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CK2a is the catalytic subunit of protein kinase CK2 and a member of the
CMGC family of eukaryotic protein kinases like the cyclin-dependent
kinases, the MAP kinases and glycogen-synthase kinase 3. We present here
a 1.6 A resolution crystal structure of a fully active C-terminal deletion
mutant of human CK2« liganded by two sulfate ions, and we compare this
structure systematically with representative structures of related CMGC
kinases. The two sulfate anions occupy binding pockets at the activation
segment and provide the structural basis of the acidic consensus sequence
S/T-D/E-X-D/E that governs substrate recognition by CK2. The anion
binding sites are conserved among those CMGC kinases. In most cases they
are neutralized by phosphorylation of a neighbouring threonine or tyrosine
side-chain, which triggers conformational changes for regulatory purposes.
CK2a, however, lacks both phosphorylation sites at the activation segment
and structural plasticity. Here the anion binding sites are functionally
changed from regulation to substrate recognition. These findings underline
the exceptional role of CK2a as a constitutively active enzyme within a
family of strictly controlled protein kinases.
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CK2a« is the catalytic subunit of protein kinase
CK2 (former name casein kinase 2). Together with
CK2p, a non-catalytic anchor protein (also referred
to as regulatory subunit) serving as a docking
platform for substrates and other binding partners,]

Abbreviations used: AMPPNP, adenylyl
imidodiphosphate; CAPK, cyclo-AMP-dependent protein
kinase; CDK2, cyclin-dependent kinase 2; CK2, casein
kinase 2; CK2aq, catalytic subunit of protein kinase CK2;
CK2p, non-catalytic subunit of protein kinase CK2;
hsCK2a' 7%, C-terminal deletion mutant of recombinant
human CK2«; EPK, eukaryotic protein kinase; GSK3,
glycogen-synthase kinase 3; MAPK, mitogen-activated
protein kinase; PDB, Protein Data Bank.
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CK2a associates to a CK2 holoenzyme with P,
stoichiometry. CK2 is a pleiotropic and acidophilic
serine/threonine kinase with more than 300 sub-
strates described in the literature?; its consensus
sequence for phosphoacceptor site recognition (S/T-
D/E-X-D/E) contains two acidic determinants at the
P+1 and the P+3 posmon one of which at least must
be present in a substrate.”

Within the phylogenetic tree of eukaryotic protein
kinases (EPK) CK2a is a remote member of the
CMGC family branch®* (Supplementary Data
Figure 1) and contains an extended insert in the
C-terminal domain after helix aG (Figure 1(a)),
which is a CMGC-typical landmark. The eponymous
members of the CMGC family are the cyclin-
dependent kinases (CDK), the mitogen-activated ki-
nases (MAPK), glycogen synthase kinase-3 (GSK3)
and the cell division control 2 (CDC2)-like kinases
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428 Structure of Protein Kinase CK2a/Sulfate Complex

(a) ATP-binding lysine basic stretch
seq. no. CK2a 2 10 20 30 40 50 60 170 73 l 80 85
hscr2al™335 éGPVPSRAﬁV YTDVNTHRéR EYWDYESH&V EWGNQDDYdL VRKLGRGK%S EVFEAINI+N NEKVVVKIﬂK - &KK KRIRAEIKIL
GSK3  (1GNG) TVVATPGQGP DRPQEVSYTD TKVIGNGSFG VVYQAKLCDS GELVAIKKVL ....... QGK AFKNRELQIM
p38y (1CM8) GFYRQEVTKT AWEVRAVYRD LQPV...... AVCSAVDGRT GAKVAIRKLY RPF.QSELFA KRAYRELRLL
ERK2 (2ERK) ARGPEMVRGQ VFDVGPRYTN LSYIGEGAYG MVCSAYDNLN KVRVAIKKIS PFE..HQTYC QRTLREIKIL
CDK2  (1QMz) ~mmmnnnnnn ~n~~MENFQK VEKIGEGTYG VVYKARNKLT GEVVALKKIR LDT.ETEGVP STAIREISLL
CAPK (1ATP) KEFLAKAKED FLKKWETPSQ NTAQLDQFDR IKTLGTGSFG RVMLVKHKES GNHYAMKILD KQKVVKLKQI EHTLNEKRIL
consens. CMGC/RD - -— -Y-- L--IGEG-YG -VYKA----T G--VAIRKI- ---==-==== -= A-REI--L
sec. str. CK2a <-0Al><-aA2-> e I e <--p3--> e [ e oC-

———————— N-terminal segment ---------- RE motif
seq. no. CKZa BID lOP 10‘3 11!0 lll"-’ 120 121|1 139 l4|0 15|D 1EP
hscr2al™335 ENLRGGPNII TLADIVK... .DPVSRTPAL VFEHV....N NTDFKQ...L YQTLTDYDIR FYMYEILKAL DYCHSMGIMH RDVKPHNVMI
GSK3 (1GNG) R.KLDHCNIV RLRYFFYSSG EKKDEVYLNL VLDYVPE.TV YRVARHYSRA KQTLPVIYVK LYMYQLFRSL AYIHSFGICH RDIKPQNLLL
p38y (1CM8) K.HMRHENVI GLLDVFTPDE TLDDFTDFYL VMPFMGT.DL GKLMK..... HEKLGEDRIQ FLVYQMLKGL RYTHAAGIIH RDLKPGNLAV
ERK2 (2ERK) L.RFRHENII GINDIIRAP. TIEQMKDVYI VQDLMET.DL YKLLK..... TQHLSNDHIC YFLYQILRGL KYIHSANVLH RDLKPSNLLL
CDK2  (1QMZ) K.ELNHPNIV KLLDVI.... ..HTENKLYL VFEFLHQ.DL KKFMDAS..A LTGIPLPLIK SYLFQLLQGL AFCHSHRYLH kDLKPQNLLg
CAPK (1ATP) Q.AVNFPFLV KLEFSF.... ..KDNSNLYM VMEYVAGGEM FSHLRR.... IGRFSEPHAR FYAAQIVLTF EYLHSLDLIY RDLKPENLL
consens., CMGC/RD —==-L-H-NIV -L--V-==== —=——=—-= YL VFEY----DL -Y-YQLL-GL -Y-H---I-H RDLKP-NLLI
sec. str. CK2o oC> <-p4-> <===p5-=> = L==@D==> = K====————e= OE======= -><f6> <p7>

RD motif
phosphorylatable threonines and strained CMGC
CK2u-typical glutamate tyrosines position arginine
seq. no. CK2o 170 175 1 184 186 h‘ l l 201 210 220 239 249 245
hsckzal™33% DHEHRKLRLI E R A K LLVDYQMYD YSLDMWSLGC MLASMIFRKE PFFHGHDNYD QLVR..IAKV
GSK3  (1GNG) DPDTAVLKLC DFGSRAKQLVR G....EPNVS YICSRYYRAP ELIFGATDYT SSIDVWSAGC VLAELLL.GQ PIFPGDSGVD QLVE..IIKV
p38y (1CM8) .NEDCELKIL DFGLARQADS ...... EMTG YVVTRWYRAP EVILNWMRYT QTVDIWSVGC IMAEMIT.GK TLFKGSDHLD QLKE..IMKV
ERK2 (2ERK) .NTTCDLKIC DFGLARVADP DHDHTGFLTE YVATRWYRAP EIMLNSKGYT KSIDIWSVGC ILAEMLS.NR PIFPGKHYLD QLNH..ILGI
CDK2  (1QMz) .NTEGAIKLA DFGLARAFGV P...VRTYTH EVVTLWYRAP EILLGCKYYS TAVDIWSLGC IFAEMVT.RR ALFPGDSEID QLFR..IFRT
CAPK (1ATP) .DQQGYIQVT DFGFAKRVKG ..... RTWT. LCGTPEYLAP EIILSK.GYN KAVDWWALGV LIYEMAA.GY PPFFADQPIQ IYEKIVSGKV
consens. CMGC/RD ------ LKL- DFGLAR---- —=—————=—-- -VVTRWYRAP E-LLG---Y- --VD-WSVGC I-AE------ PLFPG----D QL----I---
sec. str. CK2a <ps> <p9> Lmm e OF-———=== > Lmmmmme aG-—-->
Mg2t-1. activ. leop P+l loop
777777777 activation segment--------

seq. no. CK2a 250 260 270 280 290 300 310 313 320 328
hscr2ql335 LGTEDLYDYI DKYNIELDER F&aJLCRHSR KﬁWERFVHSR NéHLVSEEAL D%LDKLLRYD HéSR ..... ﬁ TAREAMéHPY FYTV& ~~~~~
GSK3  (1GNG) LGTPTREQIR EMNPNYT... ..... EFAFP QIKAHPWTKV FRPRTPPEAI ALCSRLLEYT PTAR..... L TPLEACRHSF FDELRDPNVK
p38y (1CM8) TGTPPAEFVQ RLQSDEAK.. ....NYMKGL PELEKKDFAS ILTNASPLAV NLLEKMLVLD AEQR..... V TAGEALAHPY FESLHQVQKY
ERK2 (2ERK) LGSPSQEDLN CIINLKAR.. ....NYLLSL PHKNKVPWNR LFPNADSKAL DLLDKMLTFN PHKR..... I EVEQALAHPY LEQYYDPSDE
CDK2  (1QM2) LGTPDEVVWP GVTSMPD... ..... YKPSF PKWARQDFSK VVPPLDEDGR SLLSQMLHYD PNKR..... 1 SAKAALAHPF FQDVTKPVPH
CAPK (1ATP) B urasmmanevsrii: omiieiat b mims's . WAGaydusa uimars {080 en et FPSHFSSDLK DLLRNLLQVD LTKRFGNLKN GVNDIKNHKW FATTDWIAIY
consens. CMGC/RD LGTP-===== —=—=————-- —mmmmmmmmm oo L-====== === A- D11---L-YD P--R----- I -A--AL-HPY F-------—-
sec. str. CK2a === QH=-=—=> ===gI-—=> <——-QJ-> <—QK-><-—--qL--> <-oM> <-ON->

hsCK2a1-333 (this work)

M 1sCK2a1-337 in CK2 holoenzyme (1JWH)
\ hsCK2a1-335 vesA/M163L (1YMI)
hsCK2a.1-335 (283 K structure; 1PJK)
Y maize CK2c (1LP4)
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Figure 1 (legend on next page)
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