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We have previously examined the specificities of 28 commercially

available compounds, reported to be relatively selective inhibitors

of particular serine}threonine-specific protein kinases [Davies,

Reddy, Caivano and Cohen (2000) Biochem. J. 351, 95–105]. In

the present study, we have extended this analysis to a further 14

compounds. Of these, indirubin-3«-monoxime, SP 600125, KT

5823 and ML-9 were found to inhibit a number of protein kinases

and conclusions drawn from their use in cell-based assays are

likely to be erroneous. Kenpaullone, Alsterpaullone, Purvalanol,

Roscovitine, pyrazolopyrimidine 1 (PP1), PP2 and ML-7 were

more specific, but still inhibited two or more protein kinases

with similar potency. Our results suggest that the combined use

of Roscovitine and Kenpaullone may be useful for identifying

INTRODUCTION

In recent years, there has been considerable interest in the

development of small cell-permeable inhibitors of protein kinases.

Many such compounds are now undergoing human clinical trials

for the treatment of cancer, chronic inflammatory diseases and

other indications, and a few have already been approved for

clinical use (reviewed in [1]).

There is also considerable interest in the exploitation of specific

protein-kinase inhibitors for the study of cell signalling. Indeed,

several such compounds have already had a major impact in the

field, especially PD 98059 [2] and U0126 [3], which suppress

activation of the classical mitogen-activated protein kinase

(MAPK) cascade by inhibiting the activation of MAPK kinase-

1 [4], SB 203580 [5] and SB 202190 [6], which inhibit stress-

activated protein kinase (SAPK) 2a (also called p38), and

rapamycin, which inhibits the protein kinase mTOR (mammalian

target of rapamycin) [7]. In the case of rapamycin [7] and SB

203580 [8], the in �i�o specificity of these compounds has been

validated by the demonstration that many of their effects

disappear in cells that express drug-resistant mutants of the

protein kinases that they inhibit.

Many other compounds, reported to be specific inhibitors of

protein kinases, are available commercially. However, when we

examined the specificities of 28 of these compounds against a

large panel of protein kinases, many were found to be so non-

specific as to render meaningless any conclusions drawn from

their use [6]. Since the publication of this study, we have been

overwhelmed with requests to extend our studies to additional

compounds and to make the results available to the scientific
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protein kinase ; MLCK, myosin light chain kinase ; MSK1, mitogen- and stress-activated protein kinase 1; PHK, phosphorylase kinase ; PKA, cAMP-
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substrates and physiological roles of cyclin-dependent protein

kinases, whereas the combined use of Kenpaullone and LiCl may

be useful for identifying substrates and physiological roles of

glycogen synthase kinase 3. The combined use of SU 6656 and

either PP1 or PP2 may be useful for identifying substrates of Src

family members. Epigallocatechin 3-gallate, one of the main

polyphenolic constituents of tea, inhibited two of the 28 protein

kinases in the panel, dual-specificity, tyrosine-phosphorylated

and regulated kinase 1A (DYRK1A; IC
&!

¯ 0.33 µM) and p38-

regulated}activated kinase (PRAK; IC
&!

¯ 1.0 µM).

Key words: Kenpaullone, protein kinase inhibitors, protein

phosphorylation, Roscovitine, SP 600125, Src.

community. In the present paper, we therefore update our earlier

report by profiling the specificities of a further 14 compounds,

which are being widely used to study cell signalling.

MATERIALS AND METHODS
Histone H1 was purchased from Sigma (Poole, Dorset, U.K.)

and peptides were synthesized by Dr Graham Bloomberg (De-

partment of Biochemistry, University of Bristol, Bristol, U.K.).

Alsterpaullone, Kenpaullone, indirubin-3«-monoxime, SU 6656,

KT 5823, ML-7, ML-9, pyrazolopyrimidine 2 (PP2) and PP3

were purchased from Calbiochem-Novabiochem Corp. (La Jolla,

CA, U.S.A.). PP1 was obtained from Alexis Corp. (U.K.) Ltd

(Nottingham, U.K.). SP 600125 was from Biomol (Plymouth

Meeting, PA, U.S.A.). Epigallocatechin 3-gallate (EGCG) was

from Sigma. The sources of other reagents have been detailed

previously in [6].

Production of protein kinases

Human dual-specificity, tyrosine-regulated protein kinase

(DYRK) 1A, human C-terminal Src kinase (CSK) and rat casein

kinase (CK) 1δ were expressed as active glutathione S-transferase

(GST) fusion proteins in Escherichia coli and purified by affinity

chromatography on glutathione–Sepharose by the Protein Pro-

duction team in the Division of Signal Transduction Therapy at

Dundee. The cDNA clones encoding DYRK1A, CK1δ and CSK

were gifts from Dr Walter Becker (Institute for Pharmacology

andToxicology,Aachen,Germany),DrDavidMeek (Biomedical

ResearchCentre,University ofDundee, Dundee, Scotland, U.K.)

and AstraZeneca respectively. Human cyclin-dependent protein
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Table 1 Inhibition of protein kinases by commercially available inhibitors

The inhibitor concentrations used are shown in parentheses. Results are presented as kinase activity as a percentage of that in control incubations (means of duplicate determinations). ATP was

present at 0.1 mM in all assays. All kinases used were of human origin apart from MKK1 (rabbit), MAPK2 (mouse), MAPKAP-K1a (rat), PKA (cow), ROCK-II (rat), AMPK (rat), PHK (rabbit), CK1

(rat) and DYRK1A (rat). CHK1, checkpoint kinase 1 ; MAPKAP-K, MAPK-activated protein kinase ; MKK1, MAPK kinase 1 ; PDK1, 3-phosphoinositide-dependent protein kinase 1 ; PHK, phosphorylase

kinase ; PKBα, protein kinase Bα.

Protein Kinase

Roscovitine

(10 µM)

Purvalanol A

(10 µM)

Indirubin-3«-monoxime

(10 µM)

Kenpaullone

(10 µM)

Alsterpaullone

(10 µM)

MKK1 93³8 80³6 94³4 103³8 96³4

MAPK2/ERK2 81³7 26³1 104³1 70³3 64³3

JNK/SAPK1c 91³5 84³5 21³5 128³3 89³1

SAPK2a/p38 96³7 101³1 83³0 84³0 79³4

SAPK2b/p38β 104³4 117³6 45³4 108³2 64³5

SAPK3/p38γ 94³3 105³7 74³4 87³4 55³4

SAPK4/p38δ 106³8 98³8 65³2 104³2 73³3

MAPKAP-K1a 69³3 15³7 20³1 86³3 82³3

MAPKAP-K2 85³3 97³0 69³4 110³1 40³4

MSK1 92³5 88³1 40³2 92³6 98³7

PRAK 87³6 76³2 38³6 83³4 78³8

PKA 93³2 82³3 80³1 109³8 79³1

PKCα 101³2 97³4 68³7 120³4 93³2

PDK1 104³5 103³5 27³1 52³7 41³0

PKBα 89³3 88³7 62³2 86³8 61³5

SGK 104³5 91³3 9³0 92³7 42³2

S6K1 94³6 79³2 20³2 117³8 64³2

GSK3β 106³4 84³6 6³2 6³4 4³1

ROCK-II 94³4 57³8 15³3 53³7 45³3

AMPK 95³2 59³8 6³2 72³1 36³2

CHK1 95³1 78³0 38³5 65³3 34³1

CK2 101³6 95³0 82³1 99³5 67³0

PHK 80³2 36³2 102³1 110³4 77³7

LCK 97³6 22³5 11³3 15³0 19³0

CSK 109³4 20³2 105³3 86³8 90³1

CDK2/Cyclin A 7³4 2³0 18³5 22³2 5³2

CK1 48³4 75³1 38³0 99³3 86³2

DYRK1A 15³0 6³0 62³3 116³6 102³1

kinase-2 (CDK2) complexed to cyclin A3 was provided by Dr

Jane Endicott (University of Oxford, Oxford, U.K.) The pro-

duction of active forms of the other protein kinases used in this

study has been detailed in [6]. Unless stated otherwise, they were

of human origin and expressed as either GST fusion proteins in

E. coli (purified by Miss Fiona Douglas in this Division), or as

hexahistidine (His
'
)-tagged proteins in insect Sf21 cells (purified

by Dr Andrew Paterson, Miss Carla Clark and Miss Kate

Winstanley in this Division). cGMP-dependent protein kinase

(PKG) was obtained from Dr Suzanne Lohmann (University of

Wu$ rzburg, Wu$ rzburg, Germany).

Assay of protein kinases

All protein kinase assays (25 µl) were carried out at room

temperature (21 °C) and were linear with respect to time and

enzyme concentrations under the conditions used. Assays were

performed for 40 min using a Biomek 2000 Laboratory Auto-

mation Workstation in a 96-well format (Beckman Instruments,

Palo Alto, CA, U.S.A.). The concentrations of magnesium

acetate and [γ-$$P]ATP (800 cpm}pmol) in the assays were

10 mM and 0.1 mM, respectively, unless stated otherwise. Assays

were initiated with MgATP and stopped by the addition of 5 µl

of 0.5 M orthophosphoric acid. Aliquots were then spotted on to

P30 filtermats, washed four times in 75 mM phosphoric acid

to remove ATP, once in methanol, then dried and counted for

radioactivity.

CSK (20 mU) diluted in 20 mM MOPS pH 7.5, 1 mM EDTA,

0.01% (w}v) Brij35, 5% (v}v) glycerol, 0.1% (v}v) 2-

mercaptoethanol, 1 mg}ml bovine serum albumin was assayed

using the peptide KVEKIGEGTYGVVYK in an incubation con-

taining 8 mM MOPS pH 7.0, 0.2 mM EDTA, 0.25 mM peptide

substrate, 10 mM magnesium acetate and 0.1 mM [γ-$$P]ATP

(500–1000 cpm}pmol).

CDK2}cyclin A (5–20 m-units), diluted in 50 mM Hepes,

pH 7.5, 1 mM dithiothreitol, 0.02% (w}v) Brij 35 and 100 mM

NaCl was assayed in the same buffer using Histone H1 (1 mg}ml)

as a substrate.

DYRK1A (5–20 m-units) was diluted in 50 mM Tris}HCl,

pH 7.5, 0.1 mM EGTA and 0.1% (v}v) 2-mercaptoethanol and

assayed against Woodtide (the peptide KKISGRLSPIMTEQ) in

an incubation containing 50 mM Tris}HCl, pH 7.5, 0.1 mM

EGTA, 0.1% (v}v) 2-mercaptoethanol and 350 µM substrate

peptide.

CK1δ (5–20 m-units), diluted in 20 mM Hepes, pH 7.5, 0.15 M

NaCl, 0.1 mM EGTA, 0.1% (v}v) Triton X-100, 5 mM dithio-

threitol, 50% (v}v) glycerol was assayed against the peptide

RRKDLHDDEEDEAMSITA in an incubation containing

20 mM Hepes, pH 7.5, 0.15 M NaCl, 0.1 mM EDTA, 5 mM

DTT, 0.1% (v}v) Triton X-100 and 0.5 mM substrate peptide.

PKG (5–20 m-units), diluted in 50 mM Tris}HCl, pH 7.5,

0.1 mM EGTA, 0.1% (v}v) 2-mercaptoethanol and 0.1 mg}ml

BSA was assayed in the same buffer using the peptide KEAKE-

KRQEQIAKRRRLSSLRASTSKSGGSQK as a substrate,

which is similar to the sequence near the C-terminus of ribosomal

protein S6.

Other protein kinases were assayed as described previously in

[6].
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RESULTS

Inhibitors of CDKs and glycogen synthase kinase 3 (GSK3)

Roscovitine and Purvalanol A

Olomoucine was one of the first CDK inhibitors to be developed

[9]. Two of its derivatives, Roscovitine [10] and Purvalanol [11],

are more potent, ATP-competitive inhibitors of CDK1, CDK2

and CDK5 and have been used extensively to inhibit these

protein kinases in cell-based assays.

We found that Roscovitine and Purvalanol inhibited CDK2

activity (Table 1) with IC
&!

values of 0.25 µM and 0.l µM

respectively (Table 1 and Table 2), in our standard assay, which

is conducted at 0.1 mM ATP. Purvalanol, like most protein-

kinase inhibitors, competes with ATP and the greater potency

of Purvalanol reported by others can be explained by the use of

lower ATP concentrations in their assays [11]. Roscovitine also

inhibited DYRK1A (Table 1) with an IC
&!

of 3.1 µM and CK1δ

with an IC
&!

of 17 µM (Table 2), but had little effect on the other

protein kinases in the panel. Purvalanol A was a 2.5-fold more

potent inhibitor of CDK2, but also inhibited DYRK1A potently

(Table 1 and Table 2) and a number of other protein kinases in

the low micromolar range. These included ribosomal S6 kinase 1

(RSK1), extracellular-signal-regulated kinase (ERK) 2 and the

protein tyrosine kinases lymphocyte kinase (LCK) and CSK.

The inhibition of ERK1 and ERK2 was also reported by others

[12] after the present paper had been submitted.

Indirubin-3«-monoxime

Indirubin dyes are thought to be the active ingredient of Danggui

Longhui Wan, a traditional Chinese medicine which has been

used for hundreds of years to treat chronic diseases, such as

cancer. These compounds were originally reported to be potent

ATP-competitive inhibitors of CDK1, CDK2 and CDK5 and

to cause cell-cycle arrest [13], but were subsequently reported to

inhibit GSK3β with similar or greater potency [14].

In our assays, indirubin-3«-monoxime inhibited GSK3β and

CDK2 with IC
&!

values of 0.19 µM and 0.59 µM respectively.

The greater potency of indirubin-3«-monoxime reported by

another laboratory is explained by the lower ATP concentrations

in their assays [14]. However, indirubin-3«-monoxime inhibited

many other protein kinases with similar or only slightly lower

potency, such as serum- and glucocorticoid-induced kinase

(SGK), AMP-activated protein kinase (AMPK) and LCK (Table

1 and Table 2).

Kenpaullone and Alsterpaullone

Like the Indirubin dyes, the Paullones were first reported to be

ATP-competitive inhibitors of CDK1}cyclin B [15] and sub-

sequently to inhibit GSK3 and other CDKs, such as CDK2 and

CDK5 [16]. The inhibition of CDK1}cyclin B may underlie the

anti-tumour effects of Alsterpaullone [15], whereas suppression

of the phosphorylation of tau by Alsterpaullone [16] and

Kenpaullone [14] may result from the inhibition of GSK3β

and}or CDK5. The inhibition of CDK5 is also thought to

underlie the suppression of DARPP-32 (dopamine and adenosine

3«,5«-cyclic monophosphate-regulated phosphoprotein of

32 kDa) phosphorylation by Alsterpaullone and Kenpaullone in

mouse striatal slices [14,16].

In our assays, Kenpaullone inhibited GSK3β and CDK2 with

IC
&!

values of 0.23 µM and 0.67 µM respectively, but LCK, a

member of the Src family of protein tyrosine kinases, was

inhibited with similar potency (Table 2). Several other protein

Table 2 Concentrations of compounds required for 50% inhibition of the
various protein kinases

IC50 values were determined from assays carried out at ten different inhibitor concentrations.

The ATP concentration was 0.1 mM in all assays.

Compound Protein Kinase IC50 (µM)

Roscovitine CDK2/cyclin A 0.25

DYRK1A 3.1

CK1δ 17

Purvalanol CDK2/cyclin A 0.1

DYRK1A 0.3

RSK1 1.49

Indirubin-3«-monoxime CDK2/cyclin A 0.59

GSK3β 0.19

AMPK 0.22

LCK 0.3

SGK 0.38

Kenpaullone CDK2/cyclin A 0.67

GSK3β 0.23

LCK 0.47

Alsterpaullone CDK2/cyclin A 0.08

GSK3β 0.11

LCK 0.47

PP1 LCK 0.05

CSK 0.52

SAPK2a/p38 0.64

CK1δ 1.06

PP2 LCK 0.06

CSK 0.73

SAPK2a/p38 1.43

CK1δ 1.29

PP3 CK1δ 9.9

SP 600125 JNK1α1 5.8

JNK2α2 6.1

EGCG PRAK 1

DYRK1A 0.33

kinases were also inhibited by Kenpaullone (Table 1), but with

IC
&!

values of 10 µM or higher.

Alsterpaullone, a derivative of Kenpaullone, inhibited CDK2}
cyclin A and GSK3β with similar IC

&!
values of 0.08 µM and

0.11 µM respectively (Table 2). LCK was inhibited with an IC
&!

value of 0.47 µM (Table 2). A number of other protein kinases

were inhibited less strongly by Alsterpaullone, with IC
&!

values in

the range of 5–10 µM (Table 1).

Inhibitors of Src family kinases

PP1, PP2 and PP3

The related pyrazolopyrimidines, PP1 and PP2, were developed

as inhibitors of the Src family of enzymes [17] and have been

widely used to suggest physiological roles for these protein

tyrosine kinases. For example, the suppression of induction of

anti-CD3-induced T-cell activation by PP1 is probably explained

by inhibition of the Src family kinases LCK and FYN [17].

However, PP1 and PP2 do not discriminate between the different

members of the Src family [17,18].

In our assays, PP1 and PP2 inhibit LCK with IC
&!

values of

50–60 nM, while CSK (a related protein kinase) was inhibited an

order of magnitude less potently. In addition, PP1 and PP2

inhibited SAPK2a}p38, SAPK2b}p38β2 and CK1δ with IC
&!

values similar to CSK (Table 2). PP1 and PP2 (10 µM) also

inhibited a number of other protein kinases by 40–60% (Table

1), while PP3, a structurally related molecule that does not

inhibit Src family members [18], had little effect on the protein

kinases in the panel, apart from CK1δ (an IC
&!

of 9.9 µM).
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Table 3 Inhibition of protein kinases by commercially available inhibitors

The inhibitor concentrations used are shown in parentheses. Results are presented as kinase activity as a percentage of that in control incubations (means of duplicate determinations). ATP was

present at 0.1 mM in all assays. CHK1, checkpoint kinase 1 ; MAPKAP-K, MAPK-activated protein kinase ; MKK1, MAPK kinase 1 ; PDK1, 3-phosphoinositide-dependent protein kinase 1 ; PHK,

phosphorylase kinase ; PKBα, protein kinase Bα ; SkMLCK, skeletal muscle MLCK, SmMLCK, smooth muscle MLCK.

Protein Kinase

PP1

(10 µM)

PP2

(10 µM)

PP3

(10 µM)

SU 6656

(10 µM)

SP 600125

(10 µM)

KT 5823

(10 µM)

EGCG

(10 µM)

ML-7

(20 µM)

ML-9

(100 µM)

MKK1 52³4 55³6 89³8 82³3 89³3 99³3 94³3 102³2 95³3

MAPK2/ERK2 75³1 61³3 92³6 102³6 55³3 106³3 53³6 85³6 101³3

JNK/SAPK1c 98³3 98³1 99³2 103³2 38³5 99³1 76³7 97³3 102³3

SAPK2a/p38 13³1 21³0 100³5 70³7 86³3 102³4 105³5 100³7 94³1

SAPK2b/p38β 22³1 26³0 84³2 90³7 75³1 100³5 87³3 89³3 98³1

SAPK3/p38γ 92³5 90³8 83³2 75³5 82³1 103³1 85³4 95³4 98³2

SAPK4/p38δ 102³2 96³1 95³2 78³1 98³3 105³6 60³1 75³3 86³3

MAPKAP-K1a 69³6 114³2 115³2 27³6 46³3 105³6 109³0 99³2 44³2

MAPKAP-K2 96³5 106³0 98³2 96³5 72³6 71³5 79³6 93³5 106³7

MSK1 55³2 57³3 93³2 94³6 51³7 74³2 88³0 59³1 14³1

PRAK 85³7 85³8 97³3 95³2 39³1 83³8 10³2 78³5 91³2

PKA 76³3 74³3 89³5 73³3 82³1 102³5 109³4 85³1 71³4

PKCα 80³3 66³3 100³0 90³4 79³8 102³2 76³1 85³4 80³1

PDK1 97³2 99³3 82³3 94³2 62³5 114³5 50³1 107³6 113³4

PKBα 97³8 77³7 108³1 100³3 95³2 83³2 87³3 88³2 76³1

SGK 94³6 111³1 94³2 70³5 22³7 72³5 104³5 101³0 84³4

S6K1 43³0 70³3 93³3 71³0 22³4 90³4 87³5 74³1 27³3

GSK3β 86³1 113³8 99³0 83³5 60³5 52³1 78³2 107³2 107³5

ROCK-II 65³4 75³4 93³2 43³6 59³3 97³8 53³7 74³1 23³2

AMPK 93³2 84³2 94³2 14³2 26³1 90³2 101³2 82³1 61³1

CHK1 91³4 93³1 96³1 66³5 39³0 93³3 79³2 94³2 103³4

CK2 96³7 90³1 76³7 93³2 63³1 98³5 105³4 83³0 69³1

PHK 70³6 93³4 99³5 21³1 34³1 99³6 78³8 85³3 79³1

LCK 0³0 1³0 77³2 8³4 53³1 94³1 89³6 87³1 116³6

CSK 3³0 3³1 96³7 89³4 71³6 93³1 76³3 94³8 96³4

CDK2/Cyclin A 75³4 68³3 84³0 54³7 20³1 94³4 97³0 73³1 75³1

CK1 8³1 6³1 54³1 66³5 10³1 83³1 105³7 106³6 103³4

DYRK1A 101³4 94³4 60³5 23³5 16³6 112³4 9³1 66³8 38³3

PKG 109³1

SmMLCK 10³1 25³1

SkMLCK 63³7 54³2

SU 6656

The compound SU 6656 is also reported to inhibit members of

the Src family of protein kinases [19]. We found that this

compound inhibited LCK with an IC
&!

of 0.04 µM. Several other

protein kinases (e.g. RSK1, AMPK, phosphorylase kinase and

DYRK1A) were also inhibited quite strongly (Table 3), but the

non-specific effects of SU 6656 differed from PP1 and PP2.

c-Jun N-terminal kinase (JNK) inhibitor SP 600125

The compound SP 600125 was developed as an inhibitor of JNK,

a member of the MAPK family [20]. SP 600125 was a relatively

weak inhibitor of JNK isoforms, inhibiting JNK1α1 and JNK2α2

in our assays with IC
&!

values of 5.8 µM and 6.1 µM in our

assays at 0.1 mM ATP (Table 2). Moreover, 13 other protein

kinases in the panel were inhibited with similar or greater

potency by SP 600125. SGK, p70 ribosomal protein S6 kinase

(S6K1), AMPK, CDK2, CK1δ and DYRK1A were all inhibited

to a greater extent than JNK (Table 3).

EGCG

This compound is one of the main polyphenolic constituents of

tea, especially green tea. We found that EGCG inhibited p38-

regulated}activated protein kinase (PRAK; IC
&!

of 1 µM) and

DYRK1A (IC
&!

of 0.33 µM). A few other protein kinases in the

panel were inhibited less potently [ERK2, 3-phosphoinositide-

dependent protein kinase 1, Rho-dependent protein kinase II

(ROCK-II)], whereas the remainder were unaffected in our

assays (Table 2 and Table 3).

KT 5823

KT 5823 is marketed as a highly specific cell-permeable inhibitor

of PKG and has been used in many studies to implicate PKG in

a variety of cellular processes. These include the activation and

proliferation of neuronal [21] and smooth muscle cells [22], as

well as endothelin-stimulated migration of neutrophils and

monocytes [23]. However, in another report, KT 5823 failed to

inhibit an established PKG-mediated response in intact human

platelets or rat mesangial cells [24].

KT 5823 (10 µM) did not inhibit PKG, cAMP-dependent

protein kinase (PKA) or protein kinase C (PKC) significantly in

our standard assay (Table 3). However, PRAK and GSK3β were

inhibited by approx. 50% at this concentration. It has been

noted by others that the potency of KT 5823 towards PKG varies

from batch to batch and that some batches are inactive [24]. It is

possible that some batches of KT 5823 contain another substance

capable of inhibiting PKG.

ML-9 and ML-7

ML-9 was originally reported as an ATP-competitive, cell-

permeable inhibitor of myosin light chain kinase (MLCK), PKA

and PKC [25]. We found that ML-9 was a relatively weak
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inhibitor of smooth and skeletal muscle MLCKs, inhibiting their

activities by 75% and 46% respectively, at 100 µM. However,

ML-9 also inhibited other protein kinases in the panel, several of

which [mitogen- and stress-activated protein kinase 1 (MSK1),

S6K1 and ROCK-II] were inhibited more potently than the

MLCK isoforms (Table 3).

ML-7, a derivative of ML-9, was reported to be more selective

for smooth muscle MLCK than ML-9 [25]. In our assays, ML-

7 did indeed prove to be a relatively specific, albeit rather weak,

inhibitor of smooth muscle MLCK. MSK1 was also inhibited,

but much less potently.

DISCUSSION

In our earlier study [6], we made a number of recommendations

for the use of protein-kinase inhibitors in cell-based assays. One

of these was that the same effect should be observed with at least

two structurally unrelated inhibitors of the protein kinase. The

results described in this paper suggest that Kenpaullone should

be used in combination with Roscovitine to help identify

physiological substrates of CDKs (Table 1). Thus Kenpaullone

does not inhibit DYRK1A (which is potently inhibited by

Roscovitine), CK1 and RSK1 (which are inhibited less strongly

by Roscovitine). Conversely, Roscovitine does not inhibit

GSK3β or LCK (which are potently inhibited by Kenpaullone)

or ROCK-II, checkpoint kinase 1 and AMPK (which are

inhibited less strongly by Kenpaullone).

Lithium ions inhibit GSK3 [26] and have been shown to mimic

cellular effects known to result from the inhibition of GSK3,

such as the activation of glycogen synthase [27] and Wingless

signalling in Drosophila [28]. However, we have reported pre-

viously that LiCl also inhibits several other protein kinases with

only slightly less potency than GSK3 [6]. Moreover, lithium ions

also inhibit inositol monophosphate phosphomonoesterases

(reviewed in [29]) and may therefore indirectly affect protein

phosphorylation in cells by altering the levels of inositol phos-

phates. Comparison of the effects of Kenpaullone (Table 1) and

LiCl [6] suggests that the combined use of these compounds may

help to identify physiological substrates and roles of GSK3. Thus

Kenpaullone does not inhibit CK2, MAPK-activated protein

kinase 2 and PRAK (Table 1), which are inhibited by LiCl [6],

whereas LiCl does not inhibit CDK2, LCK [6] or the other

protein kinases that are inhibited by Kenpaullone (Table 1).

Although Alsterpaullone is a more potent inhibitor of GSK3

than Kenpaullone, and Purvalanol is a more potent inhibitor of

CDK2 than Roscovitine, our results suggest that Alsterpaullone

and Purvalanol are significantly less specific and may therefore

be less suitable for use in cell-based assays.

The pyrazolopyrimidines, PP1 and PP2, were developed as

inhibitors of the Src family of protein tyrosine kinases [17],

explaining their potent inhibition of LCK in our assays (Table 1

and Table 2). However, although relatively selective, PP1 and

PP2 also inhibited CSK, SAPK2a}p38, SAPK2b}p38β2

and CK1 by approx. one order of magnitude less potently. Since

one role of CSK is to inactivate Src family inhibitors via phos-

phorylation of a C-terminal tyrosine residue [30], the inhibition

of CSK may tend to counteract the effect of PP1 and PP2 on Src

family members in cells. The inhibition of CSK, SAPK2a}p38

and SAPK2b}38β2 by PP1 and PP2 was not unexpected,

because all three protein kinases possess a threonine residue at

the position equivalent to Thr"!' of SAPK2a}p38. The small

side chain at this position creates a small hydrophobic pocket

near the ATP-binding site, the occupancy of which explains

the relatively selective inhibition of SAPK2a}p38 and SAPK2b}
p38β2 by ATP-competitive inhibitors of these enzymes, such as

SB 203580 and SB 202190 [31,32]. Thr"!' is replaced by a bulky

hydrophobic residue in most protein kinases, accounting for

their insensitivity to SB 203580 and SB 202190. The presence of

threonine at the equivalent position in LCK and other Src family

members explains why they are also inhibited, albeit less strongly,

by SB 203580 and SB 202190 [6]. Conversely, the presence of this

particular threonine residue in CSK, SAPK2a}p38 and

SAPK2b}p38β2 explains their sensitivity to PP1 and PP2, since

these compounds occupy the same hydrophobic pocket as SB

203580 [18]. Interestingly, the threonine residue is replaced by an

isoleucine residue in the viral oncogenic form of Src (v-Src),

explaining why the oncogenic forms of this protein kinase are

insensitive to PP1 and PP2 [18].

SP 600125 was developed as an inhibitor of JNK isoforms and

reported to show 20-fold selectivity towards a range of protein

kinases tested [20]. It was also reported to prevent the expression

of several anti-inflammatory genes in cell-based assays [20], the

activation of AP1 and expression of collagenase-3 in synoviocytes

[33], the expression of type IV collagenase in ovarian cancer

(OVCAR) cells [34] and the activation and differentiation of

primary human CD4 cell cultures [20]. In animal studies, SP

600125 blocked lipopolysaccharide-induced expression of tu-

mour necrosis factor α and also inhibited anti-CD3-induced

apoptosis of CD4+ and CD8+ thymocytes [20]. For these reasons,

JNK was suggested to be an attractive target for the treatment of

chronic inflammatory disease, apoptotic cell death and cancer

[20]. However, in the present study, we found SP 600125 to be a

rather weak inhibitor of JNK isoforms, the lower IC
&!

values

reported previously in [20] being explained by the lower ATP

concentrations in the assays. More seriously, SP 600125 was

found to be non-specific, and 13 of the 28 protein kinases tested

were inhibited with similar or greater potency than JNK. SP

600125 is starting to be used more widely as a JNK inhibitor in

cell-based assays [35,36], but our results indicate it is unsuitable

for this purpose. The development of more selective JNK

inhibitors will be needed to evaluate whether the reported effects

of SP 600125 in cells and in �i�o result from the inhibition of JNK

or other enzymes.

Over 1000 papers have been published on the anti-tumour,

anti-proliferative, anti-inflammatory and anti-oxidant properties

of tea (reviewed in [37]). EGCG, one of the major polyphenolic

components of tea, especially green tea, has been reported to

inhibit a number of enzymes and signal transduction pathways.

For example, it is reported to inhibit activation of the MAPKs

ERK1}ERK2, SAPK2a}p38 and SAPK1}JNK in human epi-

dermal keratinocytes after exposure to UV-B radiation and

oxidative stress [38], to inhibit the tyrosine phosphorylation of

the platelet-derived growth factor receptor in vascular smooth

muscle cells [39], to inhibit CDK2 and CDK4 in �itro [40] and to

increase the expression of the CDK inhibitor p21 in human

breast carcinoma cells [40]. EGCG did not inhibit CDK2 in our

assays and inhibited only two of the protein kinases in our panel

(DYRK1A and PRAK) with IC
&!

values of 1 µM or below.

PRAK is thought to be activated in �i�o by SAPK2a}p38. We

have found that EGCG not only inhibits the activity of PRAK

(Table 1), but also its activation in �itro by SAPK2a}p38,

whereas the phosphorylation of other proteins by SAPK2a}
p38 is unaffected (C. Armstrong and P. Cohen unpublished

work). Thus EGCG appears to bind to PRAK in such a way as

to prevent SAPK2a}p38 from accessing the threonine residue in

the activation loop whose phosphorylation triggers the activation

of PRAK.
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