
Peptide substrates for ERK1/2: structure-function studies of serine 31
in tyrosine hydroxylase

John W. Haycock *

Department of Biochemistry and Molecular Biology, Louisiana State University Health Sciences Center, 1100-Florida Avenue, New Orleans, LA 70119,

USA

Received 5 December 2001; received in revised form 1 February 2002; accepted 1 February 2002

Abstract

The first physiological substrate identified for the extracellular signal-regulated protein kinases (ERKs) is serine 31 in tyrosine

hydroxylase (TH), the rate-limiting enzyme in catecholamine biosynthesis. In the present studies, several synthetic peptides modeled

after Ser31 in TH were evaluated as in vitro substrates for the ERKs. The phosphorylation of Ser31-containing peptides from type 1

human TH by activated, recombinant ERK2 was found to exhibit catalytic efficiencies (Vmax/Km) up to 4-fold higher than that of a

synthetic myelin basic protein (MBP)-based peptide. Both types of peptides were also tested using extracts from PC12 cells

(untreated or treated with nerve growth factor (NGF)). Although, the phosphorylation of the MBP peptide by extracts of PC12 cells

was higher than that of the Ser31 peptide, the relative treatment-dependent increase was much greater for the Ser31 peptide and

more closely mimicked the pattern of ERK phosphorylation, suggesting that the latter peptide may be a more specific substrate for

the ERKs. # 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The family of extracellular signal-regulated protein

kinases (ERKs) cloned by Cobb and coworkers (Boul-

ton et al., 1991) are proline-directed Ser/Thr kinases.

Originally described by Ray and Sturgill (1987, 1988) as

insulin-stimulated, microtubule-associated protein 2 ki-

nase (MAPK) activity, the ERKs also phosphorylate

myelin basic protein (MBP) avidly in vitro (Ahn et al.,

1990). Based upon structure/function studies, Pelech and

coworkers (Clark-Lewis et al., 1991) developed a

synthetic peptide substrate for the ERKs modeled after

the Thr97 phosphorylation site in MBP (Erickson et al.,

1990). This peptide (APRTPGGRR) contains the�/P-X-

S/T-P�/motif thought to represent the consensus sub-

strate recognition sequence for the ERK1 (44 kDa) and

ERK2 (42 kDa) members of the family (Clark-Lewis et

al., 1991; Gonzalez et al., 1991). However, MBP can

also be phosphorylated by ERK2 at Thr94 (Robinson et

al., 1996) and by numerous other protein kinases at
other sites (cf. Erickson et al., 1990); and, the selectivity

of APRTPGGRR as substrate for ERK versus other

protein kinase activities was not tested. Based upon

studies by Soonyang et al. (1996), an alternative peptide

substrate termed ERKtide was developed (Robinson et

al., 1996). Although, relatively efficient as a substrate

for catalysis-poor ERK mutants, its kinetic character-

istics were only quantitatively superior to previously
described peptide substrates.

As noted by Clark-Lewis et al. (1991), while the

presence of a prolyl residue at the �/2 position enhances

the Vmax of peptide phosphorylation, its presence is not

essential. In fact, the phosphorylation site of the first

physiological substrate of ERK1/ERK2 to be

described*/Ser31 in tyrosine hydroxylase (TH) (Hay-

cock et al., 1992)*/does not possess such an upstream
prolyl residue (rodent: �/EAVTS31PRF�/; other mam-

mals: �/EAIMS31PRF�/). In fact, recently, ERK-depen-

dent phosphorylation of Ser31 was found to be

responsible for depolarization-dependent increases in
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catecholamine biosynthesis in PC12 cells (Salvatore et

al., 2001). These two observations prompted the present

studies in which peptide substrates modeled after Ser31

in TH were evaluated for kinetic characteristics as ERK
substrates and for specificities in assays of ERK

activation in cell extracts.

2. Materials and methods

2.1. Materials

Purified peptides were obtained from Sigma (St.
Louis, MO) or custom synthesized by LSUMC Core

Laboratories. Purified, activated ERK1 was a gift from

Dr M.H. Cobb (Univ Texas Southwestern Med Ctr),

and purified, recombinant, activated ERK2 was a gift

from Dr N.G. Ahn (Univ Colo, Boulder). Except as

indicated below, other materials were obtained from

Sigma.

2.2. PC12 cells

PC12 cells were maintained in culture and seeded into

collagen-coated 12-well plates prior to experiments

(Haycock et al., 1992). Cells were treated with and

without added 100 ng/ml 7S nerve growth factor (NGF)

for up to 8 h and harvested after either solubilization

with sodium dodecyl sulfate solution (Haycock, 1993a)
(for blot immunolabeling) or trituration in an ice-cold

lysis solution of 50 mM b-glycerophosphate, 1 mM

EGTA, 1 mM dithiothreitol, 1 mM benzamidine

(Kodak), 0.1 mM Na3VO4, 10 mg/ml leupeptin, 0.05%

Tween 20 (for kinase assays). Supernatants from the

latter samples were generated by sonication and cen-

trifugation (20 min at 10 000�/g) in a refrigerated

centrifuge (Savant, Farmingdale, NJ). In some experi-
ments, ERK1/2 was isolated by immunoprecipitation

with anti-pan ERK1/2 (Ortiz et al., 1995) and protein A-

Sepharose prior to assaying kinase activity.

2.3. ERK activity assays

Aliquots of supernatants or ERK1/2 immunoprecipi-

tates (suspended in lysis solution) were mixed with
substrate (1 mM final, unless stated otherwise) at

4 8C. Phosphorylation reactions were initiated by

addition of an equal volume of assay buffer containing

[g-32P]ATP (NEN) and Mg and allowed to proceed for

10 min at 30 8C, after which duplicate 20 ml aliquots

were spotted onto Whatman P81 paper [as would be

predicted by the presence of multiple basic residues in

the peptides, the ability of P81 paper to bind �/90% of
each of the peptides used in Tables 2 and 3 was

confirmed by UV detection following RP-HPLC]. The

final reaction mixtures (50 ml) contained 50 mM b-

glycerophosphate, 10 mM MgCl2, 1 mM EGTA, 1 mM

dithiothreitol, 1 mM benzamidine, 0.1 mM ATP, 0.1

mM Na3VO4, 10 mM calmidazolium, 2 mM peptide

inhibitor of cyclic AMP-dependent protein kinase
(TTYADFIASGRTGRRNALHD), 10 mg/ml leupeptin,

0.025% Tween 20.

2.4. Blot immunolabeling

The levels of diphosphorylated ERK protein were

quantitated as described elsewhere in detail (Ortiz et al.,

1995; Haycock, 1996). Aliquots were subjected to SDS-

PAGE (9% slab gels), and proteins in the separating gel
were transferred electrophoretically to nitrocellulose

sheets. After protein staining (Ponceau S) was docu-

mented xerographically, transfers were then destained/

quenched in blot buffer (Dulbecco’s phosphate-buffered

saline (GIBCO), 10 mM Tris�/HCl (pH 7.6), 0.05% (w/v)

Tween 20, 0.01% sodium azide) containing 1% (w/v)

polyvinylpyrrolidone (Haycock, 1993b). Transfers were

then incubated (1 h, room temperature) sequentially
with primary antibody (Promega, Madison, WI), swine

anti-rabbit secondary antibody (0.8 mg/ml; DAKO), and
125I-protein A (200 kcpm/ml; NEN) in blot buffer

containing polyvinylpyrrolidone. Transfers were rinsed

five times (2�/2, 3�/5 min) with blot buffer after

incubation with each of the reagents. Immunoreactivity

was visualized autoradiographically (XAR film; Ko-

dak), quantitated by gamma counting of excised bands
and blanks, and expressed as relative protein levels by

interpolation from standard curves run on the same blot

(Haycock, 1993a).

3. Results and discussion

3.1. Phosphorylation of peptide substrates by ERKs

The first Ser31-based peptide used as an ERK

substrate (KQAEAVTSPR), although phosphorylated

by both ERK1 and ERK2, incorporated considerably

less 32P than did MBP (Haycock et al., 1992). As shown

in Table 1, ERK1-dependent phosphorylation of MBP,

MBP peptide, and EGF receptor peptide was substan-

tially higher than that of the rat TH-Ser31 peptide used
in the original report. 32P incorporation into this peptide

was, however, higher than that into TH peptides

containing either Ser8, Ser19, or Ser40. While variation

of the rat TH-Ser31 peptide sequence improved ERK-

catalyzed 32P incorporation (Table 2, top), 32P incor-

poration into cognate and other type 1 human TH-Ser31

peptides was higher (Table 2, middle). Inclusion of the

endogenous FIGRR sequence downstream of the phos-
phorylation site, as well as extending the upstream

sequence, improved the phosphorylation of the Ser31-

containing peptides. [Subsequent experiments showed
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that the isoleucine could be omitted without effect upon

phosphorylation rate (data not shown).] By contrast,

peptides derived from the type 2 human TH splice

variant (which results in the addition of the residues

VRGQ immediately upstream of Ser31) were relatively

poor substrates for ERK2 (Table 2, bottom).

Steady-state kinetic analyses of several of the peptide

substrates is presented in Table 3. Unlike MBP, which

has a Km in the range of 10�/50 mM (Robinson et al.,

1996; Kameshita et al., 1997; Prowse et al., 2000), all of

the peptides tested had Km(app)s ranging from 0.6 to 2.0

mM. Kameshita et al. (1997) reported a Km for MBPtide

of 1.6 mM, which they were able to lower to 74 mM by

conjugating multiple MBPtide molecules to poly(Lys)87.

Notably, the original rat TH-Ser31 peptide exhibited the

lowest catalytic efficiency (V /K ), whereas substantially

higher efficiencies were obtained with type 1 human TH-

Ser31 peptides and ERKtide, which contains the FGRR

sequence downstream of the phosphorylation site [note

that Prowse et al. (2000) incorrectly attribute ERKtide

entirely to the consensus sequence for ERK1

(TGPLSPGPF) described by Soonyang et al. (1996).

ERKtide was developed in my laboratory from a

portion (TGPLSP) of the consensus sequence, to which

I added the N-terminal A and C-terminal FGRR based

upon results with the type 1 human TH-Ser31 peptides].

The present Km(app) of ERKtide (0.6 mM) is comparable

with that described previously (0.45 mM, Robinson et

al., 1996; although see also Prowse et al., 2000).

3.2. Comparison of in vitro assays of ERK activation in

situ

There are currently several approaches which can be

used to assay the state of ERK activation within cells.

These include in vitro phosphorylation of exogenous

substrate by cellular extracts, in vitro phosphorylation
of exogenous substrate by ERK immunoprecipitates, in-

gel phosphorylation of exogenous substrate, and quan-

titative blot immunolabeling of the diphosphorylated

forms of ERK1/2. The first, and easiest, assay requires

that the substrate be selectively phosphorylated by

ERK1/2. And, whereas MBP exhibits better in vitro

characteristics of phosphorylation by ERK than any of

the peptides studied here, MBP can be phosphorylated
by a number of known and unknown (see below)

cellular protein kinases. Whereas immunoprecipitation

prior to kinase assay eliminates contributions from

Table 1

Phosphorylation of substrates by ERK1

Each value represents the median of three independent determinations, performed in duplicate. While all peptides were assayed at a concentration of

1 mM, MBP phosphorylation*/given as a frame of reference at a concentration typically used in such assays*/was assayed at 20 mM. 32P

incorporation into MBPtide was 330 nmol/min per mg under the assay conditions used.
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extraneous protein kinases, this requires additional steps

and costly reagents as well as further steps to ensure that

quantitative immunoprecipitation has been achieved.

Similarly, blot immunolabeling analyses require careful

attention to ERK transfer efficiencies, which are low

and vary with sample composition (Ortiz et al., 1995),

and the sample throughput is limited by the number of

SDS-PAGE wells available, several of which must be

dedicated to a standard curve on each gel.

Fig. 1 (upper panels) illustrates that the latter two

assays produce a qualitatively similar pattern of ERK

activation in PC12 cells during prolonged treatment

with NGF. However, using the simpler assay of cellular

extracts, as shown in the lower panels of Fig. 1, the

results obtained vary qualitatively depending upon the

substrate used to measure ERK activity. Much higher

control levels of protein kinase activity were obtained

using either MBP or MBPtide, despite the presence of

EGTA, calmidazolium, and cAMP-dependent protein

kinase inhibitor in the assay mix. In addition, both the

pattern and percent stimulation of ERK activity differed

from that measured by either the ERK immunoprecipi-
tation or blot immunolabeling assays. In contrast, the

percent stimulation of ERK activity in the immunopre-

cipitation and blot immunolabeling assay was faithfully

reproduced using either a type 1 human TH-Ser31

peptide or ERKtide as substrate in the cell extract

assay. A similar pattern of results was also seen in

phorbol ester-treated PC12 cells (data not shown) and

K562 cells (N.G. Ahn, personal communication), in-
dicating that the data presented in Fig. 1 is not restricted

to PC12 cells and/or NGF treatment.

Thus, the validity of assays of ERK activity in cellular

extracts depends upon the substrate used, and the

present data indicate that prior immunoprecipitation is

required if MBP or MBPtide is chosen as a substrate.

However, some caution even with this approach is

warranted given the recent observation (Zhang et al.,
2001) that, when over expressed in HeLa or HEK293

cells, p38 MAP kinase is present in ERK1/2 immuno-

precipitates and phosphorylates MBP. Alternatives,

such as in-gel kinase assays precast with MBP, are

expensive and, while the separation of ERK1 and ERK2

by molecular mass can isolate their individual activities,

issues of renaturation and equilibration of reaction

solutions make such assays more cumbersome and less
desirable than, e.g. blot immunolabeling with anti-

diphosphoERK antibodies. By contrast, the present

data indicate that in situ ERK activation can be

accurately assessed in cellular extracts by using either

Table 2

Phosphorylation of TH Ser31-containing peptides by ERK2

Each value represents the median of three independent determinations,

performed in duplicate. 100 percent 32P incorporation reflects 3.3

mmol/min per mg under the conditions of these assays.

Table 3

Kinetic constants of peptide substrates for ERK2

Each value represents the median of three independent determinations,

performed in duplicate. The apparent Vmax of ERKtide was 9.4 mmol/

min per mg.

J.W. Haycock / Journal of Neuroscience Methods 116 (2002) 29�/3432



type 1 human TH-Ser31 peptide or ERKtide as exogen-

ous substrate in a relatively high throughput system.
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