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Abstract. The COP9 signalosome (CSN) is a multisubunit protein complex
that intersects the ubiquitin (Ub)–proteasome pathway at several junctions. The
CSN associates with several protein kinases that target key regulatory proteins that
themselves are targets for Ub-dependent degradation, and several subunits themsselves are phosphoproteins. We previously reported that Arabidopsis CSN7 is a
phosphoprotein. To identify the kinases responsible for CSN7 phosphorylation, we
biochemically purified CSN7-kinsae activities from cauliflower through a four-step
purification procedure that resulted in a ca. 300-fold enrichment. One of these acttivities is Ca2+ dependent, while the second is not. Peptide fingerprint analysis of the
purified proteins identified three putative CSN7 kinases.

Introduction

The COP9 signalosome (CSN) is an eight-subunit prottein complex that is conserved in all higher eukaryotes.1–3
The CSN has both evolutionary and physiological connnections to the 26S proteasome. The CSN is structurally
related to the regulatory lid of the 26S proteasome.4
Both complexes contain eight subunits, and, moreover,
subunits of the CSN are paralogous in a one-to-one rellationship to subunits of the proteasome lid. These subuunits contain one of two conserved amino acid motifs
that are found almost exclusively in these complexes,
and in a third related complex, eIF3. These are the PCI
motif (found in CSN1, 2, 3, 4, 7, and 8, and in RPN3,
5, 6, 7, and 9), and MPN motif (found in CSN5 and 6,
and in RPN8 and 11). The interactions between subunits
within one complex are generally conserved between
the paralogous subunits of the other complex.5
CSN intersects with the ubiquitin–proteasome
pathway at a number of junctions: Biochemical studies
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indicate physical interactions among the CSN and
proteasome;6–9 CSN interacts with E3-ubiquitin ligases,
removing Nedd8, a ubiquitin-like modifier from cullinbased E3’s;10,11 CSN deubiquitinates substrates bound to
E3-ligases;12,13 CSN, or CSN subunits, also interact with
and regulate the subcellular localization of a number of
key signaling molecules.1
CSN also mediates phosphorylation of ubiquitin–
proteasome pathway substrates, altering their stability
and biological half-life.14 As such, in both animals and
plants, CSN impinges on numerous signaling pathways,
controlling development, cell cycle, DNA repair, and
transcription.3,14–27 Because of the fundamental nature
of these processes, CSN dysfunction has extensive
consequences for human health and development.
When first purified from mammalian cells, the CSN
copurified with a serine/threonine kinase activity.28
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Subsequently, this activity was attributed to three
different kinases: inositol 1,3,4-triphosphate 5/6kinase,29 CK2, and PKD.30 These kinases are inhibited
by curcumin, a tumor suppressor and effector of AP1 activation,31 and phosphorylate a range of CSNinteracting proteins including IkB, c-Jun, p53, and
p27kip1.32
In addition to its role in regulating kinases and/or
kinase substrates, CSN subunits have been reported to
be phosphorylated.31,33 Taken together, the associated
kinase activity of the CSN and the post-translational
phosphorylation of CSN subunits support the idea that
the CSN is a central component of kinase-mediated
signal transduction pathways.14 We previously showed
that Arabidopsis CSN7 is a phosphoprotein that is
phosphorylated on at least four residues.33 Here we
describe the initial biochemical characterization and
purification of the CSN7 kinases.
Experimental
Plant Material and Growth Conditions
Arabidopsis thaliana wild-type, ecotype Columbia (Col0, from Arabidopsis Biological Resource Center, Ohio State
University, Columbus, OH) seeds were sterilized for 20 min
with 3% hypochlorite with the addition of 0.1% Triton X-100
(Serva, Germany), washed extensively with sterile deionized
water, and sown on Petri dishes containing Murashige and
Skoog medium (Sigma-Aldrich, St. Louis, MO, USA) with
1% agar, as described by Malec et al.34 The seeds were kept
in darkness after sowing at 4 ºC for 48 h and, subsequently,
grown in darkness at 22 ± 2 ºC for 5 days. All handling of the
seedlings was done under dim green light.
Cauliflower (Brassica oleracea var. Botrytis) was purcchased on the local market. Apical tissue from cauliflower
heads (approx. the top 5–7-mm surface layer, comprised primmarily of floral and inflorescence meristems), was collected
and used for further experimentation.35
Preparation of the Substrate
A recombinant CSN7 from Arabidopsis thaliana was obttained as described.33 The glutathione S-transferase-AtCSN7
fusion protein was overproduced in Escherichia coli and puriffied over glutathione–agarose beads (Amersham-Pharmacia
Biotech) according to manufacturer’s instructions. Subseqquently, AtCSN7 was separated from the glutathione–agarosebound GST by digestion with thrombin. The homogeneity and
integrity of purified AtCSN7 were verified by SDS-PAGE and
immunoblot analysis. The purified protein was stored in PBS
buffer with the addition of 30% glycerol at –80 ºC.
In Vitro Phosphorylation Assay
For in vitro phosphorylation assay, Arabidopsis seedlings
were homogenized in a modified TEF buffer (20 mM Tris,
pH 7.5, 25 mM NaF, 0.1 mM EGTA, 0.1 mM orthovanadate,
0.1 mM PMSF).36 The extract was filtered through two layers
of Miracloth (Calbiochem, La Jolla, CA) and centrifuged at
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20000g for 30 s. The resulting supernatant was used as a kinnase source in phosphorylation of recombinant AtCSN7.
The reaction mixture contained 5 mL of 2 X reaction buffer
(100 mM Tris, pH 7.5, 20 mM MgCl2, 2 mM MnCl2, 2 mM
CaCl2, 10 mM NaF), 1–1.5 mL of seedling extract (~1 mg of
total proteins), 1 mg of purified AtCSN7, and 2 mCi of 32PγATP
(New England Nuclear, Boston, MA) in a final volume of 10
mL.33 Samples were incubated at room temperature in darkness
for 1 h, and the reaction was stopped by addition of 10 mL of
2 X SDS sample buffer and boiling for 5 min. Proteins were
resolved on 12% standard SDS-polyacrylamide gel. The gel
was dried and subjected to autoradiography.
In-Gel Kinase Assay
For in-gel kinase assay, Arabidopsis seedlings and caullilower inflorescences were homogenized in a modified TEF
buffer and centrifuged 30 s at 20000g to remove debris. To obttain extracts from light-treated tissue, seedlings were exposed
for 1 h to white fluorescent light (Philips TL MF 140W/33
RS, 250 mmol/[m2 s]), blue light (B, 50 mmol/[m2 s], obtained
by using a set of glass filters: GG13, BG12, and C805 heat
absorption glass), red light (R, 50 mmol/[m2 s], produced by
using RG1 and C805 filters), and far red (FR, 10 mmol/[m2 s]
produced by using RG8 and C805 filters) before extraction.34
All glass filters were from Schott, Jena, Germany.
Protein extracts (equal amounts per well, usually 10 mg)
from Arabidopsis seedlings and cauliflower inflorescences
were resolved on 10% SDS-polyacrylamide gels, supplemmented with the recombinant AtCSN7 in a concentration of
100 mg/mL. The in-gel assay reactivation procedure was esssentially as described by Malec et al.,34 except that the final
phosphorylation buffer contained 40 mM Hepes/KOH, pH
7.5, 20 mM MgCl2, 2 mM MnCl2, 2 mM CaCl2, 2 mM DTT,
and 32PγATP in 30 mL of that buffer. The gel was dried and
subjected to autoradiography.
Gel Filtration Chromatography
For gel filtration chromatography, cauliflower tissue was
homogenized on an ice bath in a buffer containing 20 mM
BTP, pH 7.0, 10 mM MgCl2, 2 mM DTT, 0.1 mM PMSF,
and 10% v/v glycerol. The homogenate was immediately
centrifuged for 5 min at 20000g and filtered by glass wool
filter j = 0.45 mm (Gelman Sciences, Ann Arbor, MI). Appproximately 100 mg of total soluble protein was fractionated
through a Superose 6 HR 10/30 column (Amersham-Pharmaccia Biotech) equilibrated with 20 mM BTP, pH 7.0, 10 mM
MgCl2, and 10% v/v glycerol, at a flow rate of 0.3 ml/min.
All fractionations were performed at 4 oC. Fractions (0.5 mL)
were collected and analyzed with respect to their ability to
phosphorylate AtCSN7 (see below). The protein molecular
weight standards were: thyroglobulin (669 kDa), apoferritin
(443 kDa), catalase (232 kDa), aldolase (158 kDa), and BSA
(67 kDa).
Purification of CSN7 Kinase
All purification steps were carried out at 4 ºC. All chromattography separations were run on an FPLC AKTA Explorer
chromatograph (Amersham-Pharmacia Biotech). Cauliflower
tissue (approximately 500 g) was homogenized in buffer A (20
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mM BTP, pH 7.0, 2 mM EDTA, 2 mM DTT, 1 mM PMSF)
using 2 mL of buffer A per 1 g of the tissue. The homogenate
was squeezed by four layers of cheesecloth and filtered by
four layers of Miracloth. Insoluble cell debris was removed
by centrifugation with GSA rotor (Sorvall) at 23000g for 45
min. The supernatant was applied to 500 mL S Sepharose
Fast Flow (Amersham-Pharmacia Biotech) column equilibbrated with buffer A. The column was eluted with a linear
gradient of NaCl in buffer A. Kinase activities specific to
AtCSN7 were eluted at conductivities 5–15 mS/cm (activity
1) and 25–40 mS/cm (activity 2). Fractions containing activiity 1 were pooled and loaded on 5 mL Blue Sepharose column
(Amersham-Pharmacia Biotech) equilibrated with buffer A
and subsequently eluted with a linear gradient of NaCl in this
buffer. The kinase activity was eluted at conductivity 53–93.5
mS/cm. Fractions containing AtCSN7 kinase activity were
pooled, desalted on the Sephadex G-25 HiTrap Desalting coluumn (Amersham-Pharmacia Biotech), diluted with an equal
volume of buffer B (50 mM Tris/HCl, pH 7.5, 10 mM MgCl2,
2 mM DTT), and loaded on the MonoQ HR 5/5 column (Ameersham-Pharmacia Biotech) equilibrated with buffer B. The
column was eluted with a linear gradient of NaCl in buffer B.
Fractions containing AtCSN7 kinase activity (eluted at condductivity 15.5–31 mS/cm) were pooled and concentrated by
centrifugation with Microsep 30 K microconcentrator (Filtron
Technology Corporation, Northborough, MA) for 30 min at
5000g. The concentrated material (250 mL) was applied to a
Superose 6 HR 10/30 column (Amersham Pharmacia Biotech)
equilibrated with the buffer C (25 mM Tris/HCl, pH 7.5, 10
mM MgCl2, 150 mM NaCl, and 10% v/v glycerol), and eluted
at a flow rate of 0.3 mL/min. The AtCSN7 kinase activity was
collected mainly in the second peak eluting in the molecular
weight range ca. 90 kDa.
During purification the AtCSN7 kinase activity in fractions
was monitored as follows: the reaction mixtures containing 10 mL
of 2 X reaction buffer (100 mM Tris, pH 7.5, 20 mM MgCl2,
2 mM MnCl2, 10 mM NaF), 5 mL of the column fraction, 1
µg of AtCSN7, 0.5 µCi of 32PγATP, and water to final volume
20 mL, were incubated 1 h at room temperature. The reaction
was stopped by addition of 20 mL of 2 X SDS sample buffer
(Laemmli) and boiling for 5 min. Proteins were resolved on
12% standard SDS-polyacrylamide gel. The gel was dried
and subjected to autoradiography. Alternatively, the reaction
mixtures were spotted on 3MM Whatman filter paper discs
(2.3 cm in diameter) and immediately washed by slow stirring
for 15 min in an excess of ice-cold 10% trichloroacetic acid.
The wash procedure was then repeated three times at room
temperature.37 The discs were subsequently dried, loaded into
scintillation vials, and their radioactivity was quantitized in an
LS6500 scintillation counter (Beckman).
Protein Analysis and Peptide Sequencing
The purified complex containing CSN7 kinase was separrated by 10% SDS-PAGE (gel length 20 cm). The gel was
stained for 30 min in 50% methanol, 10% acetic acid, and
0.1% w/v Coomassie brillant blue (Sigma). Following desstaining in 50% methanol–10% acetic acid for 2 h, individual
protein bands were excised from the gel and subjected to prot-

teolytic digestion with trypsin and peptide mass fingerprinting
analysis. Masses of the resulting peptides were measured in
the Voyager DE STR MALDI-TOF (Applied Biosystems).
The obtained lists of masses were submitted as a query in the
MS-FIT (http://prospector.ucsf.edu/ucsfhtml4.0/msfit.htm) or
MASCOT (http://www.matrixscience.com/) software with the
following criteria: 20 ppm mass-matching tolerance, minimmum number of matches = 4, and number of cleavage sites
missed by the digesting enzyme = 1.
Autoradiography and Image Analysis
Autoradiography was done either on Kodak Biomax M
film with intesifying screens, at –80 oC, or on Fuji BAS III
screens at room temperature. Developed films were scanned
with the resolution of 360 pixels per inch. Fuji BAS III screens
were read with BAS III (Fuji) reader phosphoimager. The ressulting graphic files were subjected to densitometric analysis.
Experiments were performed at least three times, with repeataable results.
Other Procedures
Total protein amount in extracts and fractions was assayed
with bicinchoninic acid (protein assay kit; Pierce). SDS-PAGE
gels were stained silver according to Blum et al.38
RESULTS
AtCSN7 can be Phosphorylated by At Least Two Kinases
Present in Arabidopsis and Cauliflower

A more detailed analysis of the AtCSN7 electrophoretic
mobility after in vitro phosphorylation showed that two
bands of phosphorylated protein could be distinguished,
the first one with an apparent molecular mass ~2 kDa
higher than the unphosphorylated form of AtCSN7,
and the second, less distinct, band with mobility
decreased by ~1 kDa (Fig. 1). When phosphorylation

Fig. 1. Phosphorylation of recombinant AtCSN7 in vitro by
Arabidopsis protein extract (1 μg); lane 1: extract + 2 µCi of
32
PγATP; lane 2: extract + 2 µCi of 32PγATP + AtCSN7; lane
3: 2 µCi of 32PγATP + AtCSN7; lane 4: AtCSN7. Arrows dennote 2-kDa-shifted (upper) and 1-kDa-shifted (lower) bands of
phosphorylated AtCSN7, respectively.
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was performed under calcium-free conditions, only the
~2 kDa-shifted band of phosphorylated AtCSN7 was
observed (Fig. 2).
To identify kinase activities phosphorylating
AtCSN7 present in total protein extracts from seedlings
of Arabidopsis and inflorescences of cauliflower, an
in-gel kinase assay was carried out using recombinant
AtCSN7 as a substrate. Additionally, to reveal putative
light effects on AtCSN7 kinase activities, Arabidopsis
seedlings were irradiated for 1 h with white, blue,
red, and far-red light. As seen in Fig. 3, two distinct
kinase bands with apparent molecular weights of ~40
and ~48 kDa were observed both in cauliflower and
in Arabidopsis extracts. These activities were not
observed if AtCSN7 was not present in the gel (data not
shown). No remarkable differences in kinase activity
were observed between protein extracts, both from
etiolated Arabidopsis seedlings and from seedlings
pre-irradiated for 1 h with actinic light with different
spectral characteristics.
AtCSN7 Kinases Are Present in both High Molecular
Weight and Low Molecular Weight Forms
The CSN7 protein from Arabidopsis was shown to
exist both as a subunit of the COP9 signalosome and as
a monomeric form.33 To assess if kinase activities able
to phosphorylate AtCSN7 are present as a part of protein
complexes of higher molecular weight complexes, or in
monomeric forms, gel filtration was used to fractionate
native proteins from cauliflower total protein extract,
and the resulting fractions were assayed for CSN7
kinase activity. The elution profile of AtCSN7 kinase
activity from gel filtration chromatography is shown in
Fig 4a. This profile indicates that the AtCSN7 kinase
activity elutes from the gel filtration column both in

Fig. 2. Phosphorylation of recombinant AtCSN7 in vitro by
Arabidopsis protein extract (1 μg) under different ionic condittions. Arrows denote 2-kDa-shifted (upper) and 1-kDa-shifted
(lower) bands of phosphorylated AtCSN7, respectively. Note
that under calcium-free conditions (lanes 5,6), band 2 is not
detected.
Israel Journal of Chemistry

46

2006

Fig. 3. In-gel assay analysis with AtCSN7 as substrate of
kinase activities present in total protein extracts from caulifflower (lanes 1 and 2) and Arabidopsis seedlings (lanes 3–8).
Seedlings were irradiated for 1 h by R and FR (lane 3), FR
(lane 4), R (lane 5), B (lane 6), white (lane 7) light, or kept in
darkness (lane 8), as described in Materials and Methods. Arrrows indicate two kinase activities with apparent MW 40 and
48 kDa, present in protein extracts.

Fig. 4. Gel filtration profile of AtCSN7 kinase activities in tottal protein extract from cauliflower, separated on Superose 6.
The fractions were analyzed for specific kinase activity in the
presence of the recombinant AtCSN7 (a) and without the subsstrate (b), resolved by SDS-PAGE, and autoradiographed. The
elution peaks for thyroglobulin (670 kDa), apoferritin (440
kDa), and BSA (67 kDa) are designated by arrows.

high molecular weight fractions (MW ≥ 670 kDa) and in
fractions corresponding to monomeric forms estimated
from the in-gel assay experiment (40–50 kDa). These
activities are specific for CSN7 and are not due to
autophosphorylation activity, as the specific kinase
activity was not observed if the recombinant AtCSN7
was not present in the assay mixture (Fig. 4b).
AtCSN7 Kinase Activities Can Be Separated by Cation
Exchange Chromatography
Based on earlier observations that a number of
protein kinases can bind to cation exchange media
containing sulfonate groups at neutral pH, 39 the
clarified soluble protein extract from cauliflower (see
Materials and Methods for details) was poured onto an
S Sepharose FF column. As seen in Fig. 5a, two kinase
activities were identified in fractions after elution of the
column with a linear NaCl gradient. The main AtCSN7
kinase activity (referred to as activity 1) eluted in the
conductivity range 5–15 mS/cm. The other one (referred
to as activity 2) eluted in the conductivity range 25–40
mS/cm. As seen in Fig 5b, activity 1 is responsible for
the 2-kDa molecular weight shift of AtCSN7 observed
in PAGE after phosphorylation. Activity 2 induces
AtCSN7 phosphorylation resulting in a 1-kDa shift.
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The final gel filtration is shown in Fig. 6. Two main
peaks (I and II) containing different peptide compositions
could be distinguished in the chromatogram. The
AtCSN7 kinase activity was found predominantly in
peak II, corresponding to a molecular weight of ~90
kDa, observed in the chromatogram. Interestingly, the
specific AtCSN7 kinase activity in the main peak (peak
I), corresponding to a molecular weight of ~250 kDa,
was low, but still significantly higher in comparison to
the autophosphorylation level.

Fig. 5. (a) Separation of two protein kinase activities phospphorylating AtCSN7 in vitro from cauliflower extract by
cation exchange chromatography on S Sepharose FF. (b)
SDS-PAGE of two protein kinase activities phosphorylatiing AtCSN7 in vitro from cauliflower extract separated by
cation exchange chromatography on S Sepharose FF; lane
1: AtCSN7 phosphorylation by total protein extract; lane 2:
AtCSN7 phosphorylation by fraction eluted at conductivity
5–15 mS/cm (activity 1); lane 3: AtCSN7 phosphorylation by
fraction eluted at conductivity 25–40 mS/cm (activity 2).

AtCSN7 Kinase Copurifies with High Molecular
Weight Protein Complexes
Fractions from S Sepharose FF containing activity 1
were pooled and further purified over Blue Sepharose,
Mono Q, and Superose 6 HR columns, as described
in Materials and Methods. The purification fold was
estimated by quantitative analysis of kinase activity
with the use of recombinant AtCSN7 as a substrate
after each purification step. The results were compared
with the total autophosphorylation activity present in
the fractionated material. The relative increase of the
specific kinase activity in the course of purification is
presented in Fig. 7. The final purification fold was 305.

Fig. 6. A final gel filtration step. Two peaks containing AtCSSN7 kinase activity are present (peaks I and II). The kinase
activity is associated predominantly with peak II.

Fig.7. Relative AtCSN7 kinase activity at subsequent purificattion steps: H—homogenate; S—after S Sepharose FF; B—aftter Blue Sepharose; Q—after Mono Q; GF-I—peak I after
final gel filtration; GF-II—peak II after final gel filtration.
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Initial Identification of Putative CSN7 Kinases
The CSN7 kinase fractions from the gel filtration
analysis above were separated by SDS-PAGE, and the
protein bands subjected to tryptic digestion and MALDITOF peptide fingerprinting for protein identification.
As seen in Table 1, three putative CSN7 kinases were
identified among the purified proteins.

Discussion

We present here a partial purification of the AtCSN7 kinnase following a 4-step purification procedure. This kinnase copurifies with at least two protein complexes with
different molecular weights. A strong binding of these
complexes to Cibacron Blue F3G-A suggests binding
based on electrostatic or hydrophobic interactions with

Table 1
band
6-1-5

14-1-4

A11-2-2

identity

start

peptides matching
end
peptide sequence

164
550
648
701
750

173
561
660
719
770

(R) ATNNNSLIAK(E)
(R) ANAATIIHTNTR(E)
(K) SSNVLLDSEWVAR(V)
(R) DCDPPEIVEWTVPVIREGK(A)
(R) EDPNQQPTMSELANWLEHVAR(D)

AT3G09780.1 putative ser/thr protein
kinase; similar to Pto kinase interactor
1 GB:AAC61805 from (Lycopersicon
esculentum)

25
43
77
94
229
308
331
431
500
575

42
54
81
102
241
324
344
440
514
595

(K) AGFICVGSSFPTNSSYQK(N)
(K) NRDSLFSTLSDK(V)
(R) RDYDR(Q)
(R) QIKTSCSNR(V)
(R) QGGGICRPSCVFR(W)
(K) SYNGINEAQYDYGGQSK(L)
(R) MILTATDDFSFENK(I)
(R) LLLTWDMRAR(I)
(R) KVVGTFGYMAPEYVR(N)
(R) SNEIMRFIHIGLLCVQENVSK(R)

AT4G04510.1 protein kinase family
protein, contains Pfam domain,
PF00069: Protein kinase domain

192
468
882
1005
1108
1191
1217
1460
1756
1784
1808
2151
2582
2658
2890
2910
3070
3130
3436
3469
3724
3741
3782

215
493
895
1025
1125
1211
1235
1476
1775
1807
1819
2169
2600
2675
2912
2931
3083
3147
3450
3484
3739
3753
3804
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(K) LDMTCSCIADGNGIVSAQNITTRK(N)
AT3G48190.1 ataxia-telangiectasia
(K) SNIESLNGVSTPNIDHEASKSNNSGK (T)
mutated protein (Atm)
(K) LLLQCVSMEVSGSK(R)
(R) YILTLQSLLENSPGDFPDDLR(E)
(R) DSSESSSLVEQLLDVVTR (E)
(R) MVDALTEGKWLWCAAFGCLVR (N)
(R) INMDLLIYWFEAICTNFQR(L)
(K) ISGCQVPDVVQLPLVLR(D)
(R) NCLNIVTALHVLLHTLSSSR(R)
(K) NCGLSLKEAESFQVFVQLGAMVNK(V)
(K) VSEFGLLGWFGR (V)
(R) INIFRPDRVFMFITEMHYR(M)
(R) WICQLVYCMIALCEDVPIR(L)
(K) QVMLNTLNELRMCYVLER(S)
(R) EGCFQYDPEFIELQYEAAWRAGK (W)
(R) AGKWDFSLLYPQTHCQPLQHAK(N)
(K) CTMQHLLQSASLLR (K)
(R) HEVSISLANYILHNYQLK(E)
(K) QLVDIYIKLAELETR(R)
(K) QLELVPVVTATIPVDR(S)
(R) DIIDGMGITGVEGVFR (R)
(R) CCEETLSVMRTNK (E)
(R) QKETEDYDGMNLEGLQEEFEGNK(D)
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the aromatic anionic ligand.40 A remarkable binding to
Mono Q at pH 7.5 suggests that the pI of complexes
containing AtCSN7 kinase are ≤7.0.
We have distinguished two kinase activities against
CSN7 based on differences in both electrophoretic
mobility and Ca dependence. We separated the Caindependent (activity 1) and Ca-dependent (activity
2) on S Sepharose FF. The direct Ca dependence of
activity 2 suggests that it may be a CDPK-type kinase,
although not all CDPKs require free Ca2+ ions for their
activity. Activity 1 does not require free Ca2+ for its
activity, suggesting that its activity is under control of
other cellular mechanisms.
Three putative CSN kinases were identified
following gel filtration. Very little is known about kinase
1 or kinase 2. Kinase 1 (AT3G09780.1) is a putative 84kDa Ser/Thr kinase. It is similar to tomato Pto kinase
interactor 1, which would place it in a MAPK pathway.
Kinase 2 (AT4G04510.1) is a putative 79-kDa Ser/Thr
kinase. As the kinase activity purified at ~90 kDa, these
kinases are of appropriate size to be candidate kinases.
Nothing else has been reported for these proteins.
Kinase 3 is potentially the most physiologically
relevant of the purifiying CSN7 kinases. Kinase 3
(AT3G48190.1) is the Arabidopsis homolog of human
ataxia telangiectasia mutated protein (ATM). Human
ATM is a multifunctional kinase poised as the central
regulator of the DNA damage response in mammalian
cells.41 Substrates of the ATM kinase are often targeted
for ubiquitin-dependent degradation by the proteasome.
Patients harboring mutations in ATM suffer ataxiatelangiectasia (A-T), a multifactorial genetic disease
that is characterized, among other symptoms, by
hypersensitivity to DNA damage and a predisposition to
cancer. Interestingly, in S. pombe, the CSN genetically
interacts with an ATM homolog.42 As both S. pombe
and D. melanogaster csn mutants are hypersensitive to
DNA damage,23,42 and as the Arabidopsis ATM mutant
is also sensitive to DNA damage,43 and as both ATM
and CSN intersect the ubiquitin–proteasome pathway,
it is plausible that a CSN subunit, in this case CSN7, is
another ATM substrate.
One caveat, though, in this scenario is that ATM is
a very large protein (>400 kDa), larger than the CSN7
kinase activity identified here (~ 90 kDa). It is probable
that this large kinase is unstable upon purification,
and hence we identified it in smaller protein fractions.
However, as various kinases can have promiscuous
activity in vitro, further experimentation will be needed
to determine the specificity and relevance of these
kinases to CSN function.
While not the subject of the present paper, it is
perhaps significant and important to note that eukaryotic

elongation factor 2 (eEF2) copurified in high amounts
with these kinases (identified five times, for a total of 54
peptides, not shown). eEF2 is a cytoplasmic-localized
protein with intrinsic GTPase activity, which catalyzes
the translocation of peptidyl-tRNA from the ribosomal
A site to the P site during protein synthesis.44 The
phosphorylation of eEF2 by a very specific eEF2 kinase
results in its inactivation and, therefore, may represent
the mechanism of global protein synthesis regulation at
the elongation stage.45 The copurification of eEF2 with
AtCSN7 kinase(s) in a multi-step procedure employing
different chromatography techniques suggests the close
and rather strong interactions between these proteins
in vivo. This is intriguing, as earlier studies showed
the CSN, and CSN7 in particular, as interacting with
proteins involved in translational control.4,7,8,46 One can
hypothesize that the phosphorylation of AtCSN7 by
kinase(s) complexed with eEF2 may constitute another
link between protein synthesis machinery and processes
regulated by the CSN.
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