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’ INTRODUCTION

Catalysis of phosphoryl transfer reactions involves some of the
largest enzymatic rate accelerations in biology, with uncatalyzed
phosphate monoester hydrolysis1a at physiological pH and
temperature having an extraordinarily long half-life of 1020 s.
This kinetic stability is all the more remarkable in the light of the
fundamental dynamic roles of phosphate esters in biology.2

Phosphoryl transfer is generally understood to occur through
in-line approach of the attacking group and departure of the
leaving group at the anionic phosphoryl moiety (Figure 1A).3

The reaction proceeds through a transition state (TS) species of
trigonal bipyramidal geometry, in which the migrating phos-
phorus atom is surrounded by three equatorial oxygens located in
a trigonal plane.

A substantial step forward in understanding the fundamental
mechanism of phosphoryl group transfer by enzymes has come
about through the use of aluminum4 and magnesium5

fluoride
species and vanadium and tungsten oxyanions6 as transition
state analogues (TSAs) of the planar phosphoryl, PO3

-, group.
The metal fluoride TSA complexes are particularly informative
because 19F NMR can be used to validate the chemical inter-
pretation of X-ray diffraction data and to report on the local
electrostatic and protonic environments in the vicinity of the
transferring phosphoryl group.7-11 In the Protein Data Bank,
there are presently over 80 high-resolution structures of TSA
complexes containing metal fluorides. Recent work has demon-
strated that trigonal bipyramidal (TBP) trifluoromagnesate

(MgF3
-) complexes readily assemble in the active site of a range

of phosphoryl transfer enzymes,5,7,8,11,12 where the MgF3
-

moiety is axially coordinated by donor and acceptor oxygen
atoms. MgF3

- is isoelectronic and close to isosteric with the
transferring PO3

- group. By contrast, TSA complexes involving
tetrafluoroaluminate (AlF4

-) have four fluorides in a square
planar arrangement around the octahedral Al3þ ion with axial
coordination by the donor and acceptor groups (Figure 1B).
They also are isoelectronic TSAs but necessarily are nonisosteric
because of their octahedral structure. However, because of the
greater solution stability of the AlF4

- anion at neutral pH relative
toMgF3

-, aluminum outcompetes magnesium for enzymemetal
fluoride complex formation by a factor of at least 500-fold for
phosphoryl transfer enzymes studied to date.8 This indicates that
these enzymes are prioritizing retention of anionic charge rather
than geometry8 in their choice of a surrogate for PO3

-.
Detailed analysis of the TSA complexes establishes that the

number of positively and negatively charged groups in the
vicinity of the active site is exactly balanced only when it is
occupied by a monoanionic species, such as MgF3

- or AlF4
-.11

Such analysis has been applied to a growing number of enzymes
to endorse the concept of “charge balance” as a general feature of
transition state structures of phosphoryl transfer enzymes.2 This
concept has gained independent validation from the observation
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ABSTRACT: The direct observation of a transition state analogue (TSA)
complex for tyrosine phosphorylation by a signaling kinase has been achieved
using 19F NMR analysis of MEK6 in complex with tetrafluoroaluminate
(AlF4

-), ADP, and p38R MAP kinase (acceptor residue: Tyr182). Solvent-
induced isotope shifts and chemical shifts for the AlF4

-moiety indicate that two
fluorine atoms are coordinated by the two catalytic magnesium ions of the kinase
active site, while the two remaining fluorides are liganded by protein residues
only. An equivalent, yet distinct, AlF4

- complex involving the alternative
acceptor residue in p38R (Thr180) is only observed when the Tyr182 is
mutated to phenylalanine. The formation of octahedral AlF4

- species for both acceptor residues, rather than the trigonal
bipyramidal AlF3

0 previously identified in the only other metal fluoride complex with a protein kinase, shows the requirement of
MEK6 for a TSA that is isoelectronic with the migrating phosphoryl group. This requirement has hitherto only been demonstrated
for proteins having a single catalytic magnesium ion.
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that human phosphoglycerate kinase (PGK) responds to mutation
as it predicts: the deletion of one positively charged residue from
the active site of PGK by the mutation K219A induces a
corresponding reduction in the negative charge of the bound
aluminum fluoride species; viz., tetrafluoroaluminate (AlF4

-) is
replaced by trifluoroaluminate (AlF3

0).11 Hitherto, the domi-
nance of charge balance in TS organization of phosphoryl
transfer enzymes has been established only for enzymes contain-
ing a single catalytic Mg2þ ion.11 However, numerous phosphor-
yl transfer enzymes possess two catalytic Mg2þ ions, including
the superfamily of protein kinases.13

Protein kinases comprise 518 genes in the human genome
(1.7% of all human genes),14 many of which are pharmaceutically
important because they regulate disease-related cellular
processes.15 The superfamily can be divided into three groups
based on their activity. The first phosphorylates the alkyl hydro-
xyl of either serine or threonine residues,16 the second modifies
the phenolic hydroxyl of tyrosine residues,17 and the third shows
dual specificity for tyrosine and serine/threonine.18 The sole
three-dimensional structure of a protein kinase TSA complex is
that formed between cAMP-dependent protein kinase A (PKA),
ADP, amodel target peptide (SP20), and an AlF3

0 species.19 This
reported AlF3

0 species is an isosteric but nonisoelectronic
analogue of the transferring PO3

- species, in apparent contrast
to the charge balance observed in single-Mg2þ enzymes exam-
ined by 19F NMR. While the structural features of the TSA
complex have been interpreted16 to support an in-line mechan-
ism for phosphoryl transfer from ATP to the target serine, the
charge imbalance from AlF3

0 as compared to PO3
- suggests that

protein kinases have fundamentally different characteristics con-
trolling phosphoryl transfer. To date, there are no equivalent
structural data for a tyrosine kinase. As a result, sequence
alignment (see Supporting Information) has been used to
establish that active site residues coordinating to the transition
state analogue in the PKA-ADP-AlF3

0-SP20 complex are con-
served throughout the superfamily, and so PKA has been
necessarily used as a model in discussions of the activity of
tyrosine kinases.13

To provide a direct analysis of the mechanistic relationship
between protein kinases and single-Mg2þ enzymes, we have

now applied 19F NMR to the protein kinase MEK6a. MEK6 is a
dual specificity kinase18,20-22 that phosphorylates tyrosine-182
and threonine-180 of p38R MAPb kinase (p38R), which is
thus activated.20 This study provides a new entry to define
detailed features of catalysis used by protein kinases, applicable
to the phosphorylation of both serine/threonine and tyrosine
residues.

’RESULTS

Phosphorylation of p38rbyMEK6. In vivo, MEK6 requires
activation through phosphorylation at serine-207 and threonine-
211 before it can phosphorylate p38R. In this study, a constitu-
tively active version23 of MEK6 was used for simplicity. This
doublemutant, termedMEK6dd, has these two residues replaced
by aspartates and retains high activity. To establish that the
previously determined21,22 specificity of MEK6dd for phosphor-
ylation sites on p38R was maintained at the elevated protein
concentrations required for NMR-based approaches, phosphor-
ylation of p38R was monitored by 31P NMR (Figure 2). The 31P
NMR spectrum of wild-type p38R after its biphosphorylation by
MEK6dd shows two major resonances. The individual assign-
ment of the resonances was achieved through the preparation of
two mutant p38R proteins; independent substitutions of threo-
nine-180 and tyrosine-182 by glutamate (termed T180E and
Y182E, respectively) were introduced to remove one of the two
phosphorylation sites (the carboxylate anion of the glutamate
mimics the charge that would have been introduced by phos-
phorylation of p38R at that site). On treating the mutant
p38R(T182E) with MEK6dd and ATP, a single phosphorus
resonance appears at 3.8 ppm, corresponding to one of the two
resonances observed for wild-type p38R. The equivalent experiment
with p38R(Y180E) also generates a single resonance (at-0.4 ppm),
corresponding to the second resonance observed for wild-type
p38R. Hence, the downfield resonance is assigned to phospho-
threonine-180, and the upfield resonance to phosphotyrosine-
182, thus establishing that MEK6dd maintains specificity for
these residues at elevated protein concentration. There is no
evidence for nonspecific phosphorylation of p38R in the two
mutant proteins.
Generation of an AlF4

- Complex of MEK6. A solution of
MEK6dd, p38R, ADP, AlCl3 and NH4F under the experimental
conditions defined in Methods results in a 19F NMR spectrum
comprising four protein-bound resonances (see Figure 3 and
Table 1). These resonances have intensities proportional to the

Figure 1. (A) Schematic of the phosphoryl transfer reaction catalyzed
by MEK6. (B) Schematic of the proposed AlF4

--based TSA for the
reaction in (A).

Figure 2. 31P NMR spectra of p38R variants phosphorylated by
MEK6dd: (A) p38R; (B) p38R(T180E); and (C) p38R(Y182E).
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concentration of MEK6dd and, by analogy to the spectra of TSA
complexes of other phosphoryl transfer enzymes,7-11 are as-
signed as the four fluorines of a protein-bound tetrafluoroalumi-
nate ion (termed MEK6dd-ADP-AlF4

--p38R TSA complex).
The MEK6dd-ADP-AlF4

--p38R TSA complex has a lifetime
greater than 1 s, because presaturation of free F- over this period
had no effect on the TSA resonances. Comparison of the
chemical shifts and linewidths of the four protein-associated
resonances indicates significant differences in the nature of the
proteinmoieties coordinating each fluoride. The fluoroaluminate
species in such a complex is a six-coordinate, octahedral AlF4

-

moiety axially liganded by a β-oxygen from the ADP and a

hydroxyl from the p38R substrate side chain (either threonine-
180 or tyrosine-182; see Figure 1). No protein-bound metal
fluoride complexes were detected in the absence of Al3þ,
showing that the MEK6 active site does not support the forma-
tion of anMgF3

-TSA complex.Moreover, neither TSA complex
was formed with a peptide corresponding to the activation loop
of p38R that contains threonine-180 and tyrosine-182 in the
same sequence context.
Titration of a sample containing MEK6dd, p38R, ADP, and

NH4F with AlCl3 shows a linear increase in the intensity of the
fluoride peaks until the Al3þ is stoichiometric with the protein,
after which point no further increase in intensity is observed
(Figure 4). Therefore, the complex has a dissociation constant
for Al3þ at least 50-fold lower than the MEK6dd concentration
(240 μM), which is in the range observed for other metal fluoride
TSA complexes.24

Inhibition of MEK6 by AlF4
-. Evidence that the fluoroalu-

minate species behaves as a TSA is additionally provided by the
inhibition of MEK6dd-mediated activation of p38R under the
conditions of the NMR experiment. When p38R and MEK6dd
are mixed in the presence of ATP (but not Al3þ and F-), ADP
production is only observed after a significant lag-time
(Figure 5A), as detected using a continuous assay in which the
generation of ADP is linked to NADH oxidation25 and recorded
using absorbance spectroscopy (see Methods). Many more ADP
equivalents are produced than the number of phosphorylation
sites in p38R that are available to MEK6dd (equivalent to 20 μM
� 6220/M/cm = 0.12 A.U.). This is the result of the high ATP
cleaving activity of activated p38R. The time-course of phos-
phorylation of p38R by MEK6dd was confirmed using a dis-
continuous Phos-Tag26 SDS-PAGE-based assay (Figure 5B),
and the increased rate of ADP production in the continuous

Table 1. 19F Chemical Shifts (ppm) in the MEK6 TSA Complexes

complex FA FB FC FD free fluoroaluminate

MEK6dd-ADP-AlF4
--p38R -142 -148 -154 -167 -155

MEK6dd-ADP-AlF4
--p38R(T180A) -142 -148 -154 -167 -155

MEK6dd-ADP-AlF4
--p38R(Y182F) -143 -149 -155a -164 -155a

MEK6dd-ADP-AlF4
--p38R(T180E) -142 -148 -154 -167 -155

MEK6dd-ADP-AlF4
--p38R(Y182E) -143 -149 -155a -164 -155a

a Free fluoroaluminate and FC are partly or completely overlapped.

Figure 4. Intensity of the FA resonance in 19F NMR spectra of a
solution containing MEK6dd, p38R, ADP, and NH4F, on titration with
AlCl3. TheMEK6dd concentration in these experiments was∼240 μM.
The theoretical curve is fitted for Kd = 400 nM, below which the value of
chi squared does not reduce further.

Figure 3. 19F NMR spectra of TSA complexes between MEK6dd
and p38R variants: (A) MEK6dd-ADP-AlF4

--p38R; (B) MEK6dd-
ADP-AlF4

--p38R(T180A); (C) MEK6dd-ADP-AlF4
--p38R(Y182F);

(D) MEK6dd-ADP-AlF4
--p38R(T180E); and (E) MEK6dd-ADP-

AlF4
--p38R(Y182E). The fluorine resonances are labeled A-D on the

basis of their chemical shifts. *Residual resonance from free
fluoroaluminate.
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assay corresponds to the development of dually phosphorylated
p38R (Figure 5D). Hence, the combination of continuous and
discontinuous assays provides a reliable measure of MEK6dd

activity. When this procedure is repeated in the presence of Al3þ

and F-, there is a substantial reduction in both ADP production
(Figure 5A) and the formation of dually phosphorylated p38R
(Figure 5C). Thus, the data in Figures 4 and 5 establish that the
AlF4

- species is a tight-binding inhibitor of MEK6.
Identification of Target Residues in the AlF4

- Complexes.
Two MEK6dd-ADP-AlF4

--p38R TSA complexes might be
formed, one with threonine-180 and one with tyrosine-182 in
the position of the phosphoryl group acceptor. The fact that only
four protein-bound 19F resonances are observed for the
MEK6dd-ADP-AlF4

--p38RTSA complex (Figure 3A) indicates
that one of the possibilities predominates. To identify which
residue is preferred, two further mutant p38R proteins were
generated, each having one of the phosphorylation sites modified
to remove the relevant hydroxyl group. In one protein (T180A),
threonine-180 is replaced by alanine, while in the other (Y182F),
tyrosine-182 is replaced by phenylalanine. The 19F NMR
spectrum of the TSA complex formed with p38R(T180A)
(Figure 3B, Table 1) is indistinguishable from the spectrum of
the wild-type p38R TSA complex. By contrast, the TSA complex
formed with p38R(Y182F) gives a significantly changed 19F
NMR spectrum (Figure 3C, Table 1). Relative to the positions in
the wild-type p38R TSA complex, resonances corresponding to
FA, FB, and FC have shifted 1-2 ppm upfield, the resonance
corresponding to FD has shifted 2.8 ppm downfield, and the
linewidths of these resonances are all much broader than those of
the wild-type p38R TSA complex. (The resonance correspond-
ing to FC in the p38R(Y182F) TSA complex coincides with the
residual peak from the free fluoroaluminate, but becomes
resolved as a discrete signal at substoichiometric Al3þ.) These
data establish that the wild-type p38R TSA complex with
MEK6dd selects tyrosine-182 (rather than threonine-180) as
the substrate ligand for the tetrafluoroaluminate moiety.
Data were also recorded for the T180E and Y182E mutant

TSA complexes, which give 19F NMR spectra (in terms of
chemical shift) that are almost identical to those of the MEK6dd
complexes formed with the T180A and Y182F mutants of p38R
(Figure 3 B,C vs D,E). Therefore, the MEK6dd active site
structure is not perturbed by the introduction of an anionic
charge intended to mimic phosphorylation on the alternative
amino acid residue.
Homology Modeling. The 19F NMR properties of the various

TSA complexes can be compared to a homology model of the
MEK6dd-ADP-AlF4

--p38R TSA complex based upon the PKA-

Figure 5. (A) PK/LDH linked continuous assay for ADP production
by MEK6dd/p38R, in the absence (blue) and presence (red) of Al3þ

and F-. In the uninhibited reaction assay, additional aliquots of 100 μM
NADH are added at 58 and 76 min; otherwise, this component
would become limiting over the course of the assay. Other spikes
in the data indicate where aliquots were taken for gel electrophoresis.
(B and C) SDS-PAGE gels, supplemented with Phos-Tag, of the
p38R assay mix quenched at the given times, (B) in the absence or
(C) in the presence of Al3þ and F-. (D) Relative intensities (b) of the
Coomassie stained bands in (B) and (C) are compared to the instanta-
neous rates (9) of the reactions in (A) at the indicated time points. Blue
and red symbols represent the absence and presence of Al3þ and F-,
respectively.

Figure 6. Homology model of the active site of MEK6 in an octahedral
AlF4

- TSA complex mimicking the phosphorylation of its substrate
threonine residue (cyan cpk). The two catalytic Mg2þ ions are shown in
green, the nucleotide is in yellow cpk, and MEK6 is in gray cpk.
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ADP-AlF3
0-SP20 complex (Figure 6). In this model, the AlF4

-

moiety is coordinated by residues lysine-181 (atomNζ), asparagine-
184 (atom Nδ2), alanine-63 (atom N), and the two catalytic Mg2þ

ions, while aspartate-179 forms a regular hydrogen bond to the
proton of the substrate hydroxyl group. The two most upfield
fluorine resonances in the spectrum of the MEK6dd-ADP-AlF4

--
p38R TSA complex, FC and FD, have the narrowest linewidths,
most upfield chemical shifts (Figure 3 andTable 1), and the lowest
deuterium solvent-induced isotope shifts (SIIS; Table 2). This
strongly indicates that each of them is coordinated by one of the
two catalytic Mg2þ ions, which results in a reduced local proton
density and higher intrinsic electron density10 relative to the other
two fluorides present, FA and FB. The small SIIS for FD (e0.2
ppm) resembles, for example, that of the FC resonance in the
equivalent TSA complex of β-phosphoglucomutase (βPGM)
when the sugar is R-galactose 1-phosphate, and there is no
coordinating hydrogen bond to FC.

9 In contrast, the chemical
shifts (Figure 3 and Table 1) and SIIS (Table 2) for FA and FB are
typical of fluorides in other AlF4

- TSA complexes coordinated
only by hydrogen bonds.8-11 Here, FA has a SIIS of 1.13 ppm,
which is, for example, closely similar to that of FA in the TSA
complex of β-PGM containing glucose 6-phosphate, where it is
coordinated by three hydrogen bonds.7 The close similarity of
chemical shifts and SIISs in the tyrosine and threonine-based TSA
complexes (Table 2) suggests that, while chemical shift differences
respond to the nature of the two apical oxygen ligands, MEK6dd
coordinates the transition state complex for both target amino
acids in largely the same fashion.

’DISCUSSION

Overall, these results establish conclusively the formation of
tetrafluoroaluminate (AlF4

-) moieties as the dominant species
in aluminum fluoride TSA complexes mimicking the phosphor-
ylation of p38R by MEK6. The data are fully consistent with a
complex containing an octahedral AlF4

- moiety in which two
fluorines coordinate the two catalytic magnesium ions, the other
two fluorines are hydrogen bonded to active site residues, and the
aluminum is coordinated apically by ADP and by a side-chain
oxygen from the substrate residue.With wild-type p38R there is a
preference of at least 10-fold for formation of the complex with
tyrosine-182. When tyrosine-182 is mutated to alanine or
glutamate, the aluminum is then coordinated by the side-chain
oxygen of threonine-180. Despite the differences in affinity, the
electronic and protonic environments of the fluorides in the two
TSA complexes are very similar. The observed preferential
formation of the tyrosine TSA complex is in accord with
biochemical experiments in a closely related system that show
in vitro modification of the equivalent tyrosine precedes that of
the threonine in the activation pathway.27,28 Such priority for
phosphorylation of tyrosine over threonine is likely to be
determined by many contributing factors including, for example,
the difference in nucleophilicity indicated by relative pKa values
for tyrosine and threonine. Moreover, the observed failure of

MEK6 to form a TSA complex with a short peptide having the
sequence of the target sites establishes the dominance of
protein-protein interactions in achieving correct presentation
of the target residue to the bound ATP. The hydrogen-bonding
interaction of aspartate-179with the substrate hydroxyl group is a
clear indication of the existence of general acid-base catalysis in
the phosphoryl transfer process.

The unit negative charge of the AlF4
- species in theMEK6dd-

ADP-AlF4
--p38R TSA complexes is equivalent to that of the

transferring PO3
- group. This behavior of a phosphoryl transfer

enzyme having two catalyticmagnesium ions is in accord with the
dominance of charge balance in the control of phosphoryl
transfer in single magnesium enzymes,8,11 and contrasts with
the AlF3

0 species reported in the crystal structure of the PKA-
ADP-AlF3

0-SP20 complex.19 The MEK6 results thus demon-
strate that the previously reported behavior of PKA is by no
means general for protein kinases. It follows that the use of the
PKA AlF3

0 crystal structure as a basis for QM-MM computations
of the behavior of other protein kinases29 may have limitations if
used for analysis of charge distribution in its transition state
conformation. Overall, it is clear that the utilization of metal
fluorides as the core of transition state analogues for phosphoryl
transfer has clear potential to unravel the mechanistic complex-
ities of protein kinases. In particular, the integration of multi-
nuclearNMRdata with protein crystallography and computational
methods provides a powerful, symbiotic approach.

’METHODS

Both MEK6dd and p38R (wild type/mutants) were expressed in
Rosetta (DE3) pLysS E. coli cells grown in LB media as His6-tagged
proteins encoded by pET-BS(þ) and pET-15b vectors, respectively.
Expression was induced by addition of IPTG (1 mM final con-
centration) once cultures had reached an OD of 0.8. Cells were
incubated for a further 3 h at 37 �C following induction. Purification
of the protein from clarified cell lysate by Talon (Clontech) affinity
chromatography (using 150 mM imidazole to elute the protein) was
followed in the case of p38R by cleavage of the His-tag by thrombin. A
final purification step through size exclusion chromatography yielded 15
mg L-1 MEK6dd, and a final purification step through ion exchange
chromatography yielded 60 mg L-1 p38R. The p38R mutants T180A,
T180E, Y180F, and Y180E were produced using the QuikChange
procedure (Stratagene, U.S.). p38R samples used in enzyme assays were
treated with 1 U λ-phosphatase (New England Biolabs) overnight at
4 �C, because of partial phosphorylation resulting from recombinant
expression. The peptide corresponding to the activation loop of p38R
has the sequence GLARHTDDEMTGYVAT and was obtained from
Peptide Protein Research, UK.

The TSA complexes were generated bymixing 300 μΜ p38Rwith 250
μM MEK6dd, 5 mM ADP, 10 mM MgCl2, 210 μM AlCl3, and 10 mM
NH4F in the standard buffer of 50 mM HEPES, 150 mM NaCl, 5 mM
DTT, 2 mM NaN3, pH 6.8. 19F NMR spectra are accumulations of 96k
transients recorded at 298 K on a Bruker Avance 500 MHz spectrometer
(operating at 470.31MHz for 19F) equipped with a 5 mmQXI probe and
field gradients and processed using FELIX (Felix, San Diego, CA). The
free F- signal (at-119 ppm) was suppressed using presaturation, which
led to the almost complete suppression of the free fluoroaluminate
resonances (*) through exchange. Solvent-induced isotope shifts (SIIS)
for 19F resonances were measured by comparing spectra for samples in
10% and 100% D2O buffer and defined as δH2O - δD2O.

10,30 Fluoride
coordinating protons in the protein were exchanged with deuterons prior
to recording spectra. Integration of peaks was performed using FELIX,
with the phase adjustment and baseline correction optimized for the

Table 2. Deuterium Solvent-Induced Isotope Shifts (SIIS) of
the MEK6 TSA Complexesa

SIIS/ppm FA FB FC FD

MEK6dd-ADP-AlF4
--p38R(T180A) 1.1 0.7 0.4 0.2

MEK6dd-ADP-AlF4
--p38R(Y182F) 1.1 1.0 0.3 0.1

aUncertainties in SIIS are (0.1 ppm.
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chosen peak. 31PNMR spectra were accumulations of 128k scans at 298 K
on a Bruker Avance 500 MHz spectrometer equipped with a 5 mm
multinuclear probe tuned to 31P (202.5 MHz).
Enzyme assays were conducted at 18 �C in the same buffer conditions

as the NMR experiments, except for the omission of AlCl3 and NH4F in
the uninhibited reactions. ADP production was detected by linked
assay25 through pyruvate kinase (PK) and lactate dehydrogenase
(LDH) (Sigma), 10 U in 1 mL of assay mix. Other components were
0.1 mM NADH and 10 mM phosphoenolpyruvate. After a stable
absorbance reading was established at 340 nm, ATP was added to 1
mM, resulting in a small decrease in absorbance through a ∼1%
contamination of the ATP stock with ADP. Inclusion of AlCl3 and
NH4F did not affect this decrease and therefore had no effect on the
linking enzymes. Addition of p38R to 10 μM resulted in no significant
change in absorbance after 2 min, whereas subsequent addition of
MEK6dd to 0.2 μM initiated reaction. Prior to addition of MEK6dd, an
aliquot was taken and quenched with SDS-PAGE loading buffer (50mM
Tris/HCl pH 6.8, 100 mM dithiothreitol, 2% SDS (w/v), 0.1%
bromophenol blue (w/v), 10% glycerol (v/v)) supplemented with 2
M urea, heated to 65 �C for 10 min, and then placed on ice until the end
of the assay. At various time points, further aliquots were taken and
quenched in the same way.
The phosphorylation status of p38R in samples taken from the

continuous assay was assessed by SDS-PAGE using gels prepared with
10% v/v acrylamide, 0.3% v/v bisacrylamide, 50 μMPhosTag (Wako Pure
Chemical Industries, Ltd., Osaka, Japan)26 andMoCl2.Migration of protein
bandswas assigned by comparisonwith phosphatase-treated, untreated, and
MEK6-activated p38R samples. Coomassie staining density was assessed
from electronically scanned images of gels analyzed using ImageJ (NIH).
The model of the MEK6 active site based on the coordinates of the

crystal structure of the PKA-ADP-AlF3
0-SP20 complex (Protein Data

Bank code 1l3r) was performed using Swiss Model in automated
mode,31 and then the AlF4

- peptide and nucleotide placed in the active
site by superposition. The resulting structure was then energyminimized
using the OPLSAA forcefield32 with TIP4P water33 and PME electro-
statics in the GROMACS environment.34 Parameters for ADP were
taken from Meagher et al.,35 and AlF4

- was derived from XPLOR
restraints provided by the HIC-Up database.36
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