optimization of the Lance® Ultra method. The first step
was the optimization of the amount of active ERK-2 and
ULight-MBP. This was performed by varying the amount
of active ERK-2 from 0 to 0.375 µM and the amount of
ULight-MBP from 0 to 0.4 µM in the presence of nonlimiting ATP concentrations (Figure 4a). 187 nM appeared to
be the optimal ERK-2 concentration and the ULight-MBP
apparent Km was 0.1 µM. In these conditions, an apparent
Km value of 0.354 µM was obtained for ATP (Figure 4b) and
the ERK-2 kinase reaction was linear for up to 45 minutes at
room temperature (Figure 4c). According to these data, IC50
measurements of ERK-2 inhibitors were performed at the
Km values for both ATP and ULight-MBP for 30 minutes at
room temperature (Table 2, line 3). The same optimization
steps were performed for the PFBA and the LanthaScreenTM
methods (Tables 1 and 3, lines 3).
To evaluate the optimized ERK-2 direct assays, the effect
of two commercially available ATP competitive inhibitors,
namely FR18020434 and staurosporine,21 were measured.
The results are shown in Table 5. The values obtained with
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0.25

the three methods PFBA, Lance® Ultra, and LanthaScreenTM
are coherent between themselves and consistent with IC50
values reported in the literature. Although the two TR-FRET
methods were validated for direct ERK-2 kinase assay, the
LanthaScreenTM assay proved to be more sensitive than the
Lance® Ultra assay as it used 4 times less enzyme and also
less substrate.

0.1

Strategy and results for the optimization
and evaluation of the double cascade
MEK/ERK assays
Based on the previously determined optimal concentrations
of ERK-2 and its substrate (Figure 4a), the amount of active
MEK-1 needed to phosphorylate 50% of the final substrate
(EC50) was measured. The results are shown in Figure 5;
the optimal active MEK-1 concentrations are 7.55 nM, 2.56
nM, 1.13 nM for PFBA, Lance® Ultra, and LanthaScreen,TM
respectively. The inhibitory effect of MEK inhibitor II,
U0126, PD98059, and staurosporine was tested. In agreement with the results obtained with the direct MEK-1 assays,
it was not possible to detect the allosteric inhibitors MEK
inhibitor II, U0126, and PD98059 (Table 5). However, a
potent inhibition of staurosporine was obtained as indicated
by IC50 values of 2.7 nM for PFBA, 1.1 nM for Lance® Ultra,
and 1.7 nM for LanthaScreen.TM
In conclusion, the TR-FRET double-cascade assays could
be routinely used to study the ATP competitive inhibitors
of MEK-1.

Time = 30 min

Strategy for the optimization and
evaluation of the triple cascade
Raf/MEK/ERK assays
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Figure 4 Direct ERK-2 kinase assay with time-resolved fluorescence resonance
energy transfer (TR-FRET) Lance® Ultra method. The coefficient of determination R2 is shown and error bars represent standard deviation obtained from 3
values. The reactions were terminated after 60 minutes at room temperature, by
the addition of 40 mM ethylenediaminetetraacetic acid (EDTA). ULight™-myelin
basic protein (MBP) phosphorylation was detected by the addition of 8 nM Euanti-phospho-MBP. After 20 minutes incubation at RT, the emission fluorescence
intensities were recorded at 665 nm and 615 nm on a plate reader using an
excitation wavelength of 340 nm. The 665 nm/615 nm ratio was calculated for
each well. A) Optimization of active ERK-2 and ULight™-MBP peptide substrate
amounts. Active ERK-2 was titrated from 0 to 0.375 µM and ULight™-MBP
from 0 to 0.4 µM in the presence of non-limiting 10 µM ATP. B) Adenosine
triphosphate (ATP) titration. Diluted ATP was added in assay reaction containing
0.187 µM ERK-2 and 0.1 µM ULight™-MBP. ATP was varied from 0 to 1.6 µM.
C) Time course of the ERK-2 kinase reaction. The assay was performed using the
optimized concentrations of 0.187 µM active ERK-2, 0.1 µM ULight™-MBP, and
0.354 µM ATP. Reactions were terminated at specific time points by the addition
of 40 mM EDTA.
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The triple cascade assay was optimized by following a multistep approach35 using the three methods PFBA, Lance® Ultra,
and LanthaScreen.TM The first step was the double titration
of active ERK-2 and its substrate (MBP, ULight-MBP, or
GFP-ATF2) in order to determine the optimal concentration
of active ERK-2 and the substrate apparent Km value. The
second step was the titration of active MEK-1 in presence
of inactive ERK-2 and its substrate to determine the optimal
MEK-1 concentration leading to 50% phosphorylation of
the substrate (EC50). The third step was the quantification
of active Raf-1 in the presence of inactive MEK-1, inactive
ERK-2, and the substrate in order to determine the optimal
Raf-1 concentration resulting in 50% phosphorylation of the
substrate. The fourth step was the determination of apparent
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Km for ATP. In the fifth step, the triple cascade time course
was monitored in the presence of optimized concentrations
for active Raf-1, inactive MEK-1, inactive ERK-2, and
apparent Km concentrations for ERK-2 substrate and ATP,
in order to select an incubation time in the linear reaction
range. All these optimization steps were essential to ensure
that assay sensitivity was compatible with detection of Raf,
MEK, and/or ERK inhibitors.
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Figure 5 Optimization of active MEK-1 concentration for the double cascade
MEK/ERK kinase assay. The coefficient of determination R2 is shown and error bars
represent standard deviation obtained from 3 values. A) phosphocellulose filter
binding assay (PFBA) method. Active MEK-1 was titrated from 0 to 0.1 µM in the
presence of 0.05 µM inactive ERK-2, 13 µg myelin basic protein (MBP), and a nonlimiting 50 µM adenosine triphosphate (ATP) with 0.5 µCi γ-32P ATP, per tube. Reactions
were terminated after 20 minutes at 30°C by addition of 5 µL of 50% phosphoric
acid. The 32P incorporated into the MBP was quantified using a scintillation counter
without addition of scintillation cocktail. B) Lance® Ultra method. Active MEK-1
was titrated from 0 to 0.3 µM in the presence of 0.187 µM inactive ERK-2, 0.1 µM
ULight™-MBP, and a nonlimiting 50 µM ATP concentration. Reactions were terminated
after 60 minutes at room temperature, by the addition of 40 mM ethylenediaminetetraacetic acid (EDTA). ULight™-MBP phosphorylation was detected by adding 8 nM
Eu-anti-phospho-MBP. After 20 minutes incubation at room temperature, the emission
fluorescence intensities were recorded at 665 nm and 615 nm on a plate reader using
an excitation wavelength of 340 nm.The 665 nm/615 nm ratio was calculated for each
well. C) LanthaScreenTM method. Active MEK-1 was titrated from 0 to 0.1 µM in the
presence of 0.05 µM inactive ERK-2, 0.04 µM GFP-ATF2, and a non-limiting 50 µM
ATP concentration. Reactions were terminated after 60 minutes at room temperature, by the addition of 40 mM EDTA. GFP-ATF2 phosphorylation was detected by
the addition of 8 nM Tb-anti-phospho-ATF2. After 60 minutes incubation at room
temperature, emission intensities were recorded at 445 nm and 520 nm wavelengths
on a plate reader using an excitation wavelength of 340 nm.The 445 nm/520 nm ratio
was calculated for each well.
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Results for the optimization and
evaluation of the triple cascade
Raf/MEK/ERK assays
As an example, the optimization of the Lance® Ultra triple
cascade Raf/MEK/ERK kinase assay is illustrated in Figure 6.
It is noticeable that the first and second optimization steps
were previously performed and are described in Figure 4a
and Figure 5b respectively. The third step was the optimization of the active Raf-1 concentration (Figure 6a). It was
performed by varying the Raf-1 concentration from 0 to
10 ng/well (15.4 nM) in the presence of previously optimized
concentrations for inactive MEK-1 (2.56 nM), inactive ERK2 (0.187 µM), ULight-MBP (0.1 µM), and nonlimiting ATP
concentration. A Raf-1 EC50 value of 0.615 nM was obtained.
These enzymes and substrate concentrations were selected to
determine an apparent Km ATP value of 5 µM (Figure 6b).
The triple cascade assay was linear for up to 60 minutes at
room temperature (Figure 6c). Based on these results, the IC50
measurements of Raf/MEK/ERK inhibitors were performed
with the Lance® Ultra method in final experimental conditions indicated in Table 2. The same optimization steps were
performed for the PFBA and the LanthaScreenTM methods
(Tables 1 and 3).
For evaluation of the triple cascade Raf/MEK/ERK
kinase assays, three Raf-1 inhibitors (sorafenib, GW5074,
ZM336372), three MEK inhibitors (MEK inhibitor II,
U0126, PD98059), one ERK inhibitor (FR180204), and
the large broad inhibitor Staurosporine were used. The
results are shown in Table 6. The measured IC50 values were
coherent with the reported IC50 values for the three methods PFBA, Lance® Ultra, and LanthaScreen.TM However, a
7-fold potency increase for ZM336372 and a 5-fold potency
decrease for MEK inhibitor II were observed with the LanthaScreenTM method. One explanation is that these results
could be due to interference between inhibitors and the bulky
GFP part (238 amino acids) of the GFP-ATF2 substrate, leading to an increase or decrease of the observed IC50 values.
On the contrary, no disruption of signal fluorescence was
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Table 5 Evaluation of the direct ERK-2 and double cascade MEK/ERK assays
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Commercial compound
(inhibition type)

Published
IC50 (nM)

Measured IC50 (nM)
PFBA

Lance® Ultra

LanthaScreenTM

Direct ERK2
FR180204 (I)
Staurosporine (I)

330
4400

310 ± 33.1
1900 ± 194

268 ± 44.4
1000 ± 23.2

259 ± 27.9
2100 ± 273

MEK/ERK
Staurosporine (I)
MEK inhibitor II (III)
U0126 (III)
PD98059 (III)

4
380
530
5000

2.70 ± 0.27
7000 ± 0.289
33100 ± 3.67
50000

1.7 ± 0.29
4600 ± 59.5
4500 ± 206.6
50000

1.1 ± 0.19
8700 ± 747.9
3 800 ± 825.9
50000

Notes: Assays were performed as described in Materials and methods. The inhibition type of commercial compounds is indicated in brackets: (I) type I inhibitors, which bind
exclusively to the ATP-binding site of the kinase; (III) type III inhibitors, which bind to an allosteric site remote from the ATP.

observed with the Lance® Ultra technology which uses the
small ULight acceptor dye.
Interestingly, using the triple cascade assays, the
expected IC50 values were obtained for the three allosteric
MEK-1 inhibitors U0126, MEK inhibitor II, and PD98059.
These results agree with the previous observation that
U0126, MEK inhibitor II, and PD98059 display affinity
toward the inactive form of MEK-1 (used in the triple cascade assays) and not toward the MEK-1 active form (used
in the direct MEK-1 and double cascade assays). All these
data are in agreement with the fact that the three inhibitors
act by preventing MEK-1 phosphorylation by Raf-1 and
not by inhibiting MEK-1 activity.33
In conclusion, the triple cascade Raf/MEK/ERK is
suitable to detect the inhibitors of each kinase of the
cascade. In particular, it is the most adapted test to detect
allosteric as well as ATP competitive inhibitors of MEK-1.
The LanthaScreenTM assay was more sensitive than the
Lance® Ultra assay but it was liable to interfere with some
compounds. Thus, the Lance® Ultra method was chosen
to test routinely the newly synthesized potential MEK-1
inhibitors.

Assessment of the robustness
and performance of the assays
In high-throughput screening, the robustness and performance of kinase assays are currently evaluated by determining the Z′-factor value. The equation and the meaning
of the Z′-factor was reported by Zhang et al.26 Its value is
calculated from four parameters that are the averages and
standard deviations of both the positive and negative controls.
All the Z′ values are indicated in Table 7: between 0.5 and
1 they are evidence of the robustness and reproducibility
of the optimized assays and ensure that the methods are

International Journal of High Throughput Screening 2010:1

adequate to study inhibitors on the Raf/MEK/ERK cascade.
Except for the Lance® Ultra direct Raf-1 and MEK-1 assays
(for which no adequate substrates were available) and the
LanthaScreenTM direct MEK-1 assay (MEK-1 substrate was
not commercially available), all the other assays displayed a
high level of robustness and reproducibility.

Screening of synthesized inhibitors
Several families of new synthesized inhibitors were tested.
Two of them displayed interesting inhibitory properties and
constituted leads for the synthesis of new products. The
detailed synthesis of the products and their effects on cells and
animals will be described elsewhere. The chemical formula
and the Raf-1 inhibitory effect for one of the compounds,
Fs289, are shown in Figure 7. The IC50 values were similar
with the LanthaScreenTM (Figure 7b) and PFBA (Figure 7c)
methods, either for direct Raf-1 or triple cascade (Figure 7d)
assays, indicating that Fs289 acts specifically on Raf-1 and
does not interfere with the TR-FRET acceptor dyes.

Raf/MEK/ERK inhibition by PEBP/RKIP
In parallel with the chemical screening of the compounds,
the developed assays were tested for their ability to measure the effect of PEBP/RKIP, a natural inhibitor of the
Raf/MEK/ERK pathway, known to act by direct interaction
with Raf, MEK, and ERK.23 In human beings, RKIP/PEBP
is one of the few gene products with a demonstrated metastasis suppressor activity.36 Furthermore, PEBP/RKIP was
also found to sensitize tumor cells to chemotherapy37 and
immunotherapy.38 To date, only one type of method has been
described to measure the effect of PEBP/RKIP in vitro on
purified enzymes.18,23 It consists of detecting the 32P incorporated into the substrate during the kinase reaction by gel
electrophoresis autoradiography. The inhibitory effect of
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PEBP/RKIP was measured with all the optimized assays
described above (Figure 8). Since PEBP/RKIP was dissolved
in the appropriate kinase buffer at 1 mg/mL (50 µM), the
maximal concentration of PEBP/RKIP used per assay was
25 µM. This stoichiometric ratio between kinases and PEBP/
RKIP is similar to that found in several cell lineages.39 The
curves obtained for the PFBA method (Figure 8a) show that
the strongest inhibitor effect of PEBP/RKIP is observed for
the triple cascade Raf/MEK/ERK assay (93% inhibition at
25 µM PEBP/RKIP). The inhibitory effect decreases on the
double cascade MEK/ERK with 74% inhibition. It decreases
again for the direct assays: 60% for the MEK-1 inhibition,
56% for ERK-2 inhibition, and 43% for Raf-1 inhibition.
PEBP/RKIP seems to be slightly less inhibitory for Raf-1
than for MEK and ERK. This result agrees with the previous
observation that Raf activation weakens its affinity towards
PEBP/RKIP.23 Moreover it is noticeable that commercially
available Raf-1 is always truncated (306-end) because its
catalytic domain is stable, whereas the N-terminal domain is
unstable. It is likely that the efficiency of PEBP/RKIP on the
complete Raf-1 (1-end) is different to the observed inhibition
with the truncated enzyme.
Results obtained with the Lance ® Ultra and Lantha
ScreenTM methods (Figure 8b) are in complete agreement with
the PFBA data. The strong inhibitory effect observed on the
triple cascade Raf/MEK/ERK is probably due to the fact that
PEBP/RKIP acts both on the inactive and the active forms of
the three kinases. It was previously shown that PEBP/RKIP
acts on Raf-1 activity and also on Raf-1 activation by Ras.22
The results presented here strongly suggest that the mechanism
of action of PEBP/RKIP leads to the inhibition of the activity
and also the activation of each kinase in the cascade.
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Figure 6 Triple cascade Raf/MEK/ERK kinase assay with time-resolved fluorescence
resonance energy transfer (TR-FRET) Lance® Ultra method. The coefficient of
determination R2 is shown and error bars represent standard deviation obtained
from 3 values. The reactions were stopped after 60 minutes at room temperature
by the addition of 40 mM ethylenediaminetetraacetic acid (EDTA). ULight™_MBP
(myelin basic protein) peptide phosphorylation was detected by the addition of 8
nM Eu-anti-phospho_MBP. After 20 minutes incubation at room temperature, the
emission fluorescence intensities were recorded at 665 nm and 615 nm on a plate
reader using an excitation wavelength of 340 nm. The 665 nm/615 nm ratio was
calculated for each well. A) Optimization of active Raf-1 concentration. Active Raf-1
concentration was varied from 0 to 10 ng/well (15.4 nM) in the presence of 2.56 nM
inactive MEK-1, 0.187 µM inactive ERK-2, 0.1 µM ULight™-MBP, and 50 µM adenosine
triphosphate (ATP). B) ATP titration. Diluted ATP was added in assay reaction containing 615 nM active Raf-1, 2.56 nM inactive MEK-1, 0.187 µM inactive ERK-2, and 0.1 µM
ULight™-MBP. ATP concentration was varied from 0 to 150 µM. C) Time course of
the Raf/MEK/ERK kinase reaction. The assay was performed using the optimized
concentrations of 615 nM active Raf-1, 2.56 nM inactive MEK-1, 0.187 µM inactive
ERK-2, 0.1 µM Ulight™-MBP, and 5 µM ATP. Reactions were terminated at specific
time points by the addition of 40 mM EDTA.
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Discussion
Evaluation of the PFBA, Lance®
Ultra, and LanthaScreenTM assays
Several factors to be considered when developing a kinase
assay include the assay technology, format, and choice of
substrate. However, despite numerous options, there is no
perfect assay configuration that suits all needs and ultimately,
the application of the assay is the most important factor that
will dictate the direction of assay development.40 Considering
the interest of the Raf/MEK/ERK pathway in cancer, several
companies continuously develop and supply new technologies and reagents dedicated to identifying inhibitors that are
expected to become drugs against cancer. Developing a valid
and robust in vitro assay is critical for inhibitor screening.
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Table 6 Evaluation of the triple cascade Raf/MEK/ERK assay
Commercial
compound
(inhibition type)

Published
IC50 (nM)

Measured IC50 (nM)
PFBA

Lance® Ultra

LanthaScreenTM

Raf inhibitors

Sorafenib (II)
GW5074 (I)
ZM336372 (I)

6
9
70

7 ± 0.6
3.2 ± 0.3
49 ± 12.3

5 ± 0.3
8.3 ± 2.4
63.5 ± 8.7

5.6 ± 0.071
10.2 ± 2.3
9 ± 0.94

MEK inhibitors

Mek inhibitor II (III)
U0126 (III)
PD98059 (III)

380
530
5 000

694 ± 160
285 ± 40
5 000 ± 637

353 ± 64.3
800 ± 81.1
2 700 ± 704

2 000 ± 428
125 ± 11.5
1 000 ± 152

ERK inhibitor
Other

FR180204 (I)
Staurosporine (I)

330
63

146 ± 61.1
1.3 ± 0.36

133 ± 26.7
2.6 ± 0.19

130 ± 20
1.1 ± 0.2

Notes: Assays were performed as described in materials and methods. The inhibition type of commercial compounds is indicated in brackets: (I) type I inhibitors, which bind
exclusively to the ATP-binding site of the kinase; (II) type II inhibitors, which bind to an adjacent allosteric site of the ATP-binding site; (III) type III inhibitors, which bind to an
allosteric site remote from the ATP.

The investigator therefore needs to test the most recent
methodologies and compare them with classical techniques.
In this perspective, we optimized, evaluated, and compared
two recent TR-FRET methods by using the PFBA technique
and literature data as references.
Recently, several authors have described assays using
radioactive, FRET or TR-FRET methods to measure
Raf/MEK/ERK activity.21,40,41 However, the technologies used
were different from those that are described here and the efficiencies of Lance® Ultra and LanthaScreenTM to detect various types of Raf/MEK/ERK inhibitors were not compared.
The analysis of our results revealed several main points. Our
results indicated that the peptide-substrates used to test Raf-1
and MEK-1 activities in the Lance® Ultra assays were not
suitable to detect inhibitory effects. This could be related to
the very poor ratio signal/background observed with these
particular substrates. The inhibitors of MEK-1 could not be
detected with the TR-FRET direct MEK-1 assays. In this
case, the double cascade MEK/ERK is suitable to study the
ATP competitive inhibitors of MEK-1, and triple cascade
Raf/MEK/ERK could be useful to detect the allosteric inhibitors of MEK-1. Another point is that the triple cascade assays
revealed wrong IC50 values for ZM336372 and MEK inhibitor

II with the LanthaScreenTM assay (Table 6). One explanation
is the possible interaction of the inhibitors with the bulky
GFP-ATF2 substrate leading to a modification of the fluorescence signal. Therefore, these results strongly suggest that the
use of bulky acceptor dyes may present drawbacks for measuring the inhibitory effect of some compounds in TR-FRET
assays.

PEBP/RKIP is essentially an inhibitor
of the whole cascade
To date, only tests based on radioactivity and gel electrophoresis have been described to measure the inhibitory
effect of PEBP/RKIP on the Raf/MEK/ERK pathway. In
this paper, we used an easier and faster method to test in
vitro the effect of PEBP/RKIP on separate purified kinases,
double cascade MEK/ERK, and triple Raf/MEK/ERK
cascade. Our results (Figure 8) showed that PEBP/RKIP
displays partial inhibitory effect on isolated kinases, since
it inhibits ERK-2 (56% inhibition), MEK (60% inhibition), and Raf-1 (43% inhibition) at a concentration of
25 µM per assay. More interestingly, our data revealed that
PEBP/RKIP is more efficient on the whole cascade (95%).
These results are in complete agreement with the previous

Table 7 Z′ factors calculated for each assay
Assay

PFBA

Lance® Ultra

LanthaScreen™

Direct Raf-1
Direct MEK-1
ERK-2
MEK/ERK
Raf/MEK/ERK

0.88
0.77
0.81
0.81
0.88

n.d.
n.d.b
0.86
0.84
0.86

0.83
n.d.c
0.82
0.76
0.87

a

Notes: The Z’ factors were calculated as Z’ = 1 − [(3σc+ + 3σc-)/(µc+ − µc−)] ) where σ is the standard deviation and µ is the mean of the positive (c+) or the negative (c-)
controls; n.d.a, not determined because Ulight-Histone H3 was not an adequate substrate for Raf-1 (signal/background = 1.5); n.d.b, not determined because Ulight-p70S6K was
not an adequate substrate for MEK-1 (signal/background = 3); n.d.c, the assay was not performed because no substrate of MEK-1 was commercially available.
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Figure 7 Fs289 inhibitory effect. A) Formula of the synthesized product. B) LanthaScreenTM Raf-1 direct assay. C) phosphocellulose filter binding assay (PFBA) Raf-1 direct
assay. D) Lance® Ultra triple cascade Raf/MEK/ERK assay. The three assays gave comparable results.

description that PEBP/RKIP can form ternary complexes
with Raf-1, MEK, and ERK. 23 In complement to data
previously published,22 our results indicated that PEBP/
RKIP can significantly inhibit in vitro all the enzymes of
the Raf/MEK/ERK cascade.

Conclusion
The series of assays described in this paper target the
Raf/MEK/ERK cascade as well as the deconvolution of
the inhibitory activity. All the described assays were validated with at least one of the two tested TR-FRET methods, except the direct MEK-1 assays, due to the absence
of an adequate substrate for MEK-1. Concerning the
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direct Raf-1 assay, only the LanthaScreenTM method was
validated.
In our laboratory we are currently performing the whole
Raf/MEK/ERK cascade assay to highlight inhibitors acting
on one or several kinases of the cascade. If it appears that a
newly synthesized compound displays an inhibitory effect
on the whole cascade, then its action on each of the kinases
is evaluated. The triple cascade Raf/MEK/ERK cascade is
also used to detect the ATP competitive as well as the allosteric inhibitors of MEK-1. The double cascade MEK/ERK
could be useful to study the ATP competitive inhibitors of
MEK-1. Considering the interferences observed between
the LanthaScreen TM acceptor dyes and some chemical
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Figure 8 Phosphatidyl ethanolamine binding protein (PEBP)/Raf kinase inhibitor
protein (RKIP) inhibitory effect. The coefficient of determination R2 is shown and
error bars represent standard deviation from n = 6 values. PEBP/RKIP was varied
from 0 to 25 µM. A) Phosphocellulose filter-binding assay (PFBA) assays. PEBP/RKIP
was incubated for 20 minutes at room temperature with the enzyme(s), the reaction was initiated by addition of adenosine triphosphate (ATP) and was terminated
after 20 minutes (except for direct MEK-1 and direct ERK2, 10 minutes) at 30°C.
The 32P incorporated in the substrate was quantified using a scintillation counter. All
the assays were performed according to the detailed conditions described in Table 1.
B) LanthaScreenTM and Lance® Ultra assays. PEBP/RKIP was incubated for 20 minutes
at room temperature with the enzyme(s), the reaction was initiated by addition of
ATP and substrate (fluorescein-MEK-1 or GFP-ATF2 for LanthaScreenTM method
and ULight™-myelin basic protein (MBP) for Lance® Ultra method). After incubation
at room temperature, reaction was stopped by 40 mM ethylenediaminetetraacetic
acid (EDTA). Phosphorylated substrate was detected by addition of 8 nM of specific
antibody (Tb-anti-phospho-fluorescein-MEK-1 or Tb-anti-phospho-ATF2 for LanthaScreenTM method and Eu-anti-phospho-MBP for Lance® Ultra method).After 20 minutes
reaction at room temperature, emission fluorescence intensities were recorded
on a plate reader using an excitation wavelength of 340 nm. For LanthaScreenTM
method, emission wavelengths were 445 nm and 520 nm, the 445 nm/520 nm ratio
was calculated for each well. For Lance® Ultra method, emission wavelengths were
665 nm and 615 nm and the 665 nm/ 615 nm ratio was calculated. All the assays were
performed according to the detailed conditions described in Tables 2 and 3. In absence
of suitable commercially available substrates for Raf-1 and MEK-1, the corresponding
Lance® Ultra assays were not performed. Because no MEK-1 substrate was available,
the LanthaScreenTM direct MEK-1 assay was not performed.

compounds, the Lance® Ultra triple cascade assay is routinely used as a first-line test. To our knowledge, it is the
first time that Lance® Ultra technology has been routinely
applied to test the inhibition of the whole Raf/MEK/ERK
cascade. In the other cases (individual kinases or double
cascade MEK/ERK assays), because the LanthaScreenTM
method is less enzyme consuming than the Lance® Ultra,
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