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ABSTRACT: Inhibition of the protein kinase, MEK1, is a potential approach for the treatment of cancer.
Inhibitors may act by prevention of activation (PoA), which involves interfering with phosphorylation of
nonactivated MEK1 by the upstream kinase, B-RAF. Modulation also may occur by inhibition of catalysis
(IoC) during phosphorylation of the downstream substrate, ERK2, by activated MEK1. Here, five MEK
inhibitors are characterized in terms of binding affinity, PoA, and IoC. The compounds are a butadiene
(U-0126), an N-alkoxy amide (CI-1040), two CI-1040 analogues (an anthranilic acid and an N-alkyl amide),
and a cyanoquinoline. Some compounds give different mechanisms of inhibition (ATP-competitive,
noncompetitive, or uncompetitive) in PoA compared to IoC or show a change in potency between the
assays. The inhibitors also exhibit different shifts in potency when either PoA or IoC is compared with
binding to nonactivated MEK. The inhibitor potency ranking, therefore, is dependent upon the assay
format. When the ATP concentration equals Km, IoC IC50 increases in the order CI-1040 ≈ cyanoquinoline
< anthranilic acid ≈ U-0126 < alkyl amide. Conversely, the Kd from nonactivated MEK1 for four of the
compounds varies between more than 6-fold lower and over 18-fold higher than this IC50, with U-0126
having the lowest Kd and CI-1040 having the highest. In PoA when the ATP concentration equals Km,
U-0126 has the lowest IC50, becoming more potent than CI-1040, the cyanoquinoline, and the anthranilic
acid. These observations have implications for understanding structure–activity relationships of MEK
inhibitors and illustrate how assays can be designed to favor different compounds.

The human genome encodes over 500 protein kinases (1),
many of which are targets for inhibition during drug disco-
very (2). Most kinase inhibitors follow ATP-competitive
kinetics, and some have been shown to occupy ATP-binding
sites (3, 4). Optimization of compounds during drug discov-
ery is assisted by an understanding of the relationship
between structure and binding affinity. If the different
compounds under consideration all follow ATP-competitive
kinetics in the same kinase assay, then there is a correlation
between the concentration required for 50% inhibition (IC50)1

and the affinity for the target enzyme. Evaluation of
selectivity may be complicated by different kinases having
different affinities for ATP (5).

Around 30% of human tumors exhibit increased signaling
through the mitogen-activated protein (MAP) kinase path-
way, which has become a target for anticancer therapy (see
refs 6 and 7). The pathway is stimulated when a growth factor
binds to a receptor tyrosine kinase, which then promotes the
interaction of RAS with RAF, initiating a phosphorylation

cascade through MAP kinase kinase (MEK) to ERK. MEK
also is known as MKK and MAPKK. It exists as two
isoforms, MEK1 and MEK2, which have 79% sequence
identity, and each has a similar ability to phosphorylate
ERK1 and ERK2. MEK1 has 392 amino acid residues and
is regulated by activating phosphorylations at Ser217 and
Ser221.2 Compounds that affect MEK may act by prevention
of activation (PoA), where binding to the nonactivated
enzyme interferes with its phosphorylation by RAF isoforms
such as B-RAF, or they may give inhibition of catalysis
(IoC), where binding to activated MEK abrogates phospho-
rylation of substrates such as ERK. Several publications (e.g.,
refs 6–9) involve following catalysis by a nonphosphorylated
MEK1, which contains mutations such as Ser217Glu and
Ser221Asp designed to mimic the activating phosphoryla-
tions. A commonly used construct also has residues 31–50
deleted and is known as ∆N3 (10). Compounds often are
characterized by measuring IC50 at a single concentration of
ATP, which does not allow identification of the mechanism
of inhibition. MEK inhibitors come from diverse structural
types (6, 7), many of which are ATP-competitive, although
some are not; an early example is a butadiene, U-0126 (8),
and several noncompetitive inhibitors have some similarity
to CI-1040 [PD184352 (11)], which is an N-alkoxy amide.
Crystal structures have been published for analogues of CI-
1040 bound to complexes containing MEK and ATP (12).
Several MEK inhibitors are in clinical trials as agents to treat
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cancer. These include ARRY-142886 (AZD6244) and
PD0325901 (7).

We now report mechanisms deduced from varying the
concentration of ATP, in both PoA and IoC, for five MEK
inhibitors: U-0126, CI-1040, two CI-1040 analogues (an
anthranilic acid and an N-alkyl amide), and a cyanoquinoline.
These studies used MEK, which is not mutated at the
phosphorylation sites, and new insight is gained by linking
these kinetic mechanism data with Kd values measured in
the presence and absence of ATP. The potency ranking of
the compounds changes according to the concentration of
ATP and assay format. Potency against nonactivated MEK
in PoA resembles that previously reported for constitutively
active mutants in IoC. These observations have implications
for the identification and evaluation of inhibitors that target
MEK and highlight potential considerations for other mem-
bers of the protein kinase family.

EXPERIMENTAL PROCEDURES

Materials. Full-length, purified, His-tagged B-RAF and
ERK2 were from The Division of Signal Transduction
Therapy, University of Dundee. Gly-Ser-Ser-MEK1(42–386)
was obtained as described in the Supporting Information.
Compared to full-length MEK1, this construct gives higher
levels of expression, lower (undetectable) autophosphoryla-
tion, and lower background in binding assays. Kinetic
parameter values change by less than 4-fold when this
construct replaces full-length MEK1 as a substrate for B-RAF
(see Supporting Information). Protein kinase inhibitors were
synthesized in AstraZeneca using procedures described
elsewhere for U-0126 (8), CI-1040 (13), the anthranilic acid
(13), the N-alkyl amide (Supporting Information), the two
cyanoquinolines (14, 15), and the ureidoquinazoline (16).
Each compound was at least 80% pure when analyzed by
HPLC and NMR.

Inhibition in Solution Assays (ISAs). These were carried
out on a BIAcore S51 instrument. An inhibitor was im-

mobilized onto a CM-5 sensor chip using standard amine
coupling procedures. For MEK1, it was a cyanoquinoline
(Figure 1), and for B-RAF it was the ureidoquinazoline used
by Sullivan et al. (17). The test compound competes for
kinase binding to the immobilized inhibitor, resulting in a
signal proportional to the free protein concentration. The chip
was calibrated using a report point of 50 s. ISAs were carried
out with a flow rate of 30 µL/min in 40 mM N-(2-
hydroxyethyl)piperazine-N′-2-ethanesulfonic acid, pH 7.4,
containing 0.2 M NaCl, 5 mM dithiothreitol, 10 mM MgCl2,
and 1% dimethyl sulfoxide. Kinases were used at around
200 nM. Surface regeneration between each injection was
carried out with 0.5% sodium dodecyl sulfate for 30 s.
Dose–response data were analyzed by nonlinear regression
with GraFit (Erithacus Software Ltd.) to estimate Kd values
by a standard dose–response equation (eq 1) if Kd .
[MEK1], or a dose–response equation that took into account
tight binding of the inhibitor to the protein (eq 2) if Kd was
not . [MEK1].
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RU is the signal (response units), RUmax is that with no
inhibitor, [MEK1] is the concentration of binding sites, and
b is background signal. The selection between eqs 1 and 2,
with or without the b term, was assisted by an F-test (18).
All reported values are geometric means from at least three
replicate measurements.

Enzyme Assays. Reactions were carried out in a final
volume of 25 µL in the same buffer as that used for ISA.
Accumulation of product was linear with enzyme concentra-

FIGURE 1: Chemical structures of protein kinase inhibitors: (A) U-0126, (B) CI-1040 and analogues, and (C) cyanoquinoline test compound
and different cyanoquinolines immobilized for MEK1 inhibition in solution assays. In CI-1040 and the alkyl amide, the R group is attached
to give an amide linkage to the core structure. In (C), R2 is attached through an ether linkage and R1 gives a free primary amine on a
propoxyl linker for the ISA compound.
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tion and time. For the B-RAF-dependent phosphorylation
of MEK1, final concentrations were 0.02 nM B-RAF, 0.2
µM nonactivated MEK1, 0.625-160 µM ATP, and inhibitor
in 1% (v/v) dimethyl sulfoxide. For the MEK1-dependent
phosphorylation of ERK2, final concentrations were 10 nM
activated MEK1, 0.25 µM ERK2, 12.5-3200 µM ATP, and
inhibitor in 1% (v/v) dimethyl sulfoxide. Reactions were
stopped after 90 min by addition of 75 µL of 66.6 mM
EDTA. A background signal where EDTA was added before
ATP was subtracted from each measured rate. The stopped
reaction (40 µL) was transferred to a black, high-binding
plate (Greiner) and placed at 4 °C overnight to allow binding.
ELISA detection of the product was performed as follows.
First, plates were flushed three times with washing buffer
[100 mM tris(hydroxymethyl)aminomethane hydrochloride,
pH 7.5, 154 mM NaCl], containing 0.1% bovine serum
albumin and 0.05% Tween 20, and then incubated for 90
min with anti-phospho MEK1 or anti-phospho ERK2 (both
from Cell Signaling Technology, Inc.). Next, plates were
rinsed three times with washing buffer and then incubated
for 90 min with horseradish peroxidase-linked anti-rabbit
antibody for phospho-MEK1 (Cell Signaling Technology,
Inc.) or horseradish peroxidase-linked anti-mouse antibody
for phospho-ERK2 (Sigma). Plates were washed three times
prior to incubation with QuantaBlu fluorogenic peroxidase
substrate (Pierce Biotechnology, Inc.), and then the fluores-
cence was measured on a Tecan Sapphire plate reader with
325 nm excitation and 420 nm emission.

Mechanism of Inhibition. This was determined by using
GraFit for nonlinear fitting to identify the most suitable rate
equation as previously described (17, 18). In the absence of
inhibitor, B-RAF-dependent phosphorylation of MEK1 fol-
lows cooperative kinetics

V)
Vmax[MEK1]free

h

K0.5 + [MEK1]free
h

(3)

where h is the Hill coefficient and K0.5 is the free MEK1
concentration giving V ) Vmax/2. PoA data were analyzed
using equations where inhibitors act by association with
substrate (MEK1) and prevent it from binding to enzyme
(B-RAF) (see Results and Discussion). The concentration
of inhibitor was varied at each of several fixed concentrations
of ATP. Equation 3 was fitted to the observed rate, using
the remaining concentration of free MEK1, which was
estimated using the relationship (19)

[MEK1]free )

√([I]- [MEK1]+ IC50)
2 + 4IC50[MEK1]- ([I]- [MEK1]+ IC50)

2
(4)

where [I] and [MEK1] are the total concentrations added to
the assay. This allowed estimation of the IC50 and Vmax at
each concentration of ATP. K0.5 and h were held constant at
the values measured in the absence of inhibitor, because
[MEK1] was not varied in the presence of inhibitor. The
variation between replicates was larger at higher values of
IC50; accordingly, geometric means of these IC50 values were
used when subsequently fitting relationships for competitive,
uncompetitive, and mixed noncompetitive inhibition (20),
respectively
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where Kmi is the midpoint concentration for the ATP
dependence of IC50, which could reflect binding of ATP to
MEK or B-RAF. The inhibition constants extrapolating to
zero and saturating ATP are respectively Kis and Kii. The
magnitudes of Kmi, Kis, and Kii were allowed to vary in order
to estimate the best-fit parameter values. For pure noncom-
petitive inhibition, IC50 is independent of ATP concentration
and so equals Ki. The mechanism of inhibition in PoA was
determined by identifying which relationship (eq 5, 6, or 7
or IC50 ) Ki) best described the ATP dependence of IC50.
Global (multivariate) regression was not used, because the
equations (eqs 8-11) gave poor quality of fit. This may be
because they did not allow for depletion of free substrate
and because the ATP dependence may be complicated,
reflecting binding to both MEK1 and B-RAF.

Global regression was used for IoC data, where inhibitor
and ATP were varied in the same fit for the equations

V)
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Km(1+ [I]/Kis)+ [ATP]
(8)
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Km + [ATP](1+ [I]/Kii)
(9)
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Km(1+ [I]/Ki)+ [ATP](1+ [I]/Ki)
(10)

V)
Vmax[ATP]

Km(1+ [I]/Kis)+ [ATP](1+ [I]/Kii)
(11)

which respectively describe competitive, uncompetitive, pure
noncompetitive, and mixed noncompetitive inhibition (20).

Isothermal Titration Calorimetry (ITC). This was carried
out using a VP-ITC instrument (MicroCal, Inc., Northamp-
ton, MA) as previously described (17) at 25 °C in the same
buffer as that used for ISA except 5 mM tris(2-carboxyeth-
yl)phosphine hydrochloride replaced 5 mM dithiothreitol.
The concentration of MEK1 was determined using a sto-
ichiometric binding inhibitor by ISA and was used at 3.5–15
µM. Compounds were diluted from a 100% dimethyl
sulfoxide stock solution, and the final dimethyl sulfoxide
concentration was adjusted to 1%. Final protein and com-
pound solutions were degassed for 7 min. Curves were fitted
by nonlinear regression using a one-site binding model
provided by MicroCal Origin software (version 5.0). Re-
ported values of ∆H°, ∆G°, and Kd are the means of at least
two titrations, and T∆S° was estimated as (∆H° - ∆G°).

RESULTS

Characteristics of Uninhibited Kinases. Compounds have
been investigated with respect to their effects on the
phosphorylation of nonactivated MEK1 by B-RAF and the
phosphorylation of ERK2 by activated MEK1. The design
of these experiments and interpretation of the results were
facilitated by first characterizing each of these processes in
the absence of inhibitors. The kinetic parameters for B-RAF-
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dependent phosphorylation of MEK1 are shown in Table 1.
The midpoint ATP concentration is similar for binding to
activated B-RAF and binding to nonactivated MEK1 and
for the kinetics of phosphorylation. Prior to phosphorylation
by B-RAF, MEK1 has no detectable catalytic activity (at
least 350000-fold lower than activated MEK1). There is no
significant shift in Km for ATP when the concentration of
MEK1 is changed from 0.15 to 0.6 µM (Figure 2A, Table
1). MEK1 dependence exhibits a Hill coefficient around
2.0-2.5 showing positive cooperativity (Figure 2B), perhaps
because phosphorylation at one site promotes phosphoryla-
tion at the other, which is four residues away. Again the
concentration of one substrate (ATP ) 10 or 100 µM) has
little effect on the midpoint concentration, K0.5, of the other
(Table 1).

Activated MEK1 has a Km(ATP) of 190 µM at 0.5 µM
ERK2 in the current work (Table 2). This is only 3.5-fold
lower than the reported Kd(ATP) of 700 µM for nonactivated
ERK2 (21), so that it is difficult to ascertain whether the
rate in IoC is affected by association of ATP with ERK2 or
MEK1. The measured Km for ERK2 is over 3 µM at 200
µM ATP. The Km(ATP) for activated MEK1 is 71-fold
higher than the Kd from the nonactivated form. This could
reflect decreased affinity after activation or the effects of
additional kinetic steps when there is catalysis rather than
only binding. Nonphosphorylated MEK1 and phosphorylated
MEK1 exhibit Kd values around 2 µM for ATP analogues
(22), which are similar to the Kd ) 2.7 µM for ATP binding
nonactivated MEK1.

PreVention of ActiVation. In order to characterize effects
on PoA, compounds were evaluated in assays, which
followed the B-RAF-dependent phosphorylation of nonac-
tivated MEK1. Data were analyzed using eqs 3 and 4, where
the inhibitor acts by binding MEK1 rather than B-RAF. The
evidence for this mode of action is considered in the
Discussion. All inhibitor dose–response studies were per-
formed at 0.2 µM MEK1, so the parameters K0.5 and h were
held constant at the values obtained in the absence of
inhibitor, 0.23 µM and 2.0, respectively (Table 1). A
representative data set for U-0126 at 40 µM ATP is shown
to give an acceptable quality of fit (Figure 3). During this
fit, [MEK1] was allowed to vary, because depletion of the
low inhibitor concentrations by binding to this protein
allowed calculation of a best-fit value of 0.19 ( 0.02 µM,
which agreed with the added concentration (determined by
ISA and ITC) of 0.20 µM. Most data sets gave higher IC50

values, so that estimated [MEK1] lacked precision because
depletion of inhibitor was less significant. Accordingly, the
value of [MEK1] was held constant at 0.20 µM to generate
the results reported in Figure 4.

Inhibition of Catalysis. In order to characterize the effects
on IoC, compounds were tested in assays, which followed
the phosphorylation of ERK2 by activated MEK1. Data were
analyzed using rate eqs 8-11, where the inhibitor binds to
activated MEK1. The evidence relating to this mechanism
is considered in the Discussion. Representative IoC results
are shown in Figure 5, where U-0126 follows pure noncom-
petitive kinetics (eq 10) that reduce Vmax and do not change
Km. Different ATP concentrations were used in PoA and IoC
(Figure 4), because its affinity changes from Kd ) 2.7 µM
to Km ) 190 µM, following the activation of MEK1.

Characteristics of Compounds. Compounds were evaluated
in PoA, IoC, and binding assays (ISA and ITC). The aim
was to provide complementary data from orthogonal assays
in order to obtain an integrated insight into the mode of
action. The assigned mechanisms of inhibition, together with
calculated inhibition constants, are given in Table 4. The
IoC data are less noisy than those from PoA (Figure 4),
perhaps because the consequences of binding to an enzyme
(in IoC) are amplified by multiple catalytic events, unlike
the consequences of binding to a substrate (in PoA). There
are some systematic deviations in the fits to IC50 against ATP
concentration, suggesting that the assigned mechanisms may
be an approximation, rather than a precise description of the
system. The deviations could reflect interaction between
substrates or cooperative effects.

The IC50 values represent apparent inhibition constants
under the conditions of the assay. There is no evidence for
these IC50s being perturbed by nonspecific inhibition (see
ref 23) or slow binding (where potency changes over time).

(1) U-0126. In PoA, inhibition is assigned as mixed
noncompetitive (eq 7), Kis ) 0.48 µM and Kii ) 0.10 µM,
because potency changes up to 5-fold with ATP concentra-
tion (Figure 4). These characteristics show similarities with
the affinity of binding to nonactivated MEK1, which is little
affected by the degree of saturation with ATP (Tables 3 and
5), with ITC giving midpoints, which are close to the
inhibition constants from PoA. The affinity measured by ISA
is higher than that in ITC (see below). The IC50 in IoC is
independent of ATP concentration, following pure noncom-
petitive kinetics (eq 10), Ki ) 1.3 µM (Figure 4). A decrease
in potency has been reported on moving from PoA using
C-RAF to IoC using ERK2 [IC50s of 0.3 and 20 µM (24)].
The higher IoC IC50 may reflect reported chemical instability
of U-0126 (25).

(2) CI-1040. This compound tends toward giving uncom-
petitive inhibition in PoA (eq 6), Kii ) 0.31 µM, indicating
that inhibition when ATP is below Kmi is much weaker than
when it is saturating (Figure 4). This is similar to the
midpoint for binding to nonactivated MEK1 in ISA decreas-
ing 22-fold to 0.074 µM following addition of 5 µM ATP
(Table 3). The observation of CI-1040 preventing activation
by B-RAF is in agreement with a previous report of it
preventing C-RAF-dependent activation (24). Inhibition is
not affected by ATP concentration in IoC, because it is pure
noncompetitive (eq 10), with Ki ) 0.19 µM (Figure 4).

(3) Anthranilic Acid. The IC50 of this CI-1040 analogue
in PoA changes little with ATP concentration, approximating

Table 1: Kinetic Characteristics for Phosphorylation of MEK1 by
B-RAFa

parameter value

Kd(ATP) from activated B-RAF 7.8 ( 2.2 µM
Kd(ATP) from nonactivated MEK1 2.7 ( 0.1 µM
Km(ATP) at 0.15 µM MEK1 15 ( 8 µM
Km(ATP) at 0.6 µM MEK1 13 ( 2 µM
K0.5(MEK1) at 10 µM ATP 0.22 ( 0.06 µMb

Hill coefficient for MEK1 at 10 µM ATP 2.0 ( 0.4b

K0.5(MEK1) at 100 µM ATP 0.23 ( 0.05 µMb

Hill coefficient for MEK1 at 100 µM ATP 2.5 ( 0.3b

kcat 0.66 ( 0.30 s-1

kcat/K0.5(MEK1) 3.0 × 106 s-1 M-1

a Kd values were estimated using ISA. b Followed cooperative
kinetics.K0.5 is the concentration giving 50% maximal rate. kcat is the
catalytic rate constant (mole of product per mole of enzyme per second).
Each measurement was made in duplicate in at least two experiments.

5020 Biochemistry, Vol. 47, No. 17, 2008 VanScyoc et al.



to pure noncompetitive inhibition, Ki ) 0.45 µM (Figure
4). This is consistent with the binding to nonactivated MEK1
in ISA and ITC, giving midpoints between 0.11 and 0.40
µM (Tables 3 and 5). In IoC, the mean IC50 increases only
1.7-fold on moving from 12.5 to 3200 µM ATP, consistent
with pure noncompetitive kinetics (eq 10), Ki ) 1.0 µM
(Figure 4).

(4) Akyl Amide. In PoA, this compound appears to require
prior binding of ATP, giving uncompetitive inhibition (eq
6), Kii ) 2.4 µM (Figure 4). This is similar to the binding
affinity for nonactivated MEK1, where the midpoint de-
creases over 17-fold to 2.9 µM following addition of 5 µM
ATP (Table 3), and is 0.66 µM at 100 µM ATP (Table 5).
Conversely, in IoC, the alkyl amide is not affected by the

degree of saturation with ATP, exhibiting pure noncompeti-
tive kinetics (eq 10), Ki ) 2.7 µM (Figure 4).

(5) Cyanoquinoline. The IC50 values in PoA are indepen-
dent of ATP concentration, consistent with pure noncompeti-
tive inhibition, Ki ) 1.29 µM (Figure 4). This compound
appears to have tighter, stoichiometric binding to nonacti-

FIGURE 2: ATP and substrate dependence for phosphorylation of MEK1 and ERK2. (A) ATP dependence for phosphorylation by 0.01 nM
B-RAF at (O) 0.15 µM and (b) 0.6 µM MEK1. The lines are drawn using the best-fit values for the Michaelis–Menten equation, which are
Vmax ) 0.16 ( 0.01 nM/min, Km ) 17 ( 3 µM at 0.15 µM MEK1 and Vmax ) 0.64 ( 0.02 nM/min, Km ) 21 ( 2 µM at 0.6 µM MEK1.
(B) MEK1 dependence for phosphorylation by 0.1 nM B-RAF at 10 µM ATP. The line is drawn using the best-fit values for the Hill
equation (eq 3), which are Vmax ) 4.8 ( 0.2 nM/min, K0.5 ) 0.18 ( 0.01 µM, and Hill coefficient ) 2.3 ( 0.2. (C) ATP dependence for
phosphorylation by 5 nM MEK1 at 0.5 µM ERK2. The line is drawn using the best-fit values for the Michaelis–Menten equation, which
are Vmax ) 0.40 ( 0.03 nM/min and Km 190 ( 30 µM.

Table 2: Kinetic Characteristics for Phosphorylation of ERK2 by
MEK1a

parameter value

Km(ATP) at 0.5 µM ERK2 190 ( 30 µM
Km(ERK2) at 0.15 µM ATP >3 µM
kcat >0.007 s-1

kcat/Km(ATP) >39 s-1 M-1

a Could not measure rate at sufficiently high concentrations of ERK2
to allow estimation of Km. kcat is the catalytic rate constant (mole of
product per mole of enzyme per second). Each measurement was made
in duplicate in at least two experiments.

FIGURE 3: Dose–response curve for U-0126 inhibiting phosphory-
lation of MEK1 by B-RAF. Concentrations were 0.2 µM MEK1,
0.02 nM B-RAF, and 40 µM ATP. The line is drawn using the
best-fit values for inhibitor binding to substrate (eqs 3 and 4), IC50
) 0.28 ( 0.04 µM, [MEK1] ) 0.19 ( 0.02 µM, Vmax ) 66000 (
6000 units, and background rate ) 2900 ( 400 units. The values
of K0.5 and h were held constant at 0.23 µM and 2.0, respectively.
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vated MEK1 in the absence of B-RAF, because ISA gives a
Kd <0.1 µM in the presence or absence of 5 µM ATP (Table
3). Kd could not be measured in ITC, due to insufficient heat
change following addition of the compound. In IoC, the

cyanoquinoline follows ATP-competitive kinetics (eq 8), Kis

) 0.14 µM (Figure 4).
Thermodynamics of Binding. ITC was used to measure

affinity, enthalpy, entropy, and stoichiometry of binding,
whereas ISA yields only Kd values. Unlike ISA, ITC is a
direct binding assay that does not require displacement of
another inhibitor. The techniques are complementary in that
ISA allows characterization of binding of the cyanoquinoline,
which is not detected in ITC.

In ITC, ATP, U-0126, the anthranilic acid, and the alkyl
amide each exhibit a stoichiometry close to 1, which is
consistent with specific binding to nonactivated MEK1 (Table
5). For ATP or the anthranilic acid, the Kd values from ITC
are within 1.6-fold of those from ISA (Tables 1 and 3).

FIGURE 4: ATP dependence of IC50: (O) B-RAF-dependent phosphorylation of MEK1 (PoA); (b) MEK1-dependent phosphorylation of
ERK2 (IoC). Panels: (A) U-0126, (B) CI-1040, (C) anthranilic acid, (D) alkyl amide, and (E) cyanoquinoline. IoC IC50s were estimated by
fitting to eq 1, modified to use rates in place of RUs and IC50 in place of Kd. PoA IC50s were estimated by fitting to eqs 3 and 4, with the
values of K0.5 and h held constant at 0.23 µM and 2.0, respectively. Lines are drawn using the best-fit parameter values (Table 4): dashed
lines for PoA and solid lines for IoC. The mean Kd values from ISA and ITC are shown as (4) and (0), respectively.

Table 3: Kd Values for Nonactivated MEK1 from ISAa

inhibitor Kd (µM) app Kd with 5 µM ATP (µM)

U-0126 0.043 ( 0.031 0.064 ( 0.040
CI-1040 1.6 ( 1.2 0.074 ( 0.038
anthranilic acid 0.30 ( 0.16 0.24 ( 0.11
alkyl amide >50 2.9 ( 2.4
cyanoquinoline <0.1 <0.1

a Each compound has a Kd > 10 µM for activated B-RAF. Each
measurement was made in duplicate in at least three experiments.
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U-0126, however, has a 4.4-fold higher Kd in ITC. The
observed stoichiometry suggests that this is not due to the
reported instability of U-0126 (25). Binding of U-0126 may
be sensitive to the different concentrations of MEK1 in ISA
and ITC. The observed heat change is similar to the heat of
dilution when the alkyl amide or cyanoquinoline is titrated
into free MEK1. The alkyl amide result is consistent with
ISA, which does not detect binding to free MEK1 (Table
3). In the presence of 100 µM ATP, the alkyl amide has a
midpoint of 0.66 µM, suggesting that the free enzyme data
could be due to Kd being over 50 µM. The cyanoquinoline
again gives only the heat of dilution when titrated into MEK1
in the presence of 100 µM ATP. Given that ISA indicates
binding (Table 3), it could be that the association of this
compound with MEK1 gives a heat change that is too small
to detect. Insight into the mechanism is obtained from
measurements at 100 µM ATP, which is approaching
saturation (Table 5). The ATP dependence in binding is
similar to that in PoA for U-0126, the anthranilic acid (both
noncompetitive), and the alkyl amide (which is uncompeti-
tive; Table 4).

DISCUSSION

Comparison with PreVious Studies. Nonactivated wild-
type MEK1 has been reported to have Vmax ) 0.001 s-1, Km

ATP ) 308 µM, and Km[ERK2(Lys52Ala)] ) 19 µM (10),
which is similar to the lack of detectable catalysis by
nonactivated MEK1 in the current work. Following phos-
phorylation by v-Mos, these parameters change respectively
to 0.024 s-1, 3.5 µM, and 0.34 µM. The differences relative
to Table 2 could reflect changes in the MEK or ERK
constructs, following specific phospho transfer (current work)
rather than total phospho transfer (10), or changes in other
assay conditions.

Several studies have used constitutively active MEK
enzyme that has been mutated to mimic phosphorylation.
Such a model has not been used in the current work, where
the nonactivated MEK contained Ser217 and Ser221 or the
activated enzyme was phosphorylated at these positions.
Limited data suggest that constitutively active mutant MEK
resembles the nonactivated enzyme. U-0126 follows ATP-

noncompetitive kinetics in both PoA (Kis ) 0.48, Kii ) 0.10
µM) and IoC (Ki 1.3 µM) (Table 4). Similar inhibition
constants (Ki ) 0.041 µM -0.109 µM) in IoC by constitu-
tively active mutant MEK1 and weaker inhibition in IoC by
phosphorylated wild-type MEK1 have been reported for
U-0126 (8). CI-1040 has an apparent Kd ) 0.074 µM from
nonactivated MEK1 in the presence of 5 µM ATP (Table 3)
and a Ki ) 0.19 µM in IoC (Table 4). This compound has
an IC50 ) 0.017 µM against double mutant MEK (7). The
mutant MEK has Km(ATP) ) 5.6 µM (26), which is similar
to the Kd from nonactivated MEK1 of 1.9-2.7 µM in the
current work.

Molecular Mechanism of Inhibition. Several observations
suggest that each of these compounds may act by binding
to MEK1, rather than B-RAF, in order to give PoA. First,
each compound inhibits catalysis by activated MEK1 in the
absence of B-RAF. Also, none of the compounds compete
with the immobilized ureidoquinazoline binding to activated
B-RAF (Table 3). Conversely, they have mean PoA IC50s
of 0.33-5.4 µM at 2.5 µM ATP (Figure 4) and apparent Kd

values of 0.064-2.9 µM when binding to nonactivated
MEK1 at 5 µM ATP (Table 3). The compounds do, however,
vary in terms of the relationship between potency in PoA
(Table 4) and affinity for nonactivated MEK1 (Tables 3
and 5).

The evidence above also suggests that they may bind to
activated MEK1 in order to inhibit phosphorylation of ERK2,
although it is possible that affinity and activity change
according to the activation state and molecular partners for
MEK1. Three of the compounds (CI-1040, the anthranilic
acid, and the alkyl amide) have potencies in IoC where
MEK1 is the enzyme, which are similar to those in PoA
where MEK1 is the substrate and ERK2 is absent (Table 4).
Furthermore, four compounds (U-0126, CI-1040, and its two
analogues) exhibit mean IC50s below 3 µM when MEK1
phosphorylates ERK2 (Figure 4), and when present at 10
µM, each gives less than 25% inhibition when MEK1 is
absent during ERK2-dependent phosphorylation of myelin
basic protein (not shown).

The equations (eqs 3 and 4) used to analyze PoA data are
based on the hypothesis that the compound competes with
B-RAF for binding to MEK1 (Figure 6). X-ray crystal-
lography shows that association with PD318088 leads MEK1
to adopt an inactive conformation (12). This compound is
similar to CI-1040, the anthranilic acid, and the alkyl amide,
so they are likely to induce a similar conformation of MEK1.
These conformation changes may prevent binding to B-RAF.
This model is consistent with our preliminary data for CI-
1040, which indicate an increase in PoA IC50 when the
concentration of MEK1 is increased (not shown). In similar
PoA assays, a pyrazolourea, which induces a different
conformation change in p38R, appears to follow substrate-
competitive kinetics when inhibiting MKK6-dependent phos-
phorylation of p38R (17).

Hypothetical mechanisms for PoA may be suggested for
CI-1040, the anthranilic acid, and the alkyl amide (Figure
6). Binding of PoA inhibitor to MEK1 is proposed to block
association with B-RAF. The value of Kis may reflect binding
to free MEK1, extrapolating to zero ATP, whereas Kii could
relate to binding to the MEK ·ATP complex at saturating
ATP, where ATP dependence (Kmi in eqs 5-7) may be the
Kd for ATP binding to MEK1. The ATP-noncompetitive

FIGURE 5: Inhibition of MEK1-dependent phosphorylation of ERK2
by U-0126. Rates were measured at 10 nM MEK1 and 0.25 µM
ERK2. The lines are drawn using the best-fit parameter values from
global fitting of eq 10, which are Vmax ) 28000 ( 1000 units, Km
) 160 ( 10 µM, and Ki ) 0.95 ( 0.07 µM. Concentrations of
U-0126 were (b) 0 µM, (9) 0.14 µM, (2) 0.41 µM, (1) 1.2 µM,
and ([) 3.7 µM. For clarity, data at six further concentrations are
not shown.
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kinetics for the anthranilic acid are consistent with it binding
MEK1 and the MEK1 ·ATP complex with similar affinities
(Tables 3 and 5). CI-1040 and the alkyl amide each follow
ATP-uncompetitive kinetics, consistent with binding to
MEK1 being favored by prior association with ATP (Tables
3 and 5). This hypothesis is consistent with CI-1040 and
the alkyl amide giving ATP-dependent IC50 values, where
the Kmi(ATP) values estimated from eq 6 are 0.74 and 1.4
µM, respectively, which are close to the Kd for ATP from
nonactivated MEK1 (1.9-2.7 µM, Tables 3 and 5). In the

crystal structure of a complex between nonactivated MEK1,
ATP, and PD318088, the alkoxy amide side chain of the
inhibitor interacts with bound ATP and with Lys96, which
forms part of the ATP pocket (12). These interactions may
contribute to the observed requirement for prior association
with ATP when CI-1040 and the alkyl amide bind to
nonactivated MEK1. The anthranilic acid lacks this side
chain, perhaps explaining why ATP is not required.

The mixed noncompetitive ATP dependence of IC50 for
U-0126 (eq 7) gives a Kmi ATP ) 20 µM, which is close to
the Km(ATP) ) 14 µM for B-RAF in the absence of inhibitor.
It may be that this value is inaccurate, reflecting noise in
the data (Figure 4), and U-0126 follows the same pure
noncompetitive mechanism as the anthranilic acid. Alterna-
tively, U-0126 could bind to MEK1 in a complex with
B-RAF, which has not been detected in this work because
MEK1 and inhibitor have not been varied in the same
experiment. This mechanism could mean that the IC50 values
from eqs 3 and 4 are not accurate. For the cyanoquinoline,
potency in PoA (Ki ) 1.29 µM) is weaker than Kd (<0.1
µM), suggesting that it reduces the affinity of MEK1 for
B-RAF, rather than completely preventing binding. The ATP-
noncompetitive inhibition by this compound in PoA (Figure
4) was not expected and may reflect a direct or indirect link
with the site used by CI-1040. This idea is consistent with
the observation that a related immobilized cyanoquinoline
competes with each of the compounds for binding to MEK1
(Table 3), despite them having different mechanisms of
action. It could be that the cyanoquinoline uses different
binding modes, depending upon the MEK1 activation status.
Similarly, there is precedent for a compound showing
different binding modes for two related kinases: Gleevec

Table 4: Kinetic Characteristics of MEK Inhibitorsa

U-0126 CI-1040 anthranilic acid alkyl amide cyanoquinoline

B-RAF-Dependent Activation of MEK1 (PoA)

Kis (µM) 0.48 ( 0.02 ND ND ND ND
Kii (µM) 0.10 ( 0.01 0.31 ( 0.02 ND 2.4 ( 0.6 ND
Ki (µM) ND ND 0.45 ( 0.09 ND 1.29 ( 0.14
mechanism mixed UC PNC UC PNC

MEK1-Dependent Phosphorylation of ERK2 (IoC)

Kis (µM) ND ND ND ND 0.14 ( 0.04
Ki (µM) 1.3 ( 0.3 0.19 ( 0.04 1.0 ( 0.2 2.7 ( 0.7 ND
mechanism PNC PNC PNC PNC C

IoC/PoAb 13 0.61 2.2 1.1 0.11
a PoA, prevention of activation; IoC, inhibition of catalysis. Kis and Kii are respectively the inhibition constants when [ATP] is at negligible or

saturating concentrations. C, competitive; MNC, mixed noncompetitive; PNC, pure noncompetitive (Ki reported, which is ≈Kis ≈ Kii); UC,
uncompetitive. ND, not determined. b Ratio of inhibition constants. PoA values are from fitting the ATP dependence of IC50 (eq 5 to eq 7); IoC values
are from global fitting (eq 8 to eq 11); see Experimental Procedures. Values for Kmi(ATP) in PoA were 20 ( 5 µM for U-0126, 0.74 ( 0.15 µM for
CI-1040, and 1.4 ( 0.6 µM for alkyl amide. Km(ATP) was 140 ( 40 µM for cyanoquinoline in IoC. Each study involved duplicate measurements and
was repeated three times.

Table 5: Thermodynamics for Binding to Nonactivated MEK1a

(100 µM ATP Kd (µM) ∆G° (kcal/mol) ∆H° (kcal/mol) T∆S° (kcal/mol) n

ATP 1.9 ( 0.4 -7.8 ( 0.1 -15.6 ( 2.0 -7.8 ( 2.1 0.95 ( 0.03
U-0126 - 0.19 ( 0.01 -9.2 ( 0.1 -17.4 ( 0.4 -8.2 ( 0.2 0.91 ( 0.29

+ 0.17 ( 0.01 -9.3 ( 0.1 -9.5 ( 1.1 -0.2 ( 0.2 1.1 ( 0.1
anthranilic acid - 0.40 ( 0.18 -8.7 ( 0.3 -12.0 ( 1.0 -3.3 ( 1.2 1.1 ( 0.1

+ 0.11 ( 0.03 -9.5 ( 0.2 -8.1 ( 1.4 1.4 ( 1.6 1.2 ( 0.4
alkyl amide - >50b

+ 0.66 ( 0.15 -8.4 ( 0.1 -2.3 ( 0.1 6.1 ( 0.2 1.3 ( 0.1
a Each measurement was made between two and five times. b Binding not detected by ITC; value from ISA.

FIGURE 6: Possible kinetic scheme for prevention of activation. The
different complexes within brackets cannot be distinguished in these
experiments. The parentheses indicate which kinase is bound by
the ligand. Kd and Kd′ are respectively the dissociation constants
for I from the MEK · I complex in the absence of ATP and the
MEK ·ATP · I complex at saturating ATP. KdATP is the dissociation
constant of ATP from MEK. Km is that for ATP when B-RAF
phosphorylates MEK.
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extends from the ATP site into an adjacent “selectivity
pocket” on ABL (27), whereas it uses only the ATP site on
SYK (28).

In PoA assays with certain compounds at some concentra-
tions of ATP, there is a small, reproducible residual rate at
saturating concentrations of inhibitor (Figure 3). This may
represent partial inhibition, which has been reported during
inhibition of p38-dependent phosphorylation of MK2a (29)
and MKK6-dependent phosphorylation of p38 (17).

In ITC, U-0126 and the anthranilic acid each exhibit ∆G°
values, which change little on moving from the free enzyme
to the enzyme-ATP complex (Table 5). The enthalpies of
binding show larger changes, indicating enthalpy–entropy
compensation, which is common in biological systems (30).
There is a lower entropic penalty for binding of either U-0126
or the anthranilic acid to the MEK1 ·ATP complex, suggest-
ing that prior association with ATP reduces the conforma-
tional flexibility of the inhibitor binding site.

The cyanoquinoline shows around 9-fold lower potency
in PoA than in IoC, and it has a Kd from nonactivated MEK1
<0.1 µM, which could be similar to the Kis ) 0.14 µM in
IoC by activated MEK1. Phosphorylation on the activation
loop is known to cause large conformation changes in several
protein kinases, which may explain the different ATP
dependencies for this compound in PoA and IoC. The
cyanoquinoline is ATP-competitive in IoC, and eq 8 gives
an estimate of Km for ATP ) 140 µM, which is similar to
that in the absence of inhibitors. ATP-competitive inhibition
is expected, given the structural similarity to adenine and
precedence of quinolines binding in the purine site of other
protein kinases (4, 31, 32).

Effects of Assay Format on Potency. Kinase drug discovery
often involves ranking of compound potency in assays that
follow IoC when ATP is present around its Km concentration.
In terms of IC50, the compounds under investigation rank
CI-1040 ≈ cyanoquinoline < anthranilic acid ≈ U-0126 <
alkyl amide (Table 6). However, four of the compounds give
a Kd for nonactivated MEK1 in ISA, which varies between
30-fold lower and over 18-fold higher than this IoC IC50,
with U-0126 becoming the most potent and CI-1040 the least
potent. (The Kd for the cyanoquinoline is excluded from this
comparison, because its precise value has not been mea-
sured.) In PoA at Km(ATP), U-0126 again is the most potent
compound, becoming more potent than CI-1040, the cyano-

quinoline, and the anthranilic acid. These shifts in IC50 arise
because the compounds exhibit different Ki values or ATP
dependence in PoA relative to IoC (Table 4). For U-0126,
CI-1040, the acid, and the amide, the ATP dependence in
binding assays is similar to that in PoA (Figure 4, Tables
3-5). The changes in ATP dependence between compounds
lead to the assay format having quite different effects on
potency (Table 6):

(1) When the ATP concentration equals Km, IC50 in PoA
varies between 4.6-fold higher and 7.7-fold lower than that
in IoC.

(2) Kd in an affinity screen against nonactivated MEK1
would be over 8-fold higher than IC50 in IoC for CI-1040
and the alkyl amide (Tables 3 and 4). The Kd in ISA is lower
than IoC IC50 for U-0126 and the anthranilic acid.

(3) The cyanoquinoline is ATP-competitive in IoC; ac-
cordingly, its IC50 increases over 5-fold on moving the ATP
concentration from Km to physiological (approximately 2
mM). The change is less than 2-fold for the other four
compounds (Figure 4, Table 6).

(4) Despite the structural similarities between CI-1040,
the anthranilic acid, and the alkyl amide (Figure 1), these
three compounds follow different mechanisms in PoA and
binding to nonactivated MEK1 (Tables 3-5). Binding of CI-
1040 or the alkyl amide is strongly favored by prior
association with ATP. A similar effect has been seen for
another CI-1040 analogue, PD0325901 (22). Conversely,
the anthranilic acid has similar affinities in the presence and
absence of ATP. CI-1040 and the alkyl amide change
mechanism from ATP-uncompetitive in PoA to pure non-
competitive in IoC, possibly reflecting a difference in the
MEK phosphorylation state or the change in partner from
B-RAF to ERK2.

Affinity screening is increasingly being used to identify
compounds of interest in drug discovery. Techniques de-
ployed include X-ray crystallography (33), NMR (34),
thermal stabilization (35), mass spectrometry (36), or dis-
placement assays (37). The measured Kd values (Tables 3
and 5) have implications for the results, which would be
obtained from affinity screening against free, nonactivated
MEK1. Binding assays could underestimate the biological
activity of CI-1040 or the alkyl amide, but not the anthranilic
acid. This illustrates the potential value in using affinity
screening against a mixture containing the MEK ·ATP
complex rather than the free enzyme. This principle appears
to be widely applicable, because around 30% of drugs require
prior binding of another ligand (38).

These results highlight aspects of drug discovery applied
to MEK:

(1) A single compound gives different IC50 values against
the same target protein in different assays, which introduces
challenges into evaluation of potency and selectivity (5).
Similarly, three compounds previously have been shown to
have quite different potencies against p38R MAP kinase,
according to whether the assay follows PoA or IoC (17). A
biarylbutyranilide is much more potent against p38R when
MK2a rather than ATF-2 is used as the substrate (29). The
current work illustrates that determination of the mechanism
of action and measurement of inhibition constants help to
understand the structure–activity relationships of MEK
inhibitors.

Table 6: Inhibitor Potency in Different Assay Formatsa

U-0126 CI-1040
anthranilic

acid
alkyl
amide cyanoquinoline

IC50 at [ATP] ) Km

in IoC (µM)
1.3 0.19 1.0 2.7 0.28

relative IC50 1.0 1.0 1.0 1.0 1.0
Kd for nonactivated

MEK1 (µM)
0.043b 1.6 0.30 >50 <0.1

relative to IoC IC50 0.033c 8.4 0.30 >18 <0.36
IC50 at ATP ) Km

in PoA (µM)
0.17 0.62 0.45 4.8 1.29

relative to IoC IC50 0.13 3.3 0.45 1.8 4.6
IC50 at 2 mM

ATP in IoC (µM)
1.3 0.19 1.0 2.7 1.6

relative to IoC IC50 1.0 1.0 1.0 1.0 5.7
a Kd values from ISA. b Kd from ITC ) 0.19 µM. c 0.15 for Kd from

ITC. IC50 values calculated from eqs 5-7 using inhibition constants in
Table 4; Km(ATP) ) 14 µM in PoA (Table 2) and 190 µM in IoC
(Table 3).
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(2) Assays can be designed to favor compounds that bind
at different sites and with different modes of action. This
phenomenon can be exploited to identify compounds with
diverse chemical and biological properties and so give
alternative options for candidate drugs. The target protein
kinase may be in a nonactivated or activated state; it could
be in a balanced distribution between free enzyme and
various intermolecular complexes that arises from selection
of appropriate ligand concentrations.
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