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Thermodynamics of Nucleotide and Non-ATP-Competitive Inhibitor Binding to
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ABSTRACT. MEK1 is a member of the MAPK signal transduction pathway that responds to growth factors
and cytokines. A wealth of information about the enzymatic activity of MEK1, its domain functions, and
inhibitor action is available; however, the thermodynamic properties of the interaction between MEK1
and ligands, such as nucleotides and non-ATP-competitive inhibitors, have not been reported. This study
describes the thermodynamic parameters for the binding interactions of MEK1, nucleotides, and non-
ATP-competitive inhibitor complexes using temperature-dependent circular dichroism (TdCD) and
isothermal titration calorimetry (ITC). Non-phosphorylated MEK1 (npMEKZ1) has a high affinity for both
AMP-PNP and ADP K4 ~2uM). The binding is enthalpically favored and Mg-dependent. The active,
phosphorylated form of MEK1 (pMEKZ1) bound nucleotides with a similar high affirty ¢2uM) and

had a thermodynamic profile and Mg-dependence similar to that of the non-phosphorylated form. The
non-ATP-competitive MEK1 inhibitors, U0126 and PD0325901, showed no preference for npMEK1 and
PMEKZ1 by TdCD. TdCD results also showed that these inhibitors are more potent in the presence of the
nucleotide than in its absence. The ternary complex, MMPKD325901nucleotide, showed synergistic
binding as evidenced by a large, non-additive shift in the midpoint of the protein unfolding transition
(Tm). This was apparent for both npMEK1 and pMEK1 using either ADP or AMP-PNP. ITC binding
studies confirmed the synergistic binding effect. The ITC-determined affinity of nucleotide (AMP-PNP,
ADP) binding to the npMEK1PD0325901 complex was enhanced nearly 5-fold compared to nucleotide
binding to npMEK?1 alone. In addition, the affinity of PD0325901 binding to npMEKitleotide complexes

was increased nearly 10-fold relative to the affinity of PD0325901 for npMEK1 alone. These are the first
thermodynamic binding studies that characterize the affinity of the allosteric non-ATP-competitive inhibitors
U0126 and PD0325901 with and without the nucleotide. The results indicate these allosteric inhibitors
have a dynamic range in the type of MEK1 activation states and nucleotide complexes that they can bind.

MEK1 is a member of the mitogen activated protein kinase activators of ERK1/2, and ERK1/2 are the only known
(MAPK) cascade. This highly conserved eukaryotic signaling substrates of MEK1/21( 7).
pathway links cellular responses to extracellular stimuli, such  MEK1/2 are regulated and activated by Raf phosphory-
as growth factors and cytokinek @). MAPKSs are organized  |ation on two serine residues in the T-loop, Ser218 and
as evolutionarily conserved modules composed of three Ser222 8MANS) (8, 9). Dual phosphorylation on both serine
sequentially activating kinases: an upstream MAPK kirase  residues is required for activatioh@). The dephosphorylated
kinase (MAPKKK, Raf), which phosphorylates and activates forms of MEK1/2 have extremely low activity, which is
the MAPK kinase (MAPKK, MEK), which in turn phos-  increased 5000-fold after maximal phosphorylation with
phorylates and activates the kinase MAPK (ERR). (The c-Raf in a coupled assag)( Substitution of the T-loop serine
MEK/ERK signaling module is the predominant MAPK residues with negatively charged amino acids, such as
pathway mediating responses to both proliferative and aspartate or glutamate, partially mimics the phosphorylation
differentiating signals3, 4). modification and results in a constitutively active kinabk-(

MEKZ1/2 are dual specificity kinases that activate ERK1/2 14). For example, the specific activity of the S218D/S222D
via phosphorylation of Thr and Tyr residues in the regulatory MEK1 is 300-fold greater than the basal activity of the wild-
activating lip or T-loop TEY) of ERK1/2 (). Unlike many type enzyme 15).
other kinases, MEK1/2 apparently require both the correct As might be expected for a protein kinase that resides
phosphorylated T-loop residues and the native ERK1/2 within an important growth control pathway, MEK1 is a
tertiary fold for recognition and activation. MEK1/2 do not  well-studied pharmacologic target for cancer therapy, and a
phosphorylate ERK1/2 peptides nor do they phosphorylate number of MEK1 inhibitors have been reported. (Many
denatured ERK1/2). The interaction between MEK1/2 and  of these inhibitors are non-competitive with ATP and appear
ERK1/2 is unusually specific: MEK1/2 are the only known to bind in an allosteric site that is distinct from the ATP
binding pocket €, 16). Examples of such MEK1 inhibitors
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and U0126 compete for the same or overlapping pockets
through equilibrium binding experiments using radioactively
labeled compoundd.9). A genetic screen in yeast identified
amino acids in MEK1 that affect PD184352 hinding and
defined a region in the N-terminal domain where this
compound likely binds 20). The high-resolution crystal
structures of MEK1 and MEK2 in a ternary complex with
ATP and PD184352-like inhibitors confirmed that the
allosteric inhibitor binding site in MEK1 is distinct but
adjacent to the ATP binding sit@Z).

An analysis of the MEK1 ternary complex crystal structure
indicates that PD184352-like inhibitors “bind and stabilize
a naturally occurring inactive conformation of the protein”
(22). Because the structures of apo, nucleotide only, and
phosphorylated MEK1 have not been determined, it is
difficult to differentiate between native and inhibitor-induced
alterations to the classical kinase fold. Nevertheless, the
reported X-ray structure for the non-phosphorylated state in
complex with PD184352-like inhibitors (PD313088,
PD334581) suggests that these inhibitors can bind to a low
activity form of MEKZ1 with significant conformational
changes at the beginning of the activation loop and a shift
in the location of helix C Z2).

Biochemical studies show conflicting data as to whether
allosteric MEK1 inhibitors target the active or inactive form
of MEK1. In one study, U0126 and PD184352 prevented
the activation (hence phosphorylation) of MEK1 rather than
blocked its kinase activity2Q). In a separate study, PD98059
did not inhibit phosphorylated MEK1 but instead appeared
to prevent the Raf-mediated activation (i.e., phosphorylation)
of wild-type MEK1 (17). These two reports suggest that
U0126 and PD98059 may preferentially target the inactive
form of MEK1. However, in a subsequent report, PD98059
and U0126 preferentially inhibited a recombinant, constitu-
tively activated version of MEK1,AN3-S218E/S222D,
versus the wild-type 19). This result suggests that the
inhibitors primarily target the activated form of the kinase.
Recently, it was shown that PD184352 did not inhibit MEK
phosphorylation by Rain vitro or in vizo and was even
found to increase MEK1 phosphorylation with increasing
inhibitor concentrations 20). Thus, the mechanism of
inhibition for these non-ATP-competitive inhibitors is still
not entirely clear.

A full understanding of MEK1 allosteric inhibition requires

Biochemistry, Vol. 46, No. 5, 20071359

MEK?2-inhibitor and ternary MEK4inhibitor-nucleotide com-
plexes studied by temperature-dependent circular dichroism
(TdCD) and isothermal titration calorimetry (I/CThe non-
ATP-competitive inhibitors used in this study are U0128)(

and a PD184352-like analogue, PD0325901, which is cur-
rently in Phase Il clinical trials1(6, 24).

MATERIALS AND METHODS

Materials.PD0325901 was synthesized at Schering-Plough
Research Institute. Its identity was confirmed by NMR and
LC-MS. U0126 was obtained from Calbiochefi®). These
two MEKZ1 inhibitors were selected for study because they
represent two different chemotypes, yet they are both
allosteric inhibitors that are non-competitive with ATP.
Furthermore, the crystal structure of MEK1 in a ternary
complex with a PD0325901-like inhibitor and ATP has been
reported 22). The nucleotides (ATRS, AMP-PCP, AMP-
PNP, ADP, and AMP) used in this study were obtained from
Sigma. Several nucleotides and nucleotide analogues are
known to hydrolyze when bound to MEK2%). LC-MS was
used to measure the phosphorylation of ERK2 under the
conditions used for these direct binding studies. LC-MS
showed that pMEK1 was able to modify ERK2 using ATP
or ATP+S but not AMP-PNP or AMP-PCP as a substrate
(data not shown). As a result, our thermodynamic studies
used only nucleotides or analogues that did not hydrolyze
including AMP-PNP, AMP-PCP, ADP, and AMP. The purity
of the nucleotides was found to be90% pure by LCMS.

MEKZ1 Protein. The specific details of the expression,
purification, and characterization of the MEK1 proteins used
in this study have been previously describ@@)( Briefly,
human phosphorylated and non-phosphorylated MEK1 were
expressed in High-Five insect cells and purified~#85%
homogeneity using anion exchange and Ni-NTA chroma-
tography followed by gel filtration. Okadaic acid was used
during the expression and purification of pMEK1 to prevent
dephosphorylation. Lambda phosphatase was used in the
purification of npMEK1 to eliminate the adventitious phos-
phorylation that occurs during expression in insect cells.
Western blotting using anti-phospho MEK1 antibodies,
activity assays, and LCMS were used to ensure that the
PMEKZ1 preparation was fully active and phosphorylated and
contained no unphosphorylated MEK1. Purified pMEK1 was
heterogeneously phosphorylated and contained predominantly

knowledge of the structure as well as the thermodynamics 2 phosphate moieties with smaller amounts of 1 and 3
of the ligands bound individually and together in a ternary phosphates apparent. No unphosphorylated MEK1 was
complex. Because the low and high activity kinase forms detected in the pMEK1 preparation by LCMS. Similar
may adopt different conformations that could impact ligand characterization experiments also showed that no pMEK1
binding, such studies must be performed with both phos- cross-contaminated the npMEK1 preparation. Furthermore,
phorylated and non-phosphorylated proteins. In contrast tothe 1G;, values for U0126 and PD0325901 for pMEK1 were
the structural basis for kinasénhibitor interactions, our
understanding of the thermodynamics of kinase inhibition,
particularly allosteric inhibition, is still rudimentary. The
thermodynamic properties of MEK1 with different nucle-
otides and inhibitors have not been previously described.
Differences in the affinity of nucleotide binding to the low
and high activity states of MEK1 and the effect that non-
ATP-competitive inhibitors have on nucleotide binding and
specificity have also not been reported.

Here, we describe the thermodynamic characterization of
ligand binding for the binary MEKhucleotide, binary

1 Abbreviations: ATP, adenosiné-Sriphosphate; ADP, adenosine
5'-diphosphate; AMP-PNP, adenosiné-(8,y-imido) triphosphate;
AMP-PCP j3,y-methylene adenosiné Biphosphate; ATP+S, adeno-
sine B-[y-thio]-triphosphate; AMP, adenosine monophosphate; CD,
circular dichroism; ITC, isothermal titration calorimetry; DMSO,
dimethyl sulfoxide; HEPESN-(2-hydroxyethyl) piperazin&¥-(2-
ethanesulfonic acid); DTT, dithiothreitol; NMR, nuclear magnetic
resonance spectroscopy; LC-MS, liquid chromatography mass spec-
troscopy; DSC, differential scanning calorimetry; Thr, (T) threonine;
Ser, (S) serine; Tyr, (Y) tyrosine; Glu, (E) glutamic acid; Asp, (D)
aspartic acid; Lys, (K) lysine; Ala, (A) alanine; Met, (M) methionine;
Asn, (N) Asparagine.
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a combination of both effects. However, it has been suggested
that irreversible unfolding may be treated as two discrete
steps, where a relatively fast native-to-unfolded reaction
(<1072 s™Y) is uncoupled from a much slower aggregation
step @9). Under this condition, an apparently irreversible
process may be treated as a reversible unfolding reaction.
In application to MEK1 protein unfolding, we assume that

Scheme 1
NLeN+L=U

The ligand binding constanK( (Tm)) can be calculated
at the T, by the following equation

Ki(Tr) = {exp[ — (AH(To)/R)(L/Ty, — 1/To) +
(ACR)IIN(Tw/To) + (To/Tw) — 11} — 1/[L1 ] (1)

where Ty is the midpoint of unfolding for the unliganded
protein, Ty, is the midpoint of unfolding in the presence of
the ligand,AH, is the enthalpy of protein unfolding, and
AC,y is the heat capacity associated with protein unfolding.
If the value of AC,y is small, then changes iii, are
proportional to the logarithm of the binding constant and
free-ligand concentrationL{, at Tm. The equilibrium as-
sociation constari, (Tn) described by eq 1 represents the
ligand binding association equilibrium constant that occurs
at the elevated, value. To estimate thK, (T) at a lower
temperature, such as 2C, one must use eq 2.

150nM and<43nM, respectively, using both filter-binding

munication and ref 2626)). These values are similar to R

published IG, values of 70 nM {9) and 1 nM @7), (ACpL) In T 11 T )

R T, Th
Temperature-Dependent Circular Dichroisrithe CD

experiments were performed on a Jasco J810 spectropolaif estimates for both the enthalpy of bindingH,, and ligand

controller. Ellipticity was monitored at 230 nm as a function binding constanty, (T), can be calculated at any temperature

of temperature wit a 1 mmpath length cell. The scan rate T (assuming that the heat capacity term is temperature

equilibration between measurements. Stock protein was TdCD monitors the loss of folded protein secondary

diluted to 54M with 25 mM HEPES at pH 7.5, 150 mM  structure @-helices and3-sheets) as a function of temper-

DMSO. The following nucleotides were tested at 0.5 mM signal is due to both structural unfolding and irreversible

concentrations: ATR:S, AMP-PNP, AMP-PCP, ADP, and  protein aggregation. Large proteins at concentrations neces-

concentrations: U0126 (Calbiochem) and PD0325901. Dataaggregation at higher temperatures, and MEK1 is no excep-

were analyzed using Jasco software, and the midpoints oftion. As a result, the final observed unfolding profile reflects

average from three separate experiments.

Calculation of Kk from AT,, Determined by TdCDThe

equilibria and how ligand binding impacts protein stability

as detected by changes in the midpoint of unfoldiig) (

elegant description for determining the affinity of ligands the aggregation step is much slower than the native-to-

from temperature-dependent protein stability studies using unfolded reaction.

equations used for the DSC study have been applied todialyzed extensively against 50 mM HEPES at pH 7.4, 300

TdCD, and the details of how to perform and analyze ligand mM NacCl, 1 mM MgC}h, and 1 mM DTT. The protein was

constants have been previously descrit&3). (The following with dialysate buffer immediately prior to the experiment.

scheme and equations summarize this work and were usedProtein concentrations were measured in 6.7 M guanidine-

on the basis of the changes these ligands produced in MEK1using an extinction coefficient of 30745 Mcm. Nucle-

Tm. The scheme below describes the ligand-dependent changetide solutions of ADP and AMP-PNP were prepared in the

and ligand-bound protein species, respectively, and U is theconcentrations were measured using an extinction coefficient

unfolded protein. of 15400 Mt cmt at 260 nm for adenosine. Compounds
solution contained 1% DMSO. For these titrations, DMSO
was added to the protein solution to the same percentage.
was used at 60M in all experiments. Both compounds were
shown to be soluble at these concentrations under the ITC
Ascent 100 Nephelometer (Labsystems). For direct nucle-
otide (AMP-PNP or ADP) binding experiments, 3@/
PD0325901 binding experiments, 108 compound was
injected into 10uM protein; for nucleotide binding to the
PD0325901 were injected into 3aM protein + 100 uM
PD0325901; for PD0325901 binding to the MEKcleotide
injected into 1QuM protein + 0.5 mM nucleotide; and for
nucleotide binding to the MEKU0126 complex, 30&M
+ 60 uM U0126. The direct binding of U0126 to protein
gave a poor signal, which could not be increased because of

and FLASH plate assay formats (Carr, D., personal com- K (T) = K (T,,) ex;{ (LHL(T))(% - %1) +

respectively.

rimeter equipped with a 6-cell piezoelectric temperature binding heat capacityAC,, are available, then the ligand

was 1°C per min with a 4 sresponse time and 30 s independent).

NaCl, 10% glycerol, 1 mM MgG| 1 mM DTT, and 1% ature. In non-ideal systems, however, this decreasing CD

AMP. The following compounds were tested at 38M sary for a good signal-to-noise ratio often exhibit this

the protein unfolding transitionT(,) were reported as the

thermodynamics of temperature-induced protein unfolding

are well-documented®8—31). Brandts and Lin provided an

differential scanning calorimetry (DSC). Subsequently, the  Isothermal Titration CalorimetryPurified proteins were

binding thermal unfolding data from CD to determine binding diluted to the appropriate concentration (either 10 ouBD

to estimateKy for nucleotide and ligand binding to MEK1  HCI buffered with 20 mM phosphate at pH 7.0 at 280 nM

in the unfolding profile, where L and NL are the free ligand dialysis buffer immediately prior to each titration. Nucleotide
were prepared in 100% DMSO and added such that the final
PD0325901 was used at 1201 concentration and U0126
solution conditions by nephelometry using a Nepheloskan
nucleotide was injected into 3@M protein; for direct
MEK1-PD0325901 complex, 3Q2M nucleotide+ 100uM
complex, 100uM PD0325901+ 0.5 mM nucleotide were
nucleotidet+ 60uM U0126 were injected into 30M protein
compound solubility limitations. For the same reason, the
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binding of U0126 to the MEKucleotide complex also gave
a poor signal. In the reverse titration (protein in syringe),
MEK1 performed aberrantly and seemed to denature at low
concentrations while stirring.

ITC experiments were performed with the Microcal MCS-
ITC titration calorimeter (North Hampton, MA). Protein and

nucleotide solutions were degassed by vacuum aspiration for

5—10 min at room temperature prior to loading the samples
in the ITC cell and syringe. All titrations were carried out at
20 °C with a stirring speed of 350 rpm and a 360 s duration
between each 18L injection. Parallel experiments were
performed by injecting the nucleotide into the buffer or the
buffer into the protein to determine heats of dilution. The
heats of dilution were negligible in all cases and were
subtracted from their respective titrations prior to data
analysis.

Thermodynamic parameteid (stoichiometry),Ka (as-
sociation constant), aniH (enthalpy change) were obtained
by nonlinear least-squares fitting of experimental data using
a single-site-binding model of the Origin software package
(version 5.0) provided with the instrument. The free energy
of binding (AG) and entropy changeA§) were obtained
using the following equations.

Biochemistry, Vol. 46, No. 5, 20071361

Temperature[C]

Ficure 1: CD thermal denaturation curves for npMEK1AMP-
PNP + PD0325901. 4) npMEK1 apo; ©) npMEK1 + AMP-
PNP; @) npMEK1 + PD0325901; @) ternary complex npMEK1
+ AMP-PNP + PD0325901. Ellipticity (mdeg) was measured at
230 nm as a function of temperature (380 °C). Protein
concentration was BM, AMP-PNP concentration was saturating
at 0.5 mM and PD0325901 concentration wasi30 in 25 mM
HEPES at pH 7.4, 150 mM NaCl, 10% glycerol, 1 mM DTT, and
1% DMSO. The temperature was increasetCImin in a 0.1 cm
path-length quartz cuvette.

- _ Table 1: Thermodynamic Analysis of Nucleotide and PD0325901
AG RTINK, ) Binding to npMEK1 and pMEK1 by ITC
— _ K AGP AHP TAS
AG=AH—TAS (4) protein ligand  ATn? (uM) (kcal/mol) (kcal/mol) (kcal/mol)
The affinity of the nucleotide to protein and protein/ zgmgﬁ Q“D"PP'PNP 2392 2126 :;-g :g-? _11-f
inhibitor complex is given as the dissociation consta€s ( ,omek1 PD0325901 2.8 025 -89 76 13
= 1/Ka). For each proteiftnucleotide-compound interac-  npMEK1 U0126 2.9
tion, two or three titrations were performed. Titration data ngﬁ ﬁ'I\D/IPP-PNP 3?(} é’-f —;-g —;-g 8-2
were analyzed independently, and the thermodynamic values";),vIEKl PD0325901 2.8 014 —9.2 _7%8 14
obtained were averaged. PMEKL1 U0126 38

RESULTS

Nucleotide Binding Studies: Binary Complexékhe
ability of npMEK1 and pMEK1 to bind nucleotides was
initially examined using temperature-dependent circular
dichroism (TdCD). In this method, the loss of protein
secondary structure was monitored as a function of temper-

a ATm = T (+ligand) — Try (apo protein) using 3@M compound
or 0.5 mM nucleotideT, pMEK1 = 52.3°C; T, NnpMEK1 = 54.6°C.
b Determined at 293 KKq4 values were calculated from ITC-derived
Ka Standard deviation values are from two to three experimefjs:
5—10%; AH, 3—10%. The stoichiometry of complex formation was
0.9+ 0.1. The low solubility of U0126 prevented accurate calorimetric
determination of U0126 binding thermodynamics to either npMEK1
or pMEK1.

ature. Proteins bound with a ligand become more resistant
to thermal unfolding compared to the apo protein because
of the additional stabilizing interactions created between the
ligand and the protein. It is well documented that the increase
in the midpoint of unfolding Tm) in the presence of a ligand

is proportional to the affinity of the ligand28, 31). These

hydrolyzable nucleotide analogues, such as AMP-PCP and
ATP-yS, produced a similaAT, (data not shown).
Magnesium plays a critical role in the catalytic cycle of
kinases. Although the presence of Mds required for the
hydrolysis of ATP by pMEK1, it is unknown whether Mig

studies have also demonstrated that a dissociation constanplays a role in the docking of nucleotides in the npMEK1

(Kg) can be estimated from ligand-induced change3,in
measured by methods such as differential scanning calorim-
etry or TdCD 1, 32).

For most kinases, th&,, value for nucleotides ranges
between 3 and 10@M. According to eqs 1 and 2, thiq
range would produce a shift iy, between 5 and 0.5C for
the typical kinase (assumimgH, = 100,000 cal/mol, [ATP]
100 uM, and AH_ —7,000 cal/mol) 82). Non-
phosphorylated MEK1 and pMEK1 showed a clear stabiliz-
ing shift in T, relative to apo protein of approximately’@
ATq in the presence of 0.5 mM AMP-PNP (Figure 1; Table
1). This result suggested that the nucleotide affinky &t
20 °C) for both the inactive and active states of MEK1 are
similar and in the range of10 uM (eq 2) 32). Other non-

active site or whether there is a differential role for ¥gn

the low versus high activity forms of MEK1. To address
this issue, we examined the effect of Mgn the interaction

of npMEK1 or pMEK1 with AMP-PNP using TdCD. No
nucleotide binding was observed in the absence of'Nby
TdCD (data not shown). Thus, Mygis required for nucle-
otide binding to both states of MEK1 and was, therefore,
included in subsequent experiments.

In many instances, phosphorylated kinases have a higher
affinity for ATP than the non-phosphorylated form. Non-
phosphorylated MEK1 and pMEK1, however, showed a
similar AT, in the presence of AMP-PNP, suggesting that
both MEKZ1 states bind the nucleotide with similar, relatively
strong affinities (Table 1). Furthermore, many kinases show
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Ficure 2: Isothermal titration calorimetry: pMEK#* ADP + PD0325901. (Upper panels) Raw isothermal titration calorimetry data
demonstrating saturable exothermic evolution of heat upon sequential additions of (a) ADP to pMEK1; (b) PD0325901 to pMEK1; (c)
ADP to the pMEK2PD0325901 complex; and (d) PD0325901 to the pMEAOP complex. (Lower panels) Normalized ITC data for

titrations plotted vs the molar ratio of titrant/protein. Data analysis using Origin 5.0 software indicates that the binding data fit well to a
single binding-site model.

a lower affinity for the product of the phosphorylation Figure 2a shows a representative calorimetric titration of
reaction, ADP, than for the triphosphateucleotide reactant. = pMEK1 with ADP. The exothermic evolution of heat upon
The relative affinities for nucleotides generally follow the nucleotide injections shown in the upper panel illustrates
trend ATP> ADP > AMP. ADP, however, produced?2.9 saturable nucleotide binding by the protein. An analysis of
°C ATy, for both npMEK1 and pMEK1 compared to the3.2 the enthalpy changes versus the ratio of ADP/protein (lower
°C shift with AMP-PNP, suggesting a relatively strong panel) revealed an apparent affinif for ADP of 3.0uM
affinity for ADP. No binding was detected for AMP (data for pMEK1 (Table 1). A similar experiment for npMEK1
not shown). gave aKq of 2.9uM. Consistent with the TdCD results, both
These nucleotide TdCD binding studies indicate the Phosphorylated and non-phosphorylated versions of MEK1
following: (1) both npMEK1 and pMEK1 bind AMP-PNP ~ bound the nucleotide with similar affinities. Th&G for
with similar, relatively high affinities; (2) neither state of Pinding ADP was approximately-7.6 kcal/mol for both
MEK1 shows a difference in specificity for AMP-PMP ~ NPMEK1 and pMEK1 (Table 1). A comparison of tieH
versus ADP; and (3) both states of MEK1 require2¥épr and TAS shows that the binding interaction between ADP
nucleotide binding. On the basis of these results, isothermaland both forms of MEK1 is predominantly enthalpic in
titration calorimetry (ITC) binding studies were performed nature.
to obtain a more complete thermodynamic analysis of Similar ITC results were obtained using AMP-PNP.
nucleotide binding to MEK1 kinase. Consistent with the TdCD results, both npMEK1 and pMEK1
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bound AMP-PNP with a relatively strong affinity. The, Table 2: Thermodynamic Analysis of Nucleotide Binding to the

of AMP-PNP for pMEK1 was 2.3«M and 1.6 uM for npMEK1-PD0325901 and pMEKPD0325901 Complexes by ITC

npMEKL1 (Table 1). TheKy value determined by ITC was preloaded

further confirmed using a fluorescence polarization assay protein _ K AGP AHP TAS

with mant-ATP, which yielded a similaKy (3 uM) for complex ligand ATm2@ (uM) (kcal/mol) (kcal/mol) (kcal/mol)

nNpMEK1 (data not shown). A comparison AH and TAS E%I\C/I)?E>5<519J61AMP-PNP 101 036 —86 —-10.2 -1.6

shows that the binding interaction between AMP-PNP and npMEK1+ ADP 08 034 —87 77 10

both states of MEKL1 is predominantly enthalpic in nature, PD0325901

similar to the interaction with ADP. gl\éggzlsgmAMP-PNP 1.1 071 -83 -10.5 -2.2
To determine if heats of protonation/ionization contribute DMEK1 +  ADP 106 046 -85 _75 10

to the observed\H of binding, the ITC experiments with  PD0325901

ADP and AMP-PNP were repeated using phosphate buffer  a At =T, (+30xM compound+ 0.5 mM nucleotide)- Tm (apo
instead of HEPES. No significant differencesdy entropy, protein); T, apo pPMEK1= 52.3 °C; T, apo npMEK1= 54.6 °C.
or enthalpy were observed (data not shown), indicating that ®? Determined at 293 KKq4 values were calculated from ITC_:-derived
the apparenf\H values are similar to the intrinsi6H of Ka- Standard deviation ‘(f"“es,a? from t""? to thrfe efxpe“mdms
binding and that the heat of protonation is not significant illiogij’ 3-10%. The stoichiometry of complex formation was
(33, 34). We further tested the binding of a different ATP

analogue, AMP-PCP, using HEPES and phosphate and found _ _ —
no significant differences in the thermodynamics of binding TaPle 3: Thermodynamic Analysis of PD0325901 Binding to the
AMP-PCP to npMEKZ or pMEK1 (data not shown). npMEK1-Nucleotide and pMEKdNucleotide Complexes

" i indi inas Ri reloaded
Non-ATP-Competitie Inhibitor Binding Studies: Binary ppmtein K  AGP AHP TAS

ComplexesThe MEK1 inhibitors, U0126 and PD184352- complex ligand AT.2 (uM) (kcal/mol) (kcal/mol) (kcal/mol)
like compounds such as PD0325901, have been show to b&,yex1 + PD0325901 101 0.018 —~105 -113  -0.8
non-competitive with ATP; however, the molecular details AMP-PNP

of inhibition are not entirely clear. Do these inhibitors bind PMEK1+ PD0325901 9.8 0017 =104 —7.2 3.2
the MEK1:ADP or MEK1-ATP Complie.xes_ |na different PMEK1+ PD0325901 11.1<0.0¢ —11.3 ~10.1 1.2
manner? Do these non-ATP-competitive inhibitors prefer- AMP-PNP

entially bind the phosphorylated or non-phosphorylated statePMEKL+ PD0325001 10.6<0.0F ~ —113 -84 29

of MEK1? To address these aspects of inhibitor function, " -
we measured the direct binding of inhibitats nucleotide protgiz")‘;?ngé:%%‘é\"Kgozmg%”?a OT: gp'\(") 1‘;‘&8&’23’?51”?6(38‘,’
to npMEK1 or pMEK1 by TdCD and ITC. b Determined at 293 K¢ The actual fit value (4 nM) is below the

In the absence of nucleotides, inhibitors U0126 and sensitivity of the experiment{y values were calculated from ITC-
PD0325901 bound npMEK1 (using the TdACD method) with derivedKa. Standard deviation values were from two to three experi-
a modestAT, of 2.9 and 2.8°C, respectively (Table 1). ments: Kg, 5—10%; AH, 3—10%. The stoichiometry of complex

. . . . formation was 1.0t 0.1.
Dissociation constant estimates based on th€Eg shifts
using eq 2 are~3 uM for both inhibitors (Table 1). The
observed\T, for U0126 and PD0325901 binding to pMEK1 to apo MEKL regardless of the nucleotide used or the
are 3.8 and 2.8C, respectively, and correspondigvalues phosphorylation state of MEK1 (Figure 1). The ternary
of ~1.5 uM and ~3 uM (Table 1). Thus, it appears that complex npMEK1PD0325901AMP-PNP had a larg&ATy,
both non-ATP-competitive inhibitors can bind active and of 10.1°C, and the complex with pMEKPD0325901AMP-
inactive MEK1 in the absence of nucleotide. PNP gave a similar resul\Ty, = 11.1°C). TheAT, shifts

A more detailed ligand binding analysis was performed for the MEK1-PD0325903ADP complexes were also large
by ITC. Figure 2b is an ITC titration of pMEK1 with ~ for both npMEK1 and pMEK1 AT, = 9.8, 10.6 °C,
PD0325901. The binding event is enthalpically favorable and respectively) (Table 2). Similar results were observed using
has an ITCKy of 0.14uM (Table 1). The ITC titration of ~ AMP-PCP (data not shown). Once again, the affinity of
NpMEK1 with PD0325901 measured a similar affinitgq( PD0325901 for MEK1 even in the presence of the nucleotide
= 0.25uM, Table 1). The TdCD and ITC methods both is notinfluenced by the activation state of the protein. The
suggest that PD0325901 has similar affinities for pMEK1 binding of nucleotides does, however, increase the apparent
and npMEK1 and has no significant preference for either affinity of PD0325901. This apparent synergistic binding
activation state. It is not clear why the TdCD-determined suggested that the inhibitor or nucleotide influences the
Kq for PD0325901 is weaker. THg; values for PD0325901  environment of the other ligand.
determined by ITC and estimated by TdCD in the absence The TdCD-based binding of U0126 was also measured
of nucleotide are much higher than thesd@alues deter-  for npMEK1-nucleotide or pMEKinucleotide complexes.
mined in enzymatic assays which include ATP §JC The AT, for U0126 binding to either the npMEKAMP-
PD0325901~1nM (27); IC50 U0126= 72 nM (19)). The PNP or pMEK2XAMP-PNP complexes was 7.1 and 6@,
poor solubility of U0126 prevented an accurate determination respectively. Thé\T,, for U0126 binding to npMEK4ADP
of its affinity to MEK1 by ITC. and pMEK*ADP was 7.0 and 6.3C, respectively (Table

Non-ATP-Competitie Inhibitor Binding Studies: Ternary  4). Similar to the PD0325901 and nucleotide binding studies,
Complexes.Can the binding of nucleotide influence the the U0126 compound appears to bind with similar affinity
affinity of U0126 and PD0325901? TdCD binding studies to both the unphosphorylated and phosphorylated states of
between PD0325901 and MEKilcleotide complexes gave MEKZ1. In addition, there was no significant difference in
a large shift inT,, compared to that given by inhibitor binding  affinity for AMP-PNP versus that for ADP. However,
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Table 4: Thermodynamic Analysis of Nucleotide Binding to Ka of the pMEKTAMP-PNP complex for PD0325901 is

npMEK1-U0126 and pMEK1U0126 Complexes close to the enzymatic kg ~1 nM (27). Similar results were
preloaded obtained for the titration of PD0325901 into pMEDP.
protein _ K  AGP AHP TAS TheKy of PD0325901 for npMEKJAMP-PNP was 18 nM,
complex  ligand ATwm® (M) (kcal/mol) (kcal/mol) (kcal/imol) which represents a-14-fold increase in affinity relative to
B%l\szgl—t- AMP-PNP 7.1 22 ~—7.6 -20 5.6 binding apo npMEK1 Ky = 250 nM, Table 1). Similar
npMEK1 + ADP 70 13 -79 20 59 results were obtained for the ti_trajcion of PD0325901. into
u0126 NPMEKZ1-ADP. The enthalpy of binding PD0325901 to either
B'\glEszlJr AMP-PNP 6.7 29 74 —29 4.5 the npMEKXAMP-PMP or pMEK:AMP-PMP complex is
OMEK1 + ADP 63 25 _75 g 47 appr_oximately—Z to —3 kcal/mol more favorable than the
u0126 binding of PD0325901 to npMEKADP or pMEK1-ADP.

4 ATm = T (+30 uM ligand + 0.5 mM nucleotide)— Tn (apo Taken together, the ITC data confirms that PD0325901 and
protein).? Determined at 293 KK4 values were calculated from ITC-  the nucleotide bind synergistically to both pMEK1 and
derivedK, Standard deviation values were from two to three experi- npMEK1. In addition, the high affinity of PD0325901
ments: Kq, 5-10%; AH, 3-10%. The stoichiometry of complex binding to either the MEKJAMP-PNP or MEK}ADP
formation was 0.9t 0.1. complex recapitulates the potent enzymatig,\@lue. Thus,

the binding of either nucleotide or inhibitor to MEK1 appears
compared to PD0325901, U0126 binding does not appearto influence the environment of the binding pocket of the
to be synergistic. Instead, in the presence of the nucleotide,ligand, resulting in an increase in affinity for the ternary
the MEK1-UO126nucleotide ternary complex produces a complex.
ATr, that is simply additive with respect to the individual U0126 pre-loaded ITC experiments, similar to those
MEK1-U0126 and MEKinucleotide binary complexes performed with PD0325901 and the nucleotide, were ham-
(Table 1). pered by the low solubility of U0126 and the poor perfor-

Can the synergistic stabilizing effect observed by TACD mance of MEK1 in reverse titrations. Nevertheless, ITC
with PD0325901 also be detected by ITC for ternary experiments yielded data for the titration of the nucleotide
complexes? The synergistic effect should be apparent as arinto MEK1 complexed with U0126. If the ternary complex
increase in the binding affinity of the nucleotide for MEK1 were stabilized in an additive manner, tigof AMP-PMP
pre-loaded with PD0325901 relative to binding npMEK1 or ADP binding to MEK1 should not be significantly affected
alone (apo). In other words, we measured the binding of by the presence of U0126. ThH&; values for AMP-PMP
nucleotides to npMEK1 or pMEKL1 in the presence of binding to npMEK1 and pMEK1 complexed with U0126
PD0325901 in both the cell and the syringe to ensure thatwere 2.2 and 2.@M, respectively (Table 4). The observed
the compound was maintained at a constant concentrationKq values are very similar to the those of AMP-PNP binding
throughout the titration (Table 2). Figure 2c shows a to apo npMEKL1 or apo pMEK1, which are 1.6 and 24,
representative ITC titration of the pMEKRD0325901 respectively (Table 1). The affinity of ADP was not
complex titrated with a solution of ADP containing an significantly altered by the presence of U0126 for either
equivalent concentration of PD0325901. Teof ADP for NpMEK1 or pMEK1. These results support the additive
the pMEK1:PD0325901 complex was 0.46M, which stabilizing effects determined by TdCD for the ternary
represents a-5-fold increase in affinity relative to it&qg complex, MEK:UO126nucleotide, and are consistent with
for binding apo pMEK1 (2.kM) (Tables 1 and 2). Similarly,  a previous report that showed that U0126 displays identical
the affinity of AMP-PNP for pMEK1 in the presence of affinity for the free enzyme and the MEKTP complex (9).
PD0325901 was increaseeB-fold (Kq = 0.71uM) relative Of note, the enthalpy of the reaction was significantly lower
to binding apo pMEK1Kq = 2.3uM) (Tables 1 and 2). A compared to that of PD0325901, and the predominant effect
similar increase in affinity was detected for both ADP and driving this reaction was entropidAd ~ —2 to —3 kcal/
AMP-PNP ¢-6-fold and~4-fold, respectively), bound tothe  mol, TAS = 4.5 to 6 kcal/mol).

NpPMEK1-PD0325901 complex (Tables 1 and 2). The binding
of the nucleotide to the MEKPD0325901 complex is DISCUSSION

primarily enthalpic, where AMP-PNP has a largaH The work described here presents a detailed thermody-
(approximately—10 kcal/mol) than ADP (approximately namic analysis of nucleotide and non-ATP-competitive
—7.5 kcal/mol). inhibitor binding to non-phosphorylated and phosphorylated

To further confirm the synergistic stabilizing effect, the MEKZ1. The study yielded both unexpected and interesting
reciprocal ITC experiment was also performed. Here, the results. One of the most dramatic findings was the difference
binding of PD0325901 to MEK:hucleotide complexes was in how U0126 and PD0325901 bound MEHicleotide
measured by ITC (Figure 2d). Synergistic binding should complexes. PD0325901 showed a synergistic stabilizing
be apparent as an increase in the affinity of the compoundeffect in the formation of the ternary complex, whereas
to the MEKZXnucleotide complex versus binding to un- U0126 showed a straightforward additive stabilization. There
liganded MEK1 (apo). Additionally, th&y determined in are several possible explanations for the origins of the
this experiment for pMEK1 should more closely recapitulate cooperative binding observed. One possibility, guided by the
the 1G5, determined enzymatically because the nucleotide is MEK1 crystal structure 22), is that PD0325901 mediates
necessarily present in the kinase assay.Ref PD0325901 additional direct interactions between the protein, nucleotide,
determined by ITC for pMEKIAMP-PNP was=<10nM, and magnesium. As a non-cooperative binder, however,
which represents a14-fold increase in affinity relative to ~ U0126 probably makes no or little contact with the nucleotide
binding apo pMEK1 K4 = 140 nM) (Tables 3 and 1). The and binds MEK1 as an independent moiety. A second
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possibility is that MEK1 is a dynamic structure that can adopt of water, individual side-chains, or any of the small
multiple conformations that exhibit different nucleotide molecules involved cannot be gleaned from the thermody-
binding affinities. In this case, PD0325901 would induce a namic analysis alone. To date, there are no crystal structures
tight nucleotide binding conformation in MEK1, whereas available for apo MEK1 or for binary MEKhucleotide
U0126 would not. Of course, these two explanations are notcomplexes. Without these additional structures for compari-
mutually exclusive: PD0325901 may induce a conforma- son, itis difficult to definitively address whether PD0325901-
tional change in MEK1 that both promotes tighter nucleotide like compounds also induce different conformational changes

binding and allows for additional direct stabilizing interac-
tions as well.

in MEK1 in response to ADP or AMP-PNP binding.
Nevertheless, a closer analysis of the available MEK1

The pre-loaded ITC experiments support the idea that the structure can suggest some interesting possibilities. In this

synergistic binding stems from the creation of additional
direct interactions between PD0325901 and AMP-PNP. In
this regard, it is instructive to calculate the enthalpic and
entropic sources of the relative change in free enefgy®)
associated with the binding of a ligand to the binary complex
versus that to MEK1 alon®A favorable increase in enthalpy
is the major source of increased favoral\G in the
binding of AMP-PNP to MEK1PD0325901 versus AMP-
PNP binding to apo MEKL1. Specifically, tieAH for AMP-
PNP binding to npMEKIPD0325901 versus that to apo
MEK1 is —3.4 kcal/mol. For AMP-PNP binding pMEK1
PD0325901, theAAH is —3.5 kcal/mol. This observed
increase in enthalpic interactions for AMP-PNP binding

structure, the beta phosphate of ATP simultaneously interacts
with the hydroxyl groups of PD0318088, the catalytic lysine
of MEK1 (K98), Asp 207, and M%. It was, therefore, not
surprising that PD0325901 did not discriminate between
MEK1-AMP-PNP and MEK1ADP complexes in the binding
studies presented here and exhibited a similar affinity for
each nucleotide complex. TheH for PD0325901 binding

to MEK1-AMP-PNP was much higher-10 to —11 kcal/
mol) than that to the MEKADP complex 7 to —8 kcal/
mol), which implies that there are distinct hydrogen bonds
and van der Waal interaction differences. The opposite
entropic contributions of ADP and AMP-PNP binding to
MEK1-PD0325901 complexes suggest that MEK1 arrives

suggests that additional favorable bonds are created betweeat these different ternary complexes in structurally distinct

the protein, nucleotide, and compound. The entropic con-

tributions to this binding event are unfavorable withAS
of —2.6 and—2.8 kcal/mol for npMEK1PD0325901 and
pPMEK1:-PD0325901, respectively. A similar thermodynamic
pattern was observed in the pre-loaded ITC titrations of
PD0325901 into MEKJAMP-PNP complexes.

The crystal structure of the ternary complex of MEK1

ways. It will be interesting to learn how the MEK1 ternary
complex structure accommodates and utilizes the beta and
alpha phosphates of ADP in the synergistic binding of
PD0325901-like inhibitors.

Although no crystal structure is available for MEK1
nucleotideU0126 complexes, it seems unlikely that there
are any interactions between U0126 and the nucleotide.

ATP-PD0318088, a PD0325901-like Compound, supports the MEK1 bound U0126 and nucleotide in an additive StabI|IZIng

thermodynamic results. In this structure, a network of
stabilizing interactions was formed between MEK1, ATP,
Mg?*, and PD0318088Q). The compound clearly mediates

mode, where thé\T,, of the complex equaled the sum of
the AT, values of each binary complex. No significant
difference in nucleotide binding affinity for the MEK1

interactions between the protein and tri-nucleotide, consistentU0126 complex versus that for apo MEK1 was detected by

with the synergistic stabilization observed and the predomi-

nant enthalpic contribution tAAG measured.

In contrast to AMP-PNP, ADP binds MEKRD0325901
complexes with aAAG dominated by favorable entropic
contributions. Specifically, thAASvalues for ADP binding
to npMEK1:PD0325901 and pMEKPD0325901 (relative
to ADP binding apo MEK1) are 2.1 and 0.7 kcal/mol,
respectively. Little or no favorable change in enthalpy is
observed with ADP binding to MEK1 complexes: ThaH
values for ADP binding to npMEKPD0325901 and pMEK1
PD0325901 are 1.0 and0.2 kcal/mol, respectively. Pre-
loaded ITC titrations of PD0325901 into MEKADP also
show a similar thermodynamic patterAAS= 1.9 and 1.5
kcal/mol, andAAH = 0.4 and—0.6 kcal/mol for npMEK1
and pMEK1, respectively).

The different balance of entropic and enthalpic factors tha
contribute to ADP and AMP-PNP binding to MEK1
PD0325901 complexes suggests that there may be structur

differences for each ternary complex. Whether the changes

in entropy upon AMP-PNP or ADP binding reflect a global
conformational change in MEK1 or a change in the ordering

2AAG = AGpinay — AGaps AAH = AHpinay — AHaps AAS =
ASpinary - ASapo WhereAGyinary, AHbinary @andASsinary refer to the binding
of ligand to a pre-loaded binary MEK1 complex af\@ap0, AHapoand
ASy refer to the binding of that same ligand directly to apo MEK1.

al

ITC. The balance of entropic and enthalpic contributions to
U0126 binding was similar for both nucleotides and both
activation forms of the protein. The lack of discrimination
between ADP and AMP-PNP is consistent with the manner
of additive binding. Any conformational changes that MEK1
may undergo in response to binding AMP-PNP versus ADP
did not appear to influence the affinity of this inhibitor bound
in the allosteric site.

Another interesting finding was that the activation state
of MEK1 did not significantly modulate the binding of binary
or ternary complexes. Non-phosphorylated and phosphory-
lated MEK1 bound AMP-PNP and ADP with similar and
relatively high affinities Kg ~ 2 uM). In the pre-loaded ITC
experiments, the binding of either AMP-PNP or ADP to the
binary complexes (hpMEKPD0325901 and pMEK1

t PD0325901 or npMEKLJ0126 and pMEKiU0126) re-

sulted in very similar affinities. It is more difficult to evaluate
ihe effect of active or inactive states on the affinity for
PD0325901 binding to MEKiucleotide complexes in the
ITC studies because the affinity was very high for pMEK1
nucleotide K4 < 10 nM) and beyond the sensitivity of these
experiments (Table 3). However, the TdCD method showed
that the AT, values for the ternary complexes, npMEK1
nucleotidePD0325901 and pMEkhucleotidePD0325901,
were slightly different £10 and~11 °C, respectively). It
appears that in the context of a ternary complex, PD0325901
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showed a slightly higher affinity for pMEKhucleotide 8.
complexes. Nevertheless, the affinity for npMEHKcleotide
complexes was quite highkK§ = 18 nM), and the effect of
the active/non-active state status of MEK1 on the affinity
of ligand binding is not all or nothing. Although U0126
showed a preference for binding pMEKL in the absence of
nucleotides by TdCD, this differential was abrogated when 1q
nucleotides were included. In both TdCD and ITC experi-
ments, U0126 bound with nearly the same affinity to
pMEKZ1-nucleotide and npMEKhucleotide complexes. One

of the consequences of the ability of these non-ATP-
competitive inhibitors to bind the inactive state is that they
have the mechanistic potential to prevent MEK1 phospho-
rylation by the upstream activating kinase Raf. Conversely,
because the inhibitors also bound the phosphorylated state
of MEK1, they could functionally prevent the phosphor-
ylation of its substrate, ERK2.

There are many non-ATP-competitive inhibitors that bind
MEKZ1, including U0126, PD0325901, PD184352, PD98059,
ARRY-142886, MEK inhibitor 1, and MEK inhibitor 21(
17—21, 35—37). The nature of the allosteric pocket that binds
these inhibitors has been described in the literature by
mutational and crystallographic studi€®(22). Apparently,
the site accommodates a variety of chemotypes and molecular ;¢
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