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Characterization of the reversible phosphorylation and activation of ERK8

Iva V. KLEVERNIC', Margaret J. STAFFORD, Nicholas MORRICE, Mark PEGGIE, Simon MORTON and Philip COHEN
MRC Protein Phosphorylation Unit, School of Life Sciences, University of Dundee, Dundee DD1 5EH, Scotland, U K.

ERKS (extracellular-signal-regulated protein kinase 8) expressed
in Escherichia coli or insect cells was catalytically active and
phosphorylated at both residues of the Thr-Glu-Tyr motif.
Dephosphorylation of the threonine residue by PP2A (protein
serine/threonine phosphatase 2A) decreased ERKS activity by
over 95 % in vitro, whereas complete dephosphorylation of the
tyrosine residue by PTP1B (protein tyrosine phosphatase 1B) de-
creased activity by only 15-20 %. Wild-type ERKS expressed in
HEK-293 cells was over 100-fold less active than the enzyme
expressed in bacteria or insect cells, but activity could be in-
creased by exposure to hydrogen peroxide, by incubation with the
protein serine/threonine phosphatase inhibitor okadaic acid, or
more weakly by osmotic shock. In unstimulated cells, ERK8 was
monophosphorylated at Tyr-177, and exposure to hydrogen per-
oxide induced the appearance of ERKS that was dually phos-
phorylated at both Thr-175 and Tyr-177. IGF-1 (insulin-like
growth factor 1), EGF (epidermal growth factor), PMA or aniso-
mycin had little effect on activity. In HEK-293 cells, phos-

phorylation of the Thr-Glu-Tyr motif of ERK8 was prevented by
Ro 318220, a potent inhibitor of ERKS in vitro. The catalytically
inactive mutants ERK8[D154A] and ERKS8[K42A] were not
phosphorylated in HEK-293 cells or E. coli, whether or not the
cells had been incubated with protein phosphatase inhibitors or
exposed to hydrogen peroxide. Our results suggest that the activity
of ERKS in transfected HEK-293 cells depends on the relative
rates of ERK8 autophosphorylation and dephosphorylation by one
or more members of the PPP family of protein serine/threonine
phosphatases. The major residue in myelin basic protein phos-
phorylated by ERKS8 (Ser-126) was distinct from that phosphoryl-
ated by ERK2 (Thr-97), demonstrating that, although ERKS is
a proline-directed protein kinase, its specificity is distinct from
ERKI1/ERK2.

Key words: extracellular-signal-regulated kinase 8 (ERKS), mass
spectrometry, mitogen-activated protein kinase (MAPK), oxid-
ative stress, protein phosphatase.

INTRODUCTION

Many members of the MAPK (mitogen-activated protein kinase)
subfamily are components of protein kinase cascades that are
activated in response to extracellular signals. Thus ERKs (extra-
cellular-signal-regulated protein kinases) 1,2 and 5 (ERK1, ERK2
and ERKS) are strongly activated by growth factors and other
mitogenic signals, but can also be activated, to some extent, by
pro-inflammatory cytokines, pathogenic infection and cellular
stresses. In contrast, the p38 MAPKs (p38«, p388, p38y and
p385) and the JNKs (c-Jun N-terminal kinases; JNK1, JNK2
and JNK3) are activated most strongly by pro-inflammatory cyto-
kines, infection and stress. These ten MAPKSs are all characterized
by the presence of a Thr-Xaa-Tyr motif located in the ‘activation
loop’ in subdomain VIII of the catalytic unit. The threonine
and tyrosine residues both become phosphorylated when these
enzymes are activated by extracellular signals, phosphorylation
being catalysed by members of the MKK (MAPK kinase) sub-
family. Thus MKK1 and MKK?2 phosphorylate ERK1/ERK2,
MKKS5 phosphorylates ERKS, MKK3 and MKK6 phosphorylate
the p38 MAPKSs, and MKK4 and MKK7 phosphorylate the JNKs
(reviewed in [1]). Components of MAPK cascades have become
important targets for therapeutic intervention, and drugs that
inhibit MKK1 and p38« MAPK are undergoing human clinical
trials for the treatment of colon cancer and rheumatoid arthritis
respectively (reviewed in [2]).

The two most recently described MAPK family members,
ERK7 and ERKS, resemble ERK1, ERK2 and ERKS in possess-

ing a Thr-Glu-Tyr motif in the activation loop. ERK7 was orig-
inally cloned from a rat cDNA library [3], and a gene encoding a
protein that is 99 % identical with ERK?7 is present in the mouse
genome. ERK7 was reported not to be activated by growth factors
or cellular stresses, to possess appreciable constitutive activity
even in serum-starved cells, and to be capable of phosphorylating
and activating itself [4]. The expression of ERK7 appears to be
regulated by ubiquitylation and subsequent destruction by the
proteasome [5], and it has been reported that ERK7 transfected
into human cells can enhance the ubiquitylation and subsequent
destruction of the oestrogen receptor « [6]. Although the physio-
logical roles of ERK7 are unknown, it has been reported to
interact with CLIC3, a protein showing significant homology
with chloride channels [7], and to phosphorylate c-Myc and c-Fos
in vitro [3].

ERKS is encoded by a gene located on human chromosome 8 at
q24.3 [8]. Its amino acid sequence resembles ERK7 most closely,
and the human genome does not appear to encode any other
MAPK that is more similar to ERK7. However, whether ERK8
is simply the human homologue of ERK7 in rodents is unclear
because the sequence identity between the human and rodent
proteins (69 %) is far lower than that observed between other
human and rodent MAPKSs, which is typically greater than 95 %.
The activity of ERK8 was reported to be enhanced by co-
transfection of COS cells with the protein tyrosine kinase Src and,
in contrast with ERK7, ERKS8 was reported not to phosphorylate
c-Myc and c-Fos [8]. The loss of immunoreactivity towards an
anti-ERK7 antibody in human breast cancer cell lines correlates
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N-terminal kinase; MAPK, mitogen-activated protein kinase; MBP, myelin basic protein; MKK, MAPK kinase; MKP, MAPK phosphatase; PI3K, phos-
phoinositide 3-kinase; PKC, protein kinase C; PP2A, protein serine/threonine phosphatase 2A; PTP1B, protein tyrosine phosphatase 1B; PTPase, protein
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with breast cancer progression [6], raising the possibility that
ERKS8 may be a tumour suppressor. The physiological functions
of ERKS8 are unknown.

In the present paper we show that, surprisingly, the activity
of ERKS is largely determined by the phosphorylation of the
threonine residue of the Thr-Glu-Tyr motif. Our results suggest
that the activity of ERKS in transfected mammalian cells is
a balance between the rate of ERKS8 autophosphorylation and
dephosphorylation catalysed by one or more members of the PPP
family of protein serine/threonine phosphatases. ERKS8 activity
in HEK-293 cells is increased by exposure to hydrogen peroxide
and, to a lesser extent, by osmotic shock. Finally, we demonstrate
that ERKS is a proline-directed protein kinase, with a specificity
distinct from that of ERK2.

MATERIALS AND METHODS
Materials

[y-*P]ATP was obtained from Amersham Biosciences (Little
Chalfont, Bucks, U.K.), Ro 318220 was from Calbiochem
(Nottingham, U.K.), microcystin-LR was from Dr Linda
Lawton (School of Life Sciences, Robert Gordon University,
Aberdeen, U.K.), okadaic acid was from Qbiogene-Alexis
(Nottingham, U.K.) and N-acetyl-L-cysteine was from Sigma
Chemical Co. (Poole, Dorset, U.K.). The sources of other reagents
have been described previously [9,10].

DNA Constructs

DNA encoding human ERKS8 (AY065978) was amplified from
IMAGE EST 5242481 with Expand HiFi polymerase (Roche
Molecular Sciences, Lewes, East Sussex, U.K.). The product
was cloned into pCR2.1 (Invitrogen, Paisley, U.K.) and the
sequence was verified. The derived fragment contained a 50 bp
insert, which was removed by standard PCR methods. This
fragment was cloned into pEBG2T and pGEX6P-1 (Pharmacia
Biotech) to produce pEBG2T ERKS8 and pGEX6P-1 ERKS for
expression as a GST (glutathione S-transferase) fusion protein
in mammalian cells and Escherichia coli respectively. PCR was
used to add an HA (haemagglutinin) tag to the 5’ end of the
ERKS open reading frame, and this fragment was ligated into
pCMV5. The T175A, Y177F, D154A and K42A mutations were
introduced using the QuikChange® Site-Directed Mutagenesis
Kit (Stratagene, Amsterdam, The Netherlands). Constructs for
expression in mammalian cells were transformed into E. coli
strain DH5«, and DNA was prepared using the Plasmid Mega
Kit (Qiagen, Crawley, West Sussex, U.K.) according to the
manufacturer’s guidelines. The DNA encoding ERK8 was also
cloned into the pFASTBAC1 vector, and this vector used to
generate Hisg-tagged ERKS in insect Sf21 cells.

Protein preparations

pGEX6P-1 ERKS, or the same vector expressing ERK8[T175A],
ERKS8[Y177F], ERK8[D154A] and ERK8[K42A] mutants, was
transformed into E. coli strain BL21 pLys S, and expression
was induced with 50 uM IPTG (isopropyl B-thiogalactoside)
for 16 h at 26°C. For expression in mammalian cells, pEBG2T
ERKS was transfected into HEK-293 cells as described below. At
36 h post-transfection, the cells were lysed and the GST fusion
proteins were purified by affinity chromatography on glutathione—
Sepharose. The baculovirus expressing Hise—ERK8 was used to
infect insect Sf21 cells, and the expressed protein was purified
by affinity chromatography on nickel-nitrilotriacetate—agarose
(Qiagen). All ERKS preparations were dialysed into 50 mM Tris/
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HCI, pH 7.5, 0.1 mM EGTA, 50 % (v/v) glycerol and 0.1 % (v/v)
2-mercaptoethanol and stored at —20°C.

GST-ERK?2 was expressed in E. coli, purified and activated as
described previously [11]. The PP2A, (protein serine/threonine
phosphatase 2A,) holoenzyme was purified from rabbit skeletal
muscle by Dr James Hastie (Division of Signal Transduction
Therapy, Dundee, U.K.) or purchased from Upstate Inc. (Dundee,
U.K.). PTP1B (protein tyrosine phosphatase 1B) was generously
given by Professor David Barford (Institute of Cancer Research,
London, U.K.). Bovine MBP (myelin basic protein) was pur-
chased from Invitrogen.

Antibodies

An antibody that recognizes phosphorylated and unphosphoryl-
ated ERKS equally well was generated by injecting sheep with
Hiss-tagged ERKS and affinity-purified on an ERK8-Sepharose
column. It was used for immunoblotting at 0.28 pg/ml. Polyclonal
antibody that recognizes the phosphorylated Thr-Glu-Tyr motifs
of ERK1 and ERK2 (catalogue number 9101; Lot 16) was
purchased from Cell Signaling Technologies (Hitchin, Herts.,
U.K.). The anti-phosphotyrosine antibody clone 4G10 was from
Upstate (Milton Keynes, U.K.), and anti-HA antibody clone
12CAS was from Roche (Lewes, U.K.). Rabbit anti-sheep IgG,
goat anti-rabbit IgG and rabbit anti-mouse IgG peroxidase-
conjugated antibodies were from Perbio Science (Tattenhall,
Cheshire, U.K.).

Cell culture, cell transfection and cell lysis

HEK-293 cells were cultured at 37°C in DMEM (Dulbecco’s
modified Eagle’s medium) supplemented with 10 % foetal bovine
serum and 1% (v/v) antibiotic/antimycotic solution. The cells
were transfected using either calcium phosphate [12] or poly-
ethyleneimine [13] with EBG2T ERKS to express GST-ERKS or
pCMVS5 ERKS to express HA-ERKS. At 36 h post-transfection,
the medium was aspirated, cells were rinsed with ice-cold PBS
and then lysed in 50 mM Tris/HCI, pH 7.5, containing 1 mM
EDTA, 1 mM EGTA, 1 mM sodium orthovanadate, 10 mM sod-
ium S-glycerophosphate, 5 mM sodium pyrophosphate, 50 mM
sodium fluoride, 0.27 M sucrose, 1 % (v/v) Triton X-100, 0.1 %
(v/v) 2-mercaptoethanol and Complete™ proteinase inhibitor
cocktail (Roche; one tablet per 50 ml). Lysates were centrifuged
at 13000 g for 10 min at 4°C, and the supernatants (termed ‘cell
extract’) were removed, frozen in liquid nitrogen and stored at
—20°C until use.

Assay of ERK8

ERKS preparations or ERK8 immunoprecipitated from cell ex-
tracts were assayed at 30°C in 50 ul reaction mixtures containing
50 mM Tris/HCI, pH 7.5, 0.1 mM EGTA, 10 mM magnesium
acetate, 0.1 % (v/v) 2-mercaptoethanol, 0.1 mM sodium ortho-
vanadate, 0.33 mg/ml MBP and 0.1 mM [y-**P]ATP (10° c.p.m./
nmol). After 10 min, the reaction was stopped and incorporation
of phosphate into MBP was measured by spotting 40 ul aliquots
on to phosphocellulose P81 paper, followed by washing with
75 mM orthophosphoric acid to remove [y-**P]ATP, drying and
Cerenkov counting. One unit of ERK8 activity was that amount
which catalysed the phosphorylation of 1 nmol of MBP in the
standard assay.

Reversible activation/inactivation of ERK8

ERKS preparations from E. coli or Sf21 cells (typically 10 pg/ml)
were incubated at 30°C with or without PP2A, (10 units/ml)
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and/or PTP1B (50 pg/ml) in 50 mM Tris/HCl, pH 7.5, containing
0.1 mM EGTA and 0.1 % (v/v) 2-mercaptoethanol. Phosphatase-
treated ERK8 was reactivated by incubation at 30°C in the same
buffer containing 10 mM magnesium acetate, 0.1 mM unlabelled
ATP and the phosphatase inhibitors sodium orthovanadate
(0.1 mM) or microcystin-LR (0.1 uM).

Mass spectrometry

ERKS8 samples were separated by SDS/PAGE, stained with
colloidal Coomassie Blue and digested with trypsin [14]. The
tryptic digests were dissolved in 0.2 ml of 1 % formic acid/4 mM
EDTA in water, and 0.02 ml aliquots were analysed by LC-MS
with precursor 79 scanning on a 4000 Q-TRAP system [14,15].
Extracted ion chromatograms from precursor ion scans were
generated using Analyst 1.4.1 software (MDS-Sciex, Canada).
The sequences of the peptides and sites of phosphorylation were
confirmed both by database searching using Mascot v2.1(Matrix-
Science, U.K.) run on a local server, and by manual interpretation
of the MS/MS spectra.

RESULTS
Characterization of recomhinant ERK8

ERKS expressed in E. coli as a GST fusion protein or in insect
Sf21 cells as a His,-tagged protein had similar specific activities
towards MBP of approx. 120 units/mg. Since the genome of E. coli
does not encode any MAPKSs or conventional MKKSs, it is unlikely
that an activator of ERKS is present in these bacteria. Therefore
the finding that ERKS8 was constitutively active suggested that
activity was generated by ERKS itself via an autophosphorylation
reaction.

It is well established that the activation of ERK1 and ERK2
requires their phosphorylation at both a threonine and a tyrosine
residue located in a Thr-Glu-Tyr motif in the ‘activation loop’
of the catalytic domain. Since ERK8 also contains a Thr-Glu-
Tyr motif at the equivalent position, we investigated whether its
activation also resulted from the phosphorylation of these resi-
dues. ERKS8 expressed in E. coli or insect Sf21 cells was recog-
nized by a polyclonal phosphospecific antibody from Cell
Signaling Technologies that recognizes the phosphorylated Thr-
Glu-Tyr motif of ERK1 and ERK2. ERKS8 was also recognized
by an anti-phosphotyrosine antibody. In contrast, the catalytically
inactive mutant ERK8[D154A] was not recognized by either
antibody (Figure 1A), again indicating that ERKS8 activity was
generated by autophosphorylation.

ERK1 and ERK?2 are inactivated by treatment with either a
PTPase (protein tyrosine phosphatase) or a protein serine/threo-
nine phosphatase, demonstrating that phosphorylation of both
residues in the Thr-Glu-Tyr motif is required to generate
significant activity. As expected, the activity of ERKS8 expressed
in E. coli or insect Sf21 cells was decreased by 95 % after
treatment with the serine/threonine-specific phosphatase PP2A,
but, surprisingly, treatment with the tyrosine-specific phosphatase
PTP1B only decreased activity by 15-20% (Figure 1B). This
was not explained by an inability of PTP1B to dephosphorylate
ERKS, because PTP1B-treated ERK8 was no longer recognized
by the anti-phosphotyrosine antibody (Figure 1C). These results
indicate that phosphorylation of the threonine residue is the major
determinant of ERKS8 activity, the phosphorylation of the tyrosine
apparently only having a minor effect.

Interestingly, ERKS inactivated by PP2A or PTP1B, in which
the phosphothreonine or phosphotyrosine residue had been de-
phosphorylated respectively, were still recognized by the antibody

against the phosphorylated Thr-Glu-Tyr motif (Figure 1C), indi-
cating that this particular polyclonal antibody recognizes ERKS8
when it is phosphorylated at either residue. This was confirmed
by the finding that the ERK8[T175A] and ERK8[Y 177F] mutants
in which the threonine or tyrosine of the Thr-Glu-Tyr motif were
changed to a non-phosphorylatable residue were still recognized
by the same phosphospecific antibody (Figure 1D). MS analysis
confirmed that the T175A mutant was still heavily phosphoryl-
ated at Tyr-177, whereas the Y177F mutant was heavily phos-
phorylated at Thr-175 (Figure 1E). However, these mono-
phosphorylated mutants both had less than 0.1 % of the activity
of the wild-type enzyme towards MBP (Figure 1F).

To investigate whether ERK8 can autoactivate in vitro, we
incubated the bacterially expressed and the insect cell-expressed
enzymes with PP2A plus PTP1B (Figure 2A), then inhibited the
PP2A and PTP1B with microcystin-LR and sodium orthovanadate
respectively, followed by incubation with MgATP. Under these
conditions, ERKS from either E. coli or insect Sf21 cells was only
capable of slight reactivation (Figure 2A). However, reactivation
was accompanied by substantial rephosphorylation of the Thr-
Glu-Tyr motif, as judged by immunoblotting with the anti-
phospho-ERK1/ERK2 and anti-phosphotyrosine antibodies
(Figure 2B). The activity of ERK8, which had not been phos-
phatase-treated, was unaffected by incubation with MgATP
(Figure 2A).

We next examined the dephosphorylation and rephosphoryl-
ation of bacterially expressed ERKS in greater detail using MS.
Tryptic digestion followed by precursor ion scanning analysis
showed that bacterially expressed ERKS8 was isolated pre-
dominantly as the diphosphorylated form phosphorylated at both
residues of the Thr-Glu-Tyr motif, with small amounts of each of
the monophosphorylated species (Figure 3A, top panel). Follow-
ing incubation with PP2A plus PTP1B, ERK8 was completely
dephosphorylated (Figure 3A, middle panel) and subsequent
incubation with MgATP led to rephosphorylation of the tyrosine
residue (Figure 3A, bottom panel). Interestingly, however, re-
phosphorylation of the threonine residue was not detected. Con-
sistent with this finding, treatment with PP2A alone to generate
the tyrosine monophosphorylated species (Figure 3B, middle
panel), followed by incubation with MgATP, also did not lead to
detectable rephosphorylation of the threonine residue (Figure 3B,
bottom panel). On the other hand, incubation with PTP1B alone
to generate ERKS that was monophosphorylated on the threonine
residue (Figure 3C, middle panel), followed by incubation with
MgATP, led to reformation of the dually phosphorylated species
(Figure 3C, bottom panel). These results are considered further
in the Discussion. It should also be noted that it was critical to
include EDTA in the samples to avoid losing the diphosphorylated
peptides during chromatography on the LC-MS column.

Effects of different agonists and inhibitors on the phosphorylation
of ERK8 in HEK-293 cells

In order to study the regulation of ERKS activity in mammalian
cells, we initially expressed it as a GST fusion protein in HEK-293
cells. The cells were lysed in the presence of protein phosphatase
inhibitors and, following affinity purification on glutathione—
Sepharose in the continued presence of phosphatase inhibitors,
the purified ERK8 was found to have an extremely low activity,
approx. 100-fold lower than that of the protein expressed in E. coli
or Sf21 cells. This suggested that the autoactivation of ERK8 was
effectively counteracted by protein phosphatase activities present
in mammalian cells.

We next transfected HEK-293 cells with wild-type HA-tagged
ERKS or two catalytically inactive mutants, HA-ERK8[D154A]

© 2006 Biochemical Society



368 |. V. Klevernic and others

A

ERKS WT  DIS4A
Ecoli Sf21 E.coli
e ° PERKS

pY

ERKS

[0 o ]
DO

C

NP PP2A PTP1B PP2A+PTPIB

E.coli ERKSB

relative specific activity (%) I3

Sf21 ERK8

NP PP2A PTPIB PP2A+PTPIB

NP PP2A

D
ERKS

WT YI177F T175A

PTP1B PP2A+PTP1B

E ORI e N
T T AV OO
|® o @ e |rks ® @ O @ [erks
o ERKS[Y177F] , P-Thr
m/z 1154-1155 fl
1
<, | l'ul E.coli ERK8 Specific
% ) | "-\ activity (U/mg)
2 S R wT 120
Sy P-Tyr | ERKS[T175A]
Z | 1z 1147-1148 YI77F 0.036
g !I TI75A 0.15
E ¢ || D154A 0.004
I|
3 \
J. e
e TRk

time (min)

Figure 1

State of phosphorylation of the activation loop of ERK8 and effect of phosphatases

Wild-type (WT) ERK8, and the catalytically inactive D154A mutant were expressed as GST fusions in E. coli and Hiss-tagged WT ERK8 was expressed in Sf21 cells. (A) The purified proteins (100 ng)
were spotted on to nitrocellulose membranes and immunoblotted using the ECL® detection system (Amersham Pharmacia Biotech, Little Chalfont, U.K.). The antibodies used were a phosphospecific
antibody that recognizes the phosphorylated Thr-Glu-Tyr motif of ERK1 and ERK2, but also recognizes the same region in ERK8 (pERK8), an anti-phosphotyrosine antibody (pY), and an antibody that
recognizes phospharylated and unphosphorylated ERK8 equally well (ERK8). (B) Wild-type GST-ERKS (grey bars) or Hiss—ERKS (black bars) were incubated with PP2A, PTP1B, both phosphatases
or in the absence of any phosphatase (NP; no phosphatase) as described in the Materials and methods section. Aliquots of each reaction were then assayed for ERK8 activity using MBP as a
substrate. (C) Further aliquots of the incubations from (B) were spotted on to nitrocellulose membranes and immunoblotted with the antibodies used in (A). (D) The experiment was carried out as
in (A), except that the ERK8[T175A] and the ERK8[Y177F] mutants were used, as well as the wild-type enzyme. (E) MS analysis of tryptic digests of ERK8[Y177F] and ERK8[T175A] showing the
extracted ion chromatograms for the doubly charged ([M — 2HI?~) tryptic phosphopeptide ions. Upper panel: the peptide comprising Ser-161-Arg-182 of ERK8[Y177F] (m/z = 1154-1155); lower
panel: the peptide comprising Ser-161-Arg-182 of ERK8[T175A] (m/z = 1147-1148). (F) The specific activities of wild-type ERK8, ERK8[Y177F], ERK8[T175A] and ERK8[D154A] were determined

using MBP as substrate. Protein concentrations were determined by the method of Bradford.

(Figure 4A) and HA-ERKS8[K42A] (results not shown). The
activation loop of wild-type HA-ERKS8 was phosphorylated as
expected, but neither the HA-ERKS8[D154A] (Figure 4A) nor
HA-ERKS8[K42A] mutants were phosphorylated at the Thr-Glu-
Tyr motif before or after stimulation with any agonist (results not
shown). This suggested that the phosphorylation of the activation
loop of ERK8 was an autophosphorylation event in HEK-293
cells, as was the case for the protein expressed in bacteria or
insect cells.

© 2006 Biochemical Society

The HEK-293 cells transfected with wild type HA-ERKS8 were
then stimulated with IGF-1 (insulin-like growth factor-1), EGF
(epidermal growth factor) or PMA, or exposed to an osmotic
shock (0.5 M sorbitol), the protein synthesis inhibitor anisomycin
(10 peg/ml) or 1 mM hydrogen peroxide. Under the conditions
used in Figure 4(A), the only agonist that reproducibly stimulated
the phosphorylation of wild-type HA-ERKS8 was hydrogen per-
oxide. The effect of hydrogen peroxide was maximal after 10 min
and was sustained for 30 min (Figure 4A). Analysis of tryptic
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Figure 2 Slight reactivation of phosphatase-treated ERK8 after incubation
with MgATP

(A) Wild-type GST-ERK8 (grey bars) or Hiss—ERK8 (black bars) were incubated in the absence
or presence of PP2A plus PTP1B as in Figure 1(B), and the phosphatases were then inhibited
by the addition of the PP2A inhibitor microcystin—LR (0.1 M) and the PTP1B inhibitor sodium
orthovanadate (0.1 mM). The untreated or inactivated ERK8 were then incubated with MgATP,
and aliquots of the reactions were removed at the times indicated and assayed for activity using
MBP as a substrate. (B) Further aliquots from (A) were spotted on to nitrocellulose membranes
and immunoblotted as in Figure 1. NP, no phosphatase; ERK8 not pre-treated with PP2A plus
PTP1B and incubated for 6 h without MgATP.

digests of the immunoprecipitated ERK8 showed the presence
of the monophosphorylated species phosphorylated only at the
tyrosine residue of the Thr-Glu-Tyr motif in unstimulated cells
(Figure 4B, upper panel). Exposure of the cells to hydrogen
peroxide led to the appearance of both the diphosphorylated
species as well as a monophosphorylated species phosphoryl-
ated only at Thr-175 (Figure 4B, lower panel).

The endogenous ERK1 and ERK?2 in the same extracts also
became phosphorylated at their Thr-Glu-Tyr motifs in response
to hydrogen peroxide, but more slowly than ERKS8 (Figure 4A).
Interestingly, the basal level of phosphorylation of ERK1/ERK2
in serum-grown HEK-293 cells was consistently suppressed by
expression of the vector encoding wild-type ERKS, but not by a
vector encoding the catalytically inactive ERK8[D154A] mutant
(Figure 4A).

The basal or hydrogen peroxide-induced phosphorylation of
ERKS was unaffected by incubating the cells with PD 184352
(2 uM), SB 203580 (10 «M) or wortmannin (100 nM), alone or
in combination, which are relatively specific inhibitors of MKK1/
MKK?2 (the upstream activators of ERK1/ERK?2), p38c/p38p
MAPKSs and PI3K (phosphoinositide 3-kinase) respectively. In
contrast, these inhibitors blocked the hydrogen peroxide-induced
phosphorylation of ERK1 and ERK2, the phosphorylation of
MAPKAP-K2 (MAPK-activated protein kinase 2) at Thr-334
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Figure 3 MS analysis of bacterially expressed ERK8

Tryptic digests of GST-ERK8 from untreated (A—GC, top panels), ERK8 incubated with PP2A
and PTP1B (A, middle panel), PP2A alone (B, middle panel) or PTP1B alone (C, middle
panel) and from phosphatase-treated ERK8 that had been rephosphorylated by incubation for
6h with 10 mM magnesium acetate and 0.1 mM ATP (A-GC, bottom panels) were analysed
by LC-MS with precursor 79 scanning. Shown is the relevant section of the extracted ion
chromatograms for the doubly charged peptide ions ([M — 2HI?) representing the singly
phosphorylated (m/z = 1162—1163) and doubly phosphorylated (m/z = 1202—1203) peptide
comprising residues Ser-161—Arg-182.
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Figure 4 Effect of hydrogen peroxide and Ro 318220 on the phosphorylation
of ERK8

(R) HEK-293 cells were transfected with vectors expressing either wild-type (WT) HA—ERK8 or
HA-ERK8[D154A] as described in the Materials and methods section. At 36 h post-transfection,
the cells were exposed for 10 or 30 min to 1mM hydrogen peroxide, and lysed. The
lysates (60 rg) were denatured in SDS, subjected to SDS/PAGE and, after transfer to PVDF
membranes, immunoblotted with the phosphospecific antibody that recognizes the phos-
phorylated Thr-Glu-Tyr motifs of ERK1, ERK2 and ERK8, and an antibody that recognizes
phosphorylated and unphosphorylated ERK8 equally well. (B) HA-ERK8 in 30mg of cell
lysate protein was immunoprecipitated from HEK-293 cells exposed to hydrogen peroxide (lower
panel) or left unstimulated (upper panel) was digested with trypsin and analysed by LC-MS. The
extracted ion chromatograms for the doubly charged peptide ions ([M — 2H]%~) representing
the singly phosphorylated (m/z = 1162—1163) and doubly phosphorylated (m/z = 1202—-1203)
forms of the peptide comprising Ser-161—Arg-182 are shown. (C) HEK-293 cells transfected
with HA-ERK8 as in (A) were incubated for 1 h with the indicated concentrations of Ro 318220,
then exposed for 10 or 30 min to 1 mM hydrogen peroxide and lysed. Cell lysate (45 ..q)
was then analysed as in (A). (D) Wild-type GST-ERK8 and GST-ERK2 (both from E. coli) were
assayed in vitro using MBP as substrate at the indicated concentrations of Ro 318220.
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Figure 5 Effect of phosphatase inhibitors on the activity of ERK8 in HEK-293
cells

The cells were transfected with a vector encoding wild-type HA-ERK8 as in Figure 4(A). At
36 h post-transfection, the cells were incubated for 1h with or without 1 .M okadaic acid,
1 mM sodium orthovanadate (NasVO,), or both phosphatase inhibitors, and lysed. ERK8 was
immunoprecipitated from cell extracts using an anti-HA antibody and assayed for activity using
MBP as a substrate.

(a target of p38e MAPK) and the phosphorylation of protein
kinase B at Ser-473 (a downstream target of the PI3K pathway)
respectively, in the same extracts (results not shown).

The phosphorylation of ERKS8 has been reported to increase
to a small extent in COS cells when co-transfected with a vector
expressing the protein tyrosine kinase Src [8]. However, we were
unable to suppress the phosphorylation of ERKS in HEK-293 cells
using the Src family inhibitor PP2 at 10 M, a concentration that
completely blocks the phosphorylation of physiological substrates
of Src family members in cells (results not shown).

Interestingly, phosphorylation of the Thr-Glu-Tyr motif of
ERKS in unstimulated cells or in cells exposed to hydrogen
peroxide was completely suppressed by the indoyl bismaleimide
Ro 318220 (Figure 4C), originally developed as an inhibitor of
PKC (protein kinase C). This initially suggested that ERK8 might
be phosphorylated by a distinct Ro 318220-sensitive kinase, since
the activities of ERK2 and other MAPKSs, such as JNK1 and
p38 MAPK isoforms, are unaffected by this compound [11].
However, surprisingly, we found that ERKS8 is inhibited by Ro
318220 exceptionally potently in vitro, with an ICs, of 5-10 nM
(Figure 4D), similar to the concentration that inhibits PKC.
Therefore the simplest interpretation of this result is that Ro
318220 is exerting its effect by inhibiting the autophosphorylation
of ERKS, and not by inhibiting an ‘upstream’ kinase. The finding
that ERKS is not phosphorylated at the Thr-Glu-Tyr motif in HEK-
293 cells expressing catalytically inactive ERK8 (Figure 4A) is
consistent with this view.

The results presented in Figure 4 suggest that the activity
of ERKS8 in HEK-293 cells is a balance between the auto-
phosphorylating activity of ERK8 and one or more ERKS8 phos-
phatases. In order to test this hypothesis we therefore exposed cells
to okadaic acid, a cell-permeant specific inhibitor of most mem-
bers of the PPP family of protein serine/threonine phosphatases,
and/or sodium orthovanadate, an inhibitor of both PTPases and
the structurally related ‘dual-specificity” MKPs (MAPK phos-
phatases). Exposure of cells to okadaic acid induced a 5-fold
increase in the activity of ERKS, whereas orthovanadate only had
a minor effect on activity. A slightly higher activity was observed
in cells exposed to both okadaic acid and orthovanadate (Figure 5).

Effect of antioxidant on the activity of ERK8 in HEK-293 cells

Since hydrogen peroxide is an oxidative stress, it was of interest
to examine the effect of the antioxidant N-acetyl-L-cysteine on
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Figure 6 Effect of N-acetyl-L-cysteine on the activity of ERK8 and its
phosphorylation at the Thr-Glu-Tyr motif in response to hydrogen peroxide
or osmotic shock in HEK293 cells

() The cells were transfected with a vector encoding wild-type HA-ERK8 as in Figure 4(A) and
at 36 h post-transfection incubated for 15 min with (grey bars) or without (black bars) 10 mM
N-acetyl-L-cysteine (NAC). The cell media were aspirated, the cells were washed at 21°C with
PBS and fresh media was added. Cells were then exposed for 10 min to either 1 mM hydrogen
peroxide or 0.5 M sorbitol and lysed. ERK8 was immunoprecipitated from cell extracts using
an anti-HA antibody and its activity was measured using MBP as substrate. (B and C) The
cell lysates from (A) were analysed by immunoblotting, as in Figure 4(A). (D) The cells
were first transfected as in (A). At 36 h post-transfection they were then incubated for 10 min
without (lanes A and B) or with (lanes C—H) 1 mM hydrogen peroxide. Either the cells were
lysed (lanes A-D) or the culture medium was aspirated and the cells washed at 21°C with
PBS and fresh media was added (lanes E-H). The cells were then incubated for 30 min without
(lanes E and F) or with (lanes G and H) 10 mM N-acetyl-L-cysteine.

the activity of ERKS in cells. Interestingly, incubation of cells
with this compound reduced the basal level of ERKS8 activ-
ity (Figure 6A) and phosphorylation of the Thr-Glu-Tyr motif
(Figure 6B) considerably, without affecting subsequent activation
by hydrogen peroxide (Figures 6A and 6B). After lowering the
basal level of ERKS activity with N-acetyl-L-cysteine, activation
of ERKS8 by osmotic shock could now be detected, which was
not significant in cells not treated with antioxidant (Figures 6A
and 6C). The hydrogen peroxide-induced phosphorylation of
ERKS was reversible, because washing the cells free of hydrogen
peroxide followed by incubation for 30 min led to some de-
phosphorylation (Figure 6D). ERKS8 could not be activated by
IGF-1, EGF or anisomycin, even in cells pre-treated with anti-
oxidant (results not shown).
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Figure 7 Identification of the sites on MBP phosphorylated by ERK8

Bovine MBP (0.33 mg/ml) was phosphorylated by incubation for 10 min at 30°C with
Mgly-*2P]ATP (10° ¢.p.m./nmol) and ERK8 (2 units/ml). Reactions were denatured in lauryl
dodecy! sulphate and subjected to SDS/PAGE. After staining with Coomassie Blue, the MBP was
excised from the gel, digested with trypsin and the resulting peptides were chromatographed on
a Vlydac C+g column equilibrated in 0.1 % (v/v) trifluoroacetic acid (A). The acetonitrile gradient
is indicated by the diagonal line. Peptides T1 (B), T2 (C) from A were subjected to Edman
degradation to determine the amino acid sequence, and to solid phase sequencing to identify
the sites of phosphorylation, as in [24].

ERK8 has a substrate specificity distinct from ERK2

MBP was maximally phosphorylated by incubation with MgATP
and either ERK8 or ERK?2. The phosphorylated MBP was digested
with trypsin, and the resulting phosphopeptides were separated
by chromatography on a C,3 column. The major phosphopeptide
T1 and the minor phosphopeptide T2 phosphorylated by ERKS8
were subjected to MS (results not shown), Edman and solid-phase
sequencing. These analyses revealed that peptide T1 comprised
residues 124—131 of MBP phosphorylated at Ser-126, whereas
T2 comprised residues 91-96 of MBP phosphorylated at Thr-94
(Figure 7). In contrast, the major residue phosphorylated by ERK?2
was Thr-97, while Thr-94 was phosphorylated less extensively
(results not shown), as reported previously by others [16].

Identification of additional phosphorylation sites on ERK8

During the MS analysis of bacterially expressed ERK8, we ob-
served that ERK8 was phosphorylated not only at the Thr-Glu-
Tyr motif, but also at Ser-192, Ser-331, Thr-352, Ser-362, Ser-
378 and Thr-380 (results not shown). These residues were not
phosphorylated in preparations of catalytically inactive ERKS
mutants, indicating that they arise from autophosphorylation.
Residues Ser-362 and Thr-380 are followed by proline, but the
other four residues are not, indicating that ERKS is intrinsically
capable of phosphorylating residues that lie in sequences distinct
from Ser-Pro and Thr-Pro.

© 2006 Biochemical Society
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DISCUSSION

The activation of many MAPK family members, such as ERK1,
ERK?2 and p38 MAPKSs, requires their phosphorylation on both
the threonine and the tyrosine residues of the Thr-Xaa-Tyr motif
present in the ‘activation loops’ of these enzymes. In the case
of ERK1/ERK?2, the phosphorylation of both residues can be
catalysed by either MKK1 or MKK?2, whereas, for p38 MAPKs,
phosphorylation is catalysed by MKK3 or MKK6. However,
not all MAPK family members are regulated in this way. For
example, JNK isoforms are phosphorylated at the threonine
residue of the Thr-Xaa-Tyr motif by MKK?7, and phosphorylated
preferentially at the tyrosine residue by MKK4 [17,18]. For this
reason, and because phosphorylation of the threonine residue
of the JINK3 isoform by MKK?7 accelerates the rate at which
MKK4 phosphorylates the tyrosine residue [19], the two MKKs
activate JNK isoforms synergistically. The phosphorylation of
JNK isoforms at the threonine residue by MKK?7 is sufficient to
generate 10—15 % of the activity that is attained when both the
threonine and the tyrosine residues are phosphorylated [17,18].
Similar to MKK7, MKKS5 phosphorylates the threonine of the
Thr-Xaa-Tyr motif of ERKS5 preferentially, and phosphorylation
of this residue generates 10% of the activity towards MBP
observed with the dually phosphorylated kinase. Moreover, ERKS5
phosphorylated at only the threonine residue autophosphorylates
at a similar rate to the dually phosphorylated enzyme [9]. In
the present study, we have demonstrated that phosphorylation
of the threonine of the Thr-Glu-Tyr motif was the major deter-
minant of ERKS activity towards an exogenous substrate (MBP),
while phosphorylation of the tyrosine had only a minor effect
(Figures 1B and 4B).

ERKS expressed in bacteria was active and largely present as
the diphosphorylated species, phosphorylated at both residues
of the Thr-Glu-Tyr motif (Figure 3A, top panel), but catalytically
inactive ERK8 was not phosphorylated at either residue (Fig-
ure 1A), indicating that in bacteria the phosphorylation of ERKS
was catalysed by ERKS itself. However, when bacterially ex-
pressed ERKS8 was dephosphorylated, it was only capable of re-
phosphorylation at the tyrosine and not the threonine residue
in vitro. Interestingly, mutation of either the threonine or the
tyrosine of the Thr-Glu-Tyr motif to alanine or phenylalanine re-
spectively decreased by more than 99.9 % the activity of bac-
terially expressed ERK8 towards MBP (Figure 1F), despite the
fact that Thr-175 or Tyr-177 were still heavily phosphorylated
in the ERK8[Y177F] and ERK8[T175A] mutants, respectively
(Figure 1E). Since bacterially expressed wild-type ERKS8 phos-
phorylated at Thr-175 alone was almost fully active (Figure 1B),
but ERKS8[Y177F] phosphorylated at Thr-175 was essentially
inactive, these observations suggest that ERK8 may need to be
phosphorylated on both the threonine and the tyrosine residue of
the Thr-Glu-Tyr motif to lock the enzyme into a conformation
capable of phosphorylating exogenous substrates in vitro and
in vivo.

The observations we have made with ERKS8 are reminiscent
of those described recently by Cleghon and co-workers [20]
with DYRK (dual tyrosine-regulated phosphorylated kinase) 1A.
DYRKI1A, like ERK8 and GSK3 (glycogen synthase kinase 3)
[21], autophosphorylates the activation loop tyrosine residue
in vivo, yet only phosphorylates exogenous substrates on serine
and threonine residues. These investigators presented evidence
that the autophosphorylation of DYRK1A at tyrosine was cata-
lysed by a transitional intermediate, only formed transiently
while the enzyme was being synthesized, and that tyrosine phos-
phorylation was essential to trigger conversion into the mature
conformation that phosphorylates exogenous substrates. For this
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reason, the mature form of DYRK1A (and probably GSK3) was
unable to rephosphorylate the tyrosine residue to a significant
extent after it had been dephosphorylated. The situation we
have found with ERK8 appears to be analogous except that,
after dephosphorylation of the purified enzyme in vitro, it is
the threonine and not the tyrosine of the Thr-Glu-Tyr motif that
cannot be rephosphorylated. It is possible that the presence of
a molecular chaperone(s) is needed to induce the conformation
that is capable of autophosphorylating Thr-175 in vivo and that
the dual phosphorylation of the Thr-Glu-Tyr motif is required
to induce the mature conformation capable of phosphorylating
exogenous substrates at serine and threonine residues.

Several lines of evidence suggest that the activation of ERKS
in mammalian cells, as in E. coli, is catalysed by ERKS itself,
rather than by a distinct MKK(s). First, two different catalytically
inactive mutants (ERK8[D154A] and ERK8[K42A]) were not
phosphorylated at the Thr-Glu-Tyr motif (Figure 4A). Secondly,
Ro 318220, a potent inhibitor of ERKS8 (Figure 4D) that does not
inhibit MKK 1, ERK1, ERK2, p38 MAPKSs or JNK1 [11], pre-
vented both the basal and hydrogen peroxide-induced phos-
phorylation of the Thr-Glu-Tyr motif of ERKS8 in HEK-293
cells (Figure 4C). Thirdly, we were unable to induce any phos-
phorylation of the Thr-Glu-Tyr motif of catalytically inactive
ERKS mutants when transfected HEK-293 cells were stimulated
with hydrogen peroxide (Figure 4A) or osmotic shock, EGF,
IGF-1, PMA or anisomycin (results not shown).

When overexpressed in HEK-293 cells, ERKS8 had a far lower
specific activity than ERKS8 expressed in E. coli and insect Sf21
cells, presumably because it was phosphorylated at the tyrosine
and not the threonine residue (Figure 4B). The low basal activity
of ERKS in unstimulated cells could be reduced further by an
antioxidant, suggesting that this treatment reduces the basal level
of tyrosine phosphorylation, because the cysteine residue required
for the activity of PTPases is known to be extremely sensitive
to oxidation [22]. The lack of threonine phosphorylation in
unstimulated cells and the induction of threonine phosphorylation
and activation upon treatment with hydrogen peroxide (Figure 4B)
or okadaic acid (Figure 5), a specific inhibitor of the PPP family
of protein serine/threonine phosphatases [23], implies that one or
more members of the PPP family protein phosphatases is re-
sponsible for suppressing the activity of transfected ERKS in
HEK-293 cells. In contrast with okadaic acid, sodium orthovana-
date, which inhibits the distinct family of protein phosphatases
that includes conventional PTPases and the ‘dual specificity’
MKPs, had only a minor effect on ERKS8 activity (Figure 5),
perhaps because the tyrosine residue was already nearly maxi-
mally phosphorylated.

In summary, our results indicate that the activity of ERKS
in mammalian cells is determined by the relative rates of
ERKS autophosphorylation and its dephosphorylation at Thr-175
catalysed by one or more members of the PPP family of protein
phosphatases. It will clearly be important to identify this (these)
protein phosphatase(s), and to investigate whether the activity of
this phosphatase(s) is decreased when cells are exposed to agonists
that activate ERKS8. Alternatively, or in addition, agonists that
activate ERKS8 may increase the ability of ERKS to autoactivate
by a mechanism that has yet to be identified. The role of tyrosine
phosphorylation in the regulation of ERKS8 activity is unclear
but, as discussed earlier, it may be required to induce the mature
conformation of the enzyme.
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