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Crystal structure of the catalytic subunit of protein
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CK2a is the catalytic subunit of protein kinase CK2,
an acidophilic and constitutively active eukaryotic
Ser/Thr kinase involved in cell proliferation. A crystal
structure, at 2.1 A resolution, of recombinant maize
CK2a (rmCK2 ) in the presence of ATP and M@+,
shows the enzyme in an active conformation stabilized
by interactions of the N-terminal region with the
activation segment and with a cluster of basic residues
known as the substrate recognition site. The close
interaction between the N-terminal region and the
activation segment is unigue among known protein
kinase structures and probably contributes to the
constitutively active nature of CK2. The active centre
is occupied by a partially disordered ATP molecule
with the adenine base attached to a novel binding site
of low specificity. This finding explains the observation
that CK2, unlike other protein kinases, can use both
ATP and GTP as phosphorylating agents.
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Introduction

alone shows catalytic activity. When expressed as a
transgene product in mouse lymphocytes, it leads to
lymphomas (Seldin and Leder, 1995) and it may be a
factor in the regulation of the mitogen-activated protein
kinase (MAPK) pathway (Herichet al, 1997). The CK2
tetramer is known to be involved in cell proliferation
(Munstermanret al, 1990; Issinger, 1993), but the bio-
logical functions of CK2 and CK& are not well character-
ized, although numerous protein substrates have been
identified byin vitro studies (Meggicet al,, 1994; Allende
and Allende, 1995).

With respect to biochemistry, three features of CK2 that
are unusual among protein kinases raised particular interest
in this enzyme and its subunits in the past. (i) Regulation:
the physiological regulation of CK2 activity is a source
of confusion (Allende and Allende, 1995). The apparent
absence of second messengers like CAMP, cGMP ét Ca
the stability of the CK2 tetramer and the fact that both
the tetramer and CKR alone are catalytically active,
make the usual regulatory mechanisms of protein kinases
(Johnsonet al, 1996) unlikely. The lack of a control
mechanism, however, is hardly compatible with the pleio-
tropic nature of the enzyme and the central role it is
believed to play in cellular regulation (Issinger, 1993).
(il) Reduced co-substrate specificity: CK2 and @K&an
use both ATP and GTP as phosphorylating agents (Issinger,
1993; Allende and Allende, 1995). (iii) Substrate speci-
ficity: CK2 accepts highly acidic protein substrates; in
contrast, most other Ser/Thr kinases are basophilic
(Pinna, 1990).

Whereas the acidophilic character of CK2 and its
structural base have been investigated thoroughly by
mutational studies (Sarreg al,, 1996; Vaglioet al., 1996),
the crystal structure of a CK2-ATP complex should help
to rationalize the constitutively active nature of the enzyme
and its exceptional co-substrate specificity, and possibly

Protein kinase CK2—formerly called casein kinase Il Yield the first structure-based ideas about the regulatory
or casein kinase 2—is ubiquitously distributed among behaviour of CK2. In this context, the structural environ-
eukaryotic cells. The enzyme is a Ser/Thr kinase with the ment of the ‘activation segment’ (often called the ‘T-loop’),
specific recognition motif S/TXXD/E (Pinna, 1990), but comprising most parts of subdomains VIl and VIIl (Hanks
recent results indicate that it is also able to catalyse and Quinn, 1991), was of special interest, because the
tyrosine phosphorylation (Wilsoat al, 1997). CK2 has critical role of this motif in the regulation of kinase
been the subject of several functional and structural studiesactivity is well known (Johnsoet al, 1996).
(for review, see Pinna, 1990; Issinger, 1993; Allende and The present study deals with CH2from Zea mays
Allende, 1995). CK2 is composed of four chaires,, which is significantly more stable than the human counter-
a’,f3, or aa’B,) making up two catalytic subunitsi(@@nd/ part. AB-subunit of CK2 has not been discovered to date,
or a’) and two regulatory CK@-subunits. The generation either in maize or in any other plant. Therefore, it cannot
of the tetramer is achieved exclusively by the ability of be excluded that, in plants, tleesubunit alone constitutes
the B-subunit to form homo- and heterodimers with the active CK2 enzyme. This speculation is supported by
catalytic subunits, while the two catalytic subunits make the unusually high stability and activity of maize C&2
no contacts with each other (Gie& al, 1995). This human CK21 shows only half of the specific activity of
guaternary structure is so stable that denaturing conditionshuman holo-CK2 (1.2 versus 2.4 U/mg), whereas maize
are necessary for dissociation of CK2. CK2a has a specific activity that is at least as high as the
Despite the stability of the tetramer, the GK8ubunit human holoenzyme, and often higher when determined
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7 10 20 30 40 50 60
rmCK20  ~~~~~ MSKAR VYADVNVLRP KEYWDYEALT VQWGEQDDYE VVRKVGRGKY SEVFEGINVN
rhCK2a MSGPVPSRAR VYTDVNTHRP REYWDYESHV VEWGNQDDYQ LVRKLGRGKY SEVFEAINIT
CDK2 = ~~~msmvsvas vmvasaa s vas s s s s MENFQ KVEKIGEGTY GVVYKARNKL
cAPK aakkgseqges vkeflakake dflkkwetps QNTAQLDQFD RIKTLGTGSF GRVMLVKHKE

<=m=mmm——— N-terminal region------- > <===fl--> <===—B2--->

61 70 72 75 85 95 105 114

rmCK2x NNEKCIIKIL KPV...... K KKKIKREIKI LONLCGGPNI VKLLDIVRDQ HSKTPSLIFE
rhCK2o NNEKVVVKIL KPV...... K KKKIKREIKI LENLRGGPNI ITLADIVKDP VSRTPALVFE
CDK2 TGEVVALKKI RLDTETEGV. PSTAIREISL LKEL.NHPNI VKLLDVIHTE ..NKLYLVFE
cAPK SGNHYAMKIL DKQKVVKLKQ IEHTLNEKRI LQAV.NFPFL VKLEFSFKDN ..SNLYMVME
<---B3---> <——mm— - oAC—=———=~ > <--p4--> <--p5->

115 124 130 140 150 160 169
rmCK2o YVNNTDFK.V LYP....TLT DYDIRYYIYE LLKALDYCHS QGIMHRDVKP HNVMIDHELR
rhCK2x HVNNTDFK.Q LYQ....TLT DYDIRFYMYE ILKALDYCHS MGIMHRDVKP HNVMIDHEHR
CDK2 FLH.QDLKKF MDASALTGIP LPLIKSYLFQ LLQGLAFCHS HRVLHRDLKP QNLLIN.TEG
cAPK YVAGGEMFSH LRRIG..RFS EPHARFYAAQ IVLTFEYLHS LDLIYRDLKP ENLLID.QQG

<--aD--> K AE——=—====~ > <B6> <-B7>

<cat. loop>

170 180 190 200 210 220 228
rmCK2o KLRLIDWGLA EFYHP.GKEY NVRVASRYFK GPELLVDLQD YDYSLDMWSL GCMFAGMIFR
rhCK2a KLRLIDWGLA EFYHP.GQEY NVRVASRYFK GPELLVDYQM YDYSLDMWSL GCMLASMIFR

CDK2 ATKLADFGLA RAFGVPVRTY THEVVTLWYR APEILLGCKY YSTAVDIWSL GCIFAEMVTR
cAPK YIQVTDFGFA KRVK..GRTW TL.CGTPEYL APEIILSKG. YNKAVDWWAL GVLIYEMAAG
<-B8> <-B9> <p+1-loop> <mmm———— AF=—==——— >

<----- activation segment------ >
230 240 250 260 270 280 288

rmCK2o KEPFFYGHDN HDQLVKIAKV LGTDGLNVYL NKYRIELDPQ LEALVGRHSR KPWLKFMNAD
rhCK2a KEPFFHGHDN YDQLVRIAKV LGTEDLYDYI DKYNIELDPR FNDILGRHSR KRWERFVNSE

CDK2 R.ALFPGDSE IDQLFRIFRT LGTPDEVVWP G...VTSMPD YKPSFPKWAR QDFSKVVPP.
CAPK Y.PPFFADQP IQIYEKIVSG KVI. ..t tuiitiiinan viiininnnn e FPSH
<====-- AG==——=== ><=—mmm oH---=>  <-—-qI---> <-oJ->
290 300 310 315 324 330 334 338
rmCK2a NQHLVSPEAI DFLDKLLRYD HQERLT.... .ALEAMTHPY F..... QQVR AAENSrtra~
rhCK2o NQHLVSPEAL DFLDKLLRYD HQSRLT.... .AREAMEHPY FYTVVKDQAR MGSSSmpggs
CDK2 ....LDEDGR SLLSQMLHYD PNKRIS.... .AKAALAHPF F..... QDVT ~~~~~~n~nnn
cAPK ....FSSDLK DLLRNLLQVD LTKRFGNLKN GVNDIKNHKW F..... ATTD WIAIYgrkve
<-aK-><---aL---> <-oM-> <-———0N--->

Fig. 1. Structure-based multiple sequence alignment of rm&€K2th rhCK2a, cAPK and CDK2. The sequences of rhGKand cAPK are cut at

the termini for reasons of presentation. The alignment was calculated with the GCG-program PILEUP (Wisconsin Sequence Analysis Package, 1994)
and, in the case of cAPK and CDK2, subsequently refined in critical regions manually using the least-squares-fit routines ofeDgllat@s1).

Important positions discussed in the text are printed in bold characters, while regions where neither the sequences nor the structures allow any
conclusion concerning topological equivalence are printed with small letters. The nhumbering of ani@ld%vs that of rhCK2x. The 3-sheets and

the a-helices fromaC to aG are named after their equivalents in cAPK (Knighttral, 1991).

under optimal assay conditions (O.-G.Issinger, unpub- Results
lished data). However, these data should be considered a
a rough indication, because the activities of @Kand
CK2 depend strongly on the salt concentration (Jakobi
ango'rrrg]l;ghét&giS%;r;g %OK;? Svég rsrggggglctj t;)eg(())rrnngi?]r_e. 1998) and belong to the monoclinic space gro}gp C2 with
antly from Escherichia colicells (Dobrowolskaet al., lattice constants ofa =A 1426 A b = 61'4d € = g
1991). Recombinant maize CK2rmCK2a) consists of ~ 45-4 A andB = 103.1 A. The structure was determine
332 amino acids (Figure 1). Its amino acid sequence is with Patterson sgarch technigues (molecular replacement)
>60% identical to those of CK2 from other species; in ~ and refined to finaR-factors of 20.5% Ryon) for all
particu'an it is 75% identical to the human homo'ogue reflections from 26.1 tO 2.1 A I’eso|utl0n, and I’ea_lsonable
(rhCK201) (Dobrowolskaet al, 1991) (Figure 1). The temperature factors (Figure 2A) and stereochemlcal para-
main difference between maize and human @k2found ~ meters (Tables | and II). The relatively higkvalue can

in the C-terminus, which is ~60 amino acids longer in be explained with the inferior quality of the diffraction
rhCK2a, but nevertheless rmCK2can form a stable and  data set Rgym = 10.6%), which was measured at 4°C
fully active CK2 tetramer with human CHR(Boldyreff with six crystals. o _ _

et al, 1993). An rmCK2x crystal structure was therefore One residue (Pro231) was found W|tb|&conf|gurat|on_
also expected to be a reasonable model for €K2 at the peptide bond. Apart from Ala193, all non-glycine
general. residues have ‘most favoured’ or ‘additionally allowed’

SOuality of the final structure model
The rmCK2x structure was solved with crystals that were
grown in the presence of ATP and Ffg(Guerraet al,,
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Fig. 2. (A) Plot of average main chain temperature factors versus residue nup&ainachandran-plot of rmCkeproduced with PROCHECK
(Laskowskiet al, 1992). Coding: (A, B, L), most favoured regions; (a, b, |, p), additional allowed regions; (~a, ~b, ~I, ~p), generously allowed

regions. Glycine residues are shown as triangles.

@- combinations (Figure 2B) according to the classific-
ation of PROCHECK (Laskowskiet al, 1992). The Table I. Characteristic data of the rmCI2synchrotron data set
backbone conformation at Alal93 is well defined by

electron density (Figure 6C), and so the structural tension No- of crystals used . 6.
t this location is not a refinement artefact. Its possible Temperature of data collection ac
a . > ! . : p No. of observations 62 746
functional role will be discussed in context of the So- No. of observations used after rejections 62 534
called p+1 loop (Taylor and Radzio-Andzelm, 1994) at No. of independent reflections 21 365
the C-terminal side of the activation segment. The quality ’F\‘Aift?gﬁgg;‘ range (A) 223-1—2-1
of the final electron density map is illustrated in Figures Multiplicity for last shell (2.2-2.1 A) 19
5A, 6A _and 6C. ] Average of (/a)) 8.1
The final rmCK2x model includes 147 water molecules, Average of (/o)) for last shell (2.2-2.1 A) 55
one molecule of ATP and one magnesium ion. At the Completeness for whole range A 95-4‘?
N-terminus, Met6 is missing, probably because of post- Completeness for last shell (2.2-2.1 A) 88. 7%
lational cleavage. With the exception of the last four ey for whole range 10.6%
transla ge. p Rym for last shell (2.2-2.1 A) 9.6%

residues and some polar and solvent exposed side chains;
the rmCK2x structure is completely defined by electron Reym=ZnZjlIn—<In>|/ZZjln wherelp; is the intensity of thgth
density. While the four C-terminal residues were left out observation of unique reflectidn and <I,> is the mean intensity of
of the final model, the disordered side chains were included M2t reflection. Friedel mates were merged in this data set.

with idealized conformations and occupancy factors of 0.

Electron density at the co-substrate binding site Table Il. Characteristic data of the rmClgZrystal structure

In Fhe final stage of _refiner_ner_n_, a Iarg.e’ flat pi(_ace (_)f Resolution range included in refinement (A) 24—
residual electron density of significant height remained in correlation coefficientq,dFeqc (@l reflections) 0.935
the region of the active site (Figure 3A). To explain this Ruee (5% of all reflections) 27.2%
density, the complex of cAMP-dependent protein kinase ifvork (95°BA’ f°f f‘” reflections) ggg"/i\
(CAPK) with ATP (Knightonet al, 1991) was super- g8 = awol -
imposed onto the rmCK® structure. This .3D-fit, the ideal 1-2 distances (bonds) 0.027 A
relevant details of which are documented in Figure 3A, ideal 1-3 distances (angles) 0.040 A
showed clearly that the well-described binding sites for ideal 1-4 distances (planar groups) 0.054 A
adenine and the ribose ring, as observed in several other_ /deal bond angles 3.6

f tein kinase—nucleotide complexes apart 242 of Ramachandran-plot i
structures of pro p p Percentage of residues in most favodrezgions 87.8%
from cAPK (Jeffreyet al, 1995; Owenet al,, 1995; Xu Percentage of residues in additional alloweegions ~ 11.8%
et al, 1995), were free from significant electron density Mean coordinate errdr(A) 0.24

assignable to ATP. In contrast, the residual density was 1according to the classification in PROCHECK (Laskowskial
found at a different position, distant from the classical 19;‘;()” Ing fo the classification in (Laskowskial,

adenine binding site. ) ) 2Estimated with SIGMAA (Collaborative Computational Project
Nevertheless, we attributed the residual density to the Number 4, 1994)
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Fig. 3. Stereo illustration of electron density at the nucleotide binding site. Together with ATP, some of the hydrophobic side chains of the
environment are drawn. The grey lines show ATP as bound to cAPK (Knigtttaih, 1991) after 3D-fit of CAPK and rmCK®2

(A) Final (2F;—F.)-map contoured at 1dl (B) (Fo—Fc)-omit map above the®level after two successive 4000 K simulated annealing runs without
ATP atoms, using X-PLOR (Bnger, 1992)

adenine moiety of ATP (Figure 3A). This interpretation towards Met163 so that the density regions that now cover
seemed to be plausible from the beginning, since the excep-the C8 atom would become free for the ribose ring. This
tional ability of CK2 to accept both ATP and GTP as concept would require ATP to be iaynconformation
phosphorylating agents suggested that substantial differ-with respect to the torsion angle around the glycosidic
ences in nucleotide binding in CkKi2 compared with other ~ bond; it was tested in refinement but finally omitted
kinases, might be expected. To confirm this further, an omit because of several serious violations of stereochemical
map (Hodekt al, 1992) was calculated after two successive constraints.
4000 K simulated annealing runs without ATP atoms, using  Hence, while the position of the adenine group in the
X-PLOR (Bringer, 1992). The resulting{—F.)-omit map current rmCK21 model is the most reasonable interpret-
(Figure 3B) contained significant electron density that was ation of the present experimental data, the rest of the ATP
consistent with the interpretation described. molecule remains undefined. The diffuse electron density
However, Figure 3A and B also suggests an alternative in the ribose and triphosphate parts is reflected by average
interpretation: the adenine group could be turned by ~60° B-factors of 76.7 A for the ribose atoms angt100 A2
around an axis perpendicular to its plane, and shifted for the atoms of the triphosphate group, compared with
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38.0 A for the adenine atoms, so that the conformations comparisons with recombinant murine cAPK showed that
of the ribose and the triphosphate group remain unclear.the opening state of the active-site cleft in a crystalline
Nevertheless, one magnesium ion was identified by its environment is likely to be determined by crystal packing
close coordination with the side chains of Aspl75 and constraints (Zhengt al., 1993).
Asnl61. Its location is equivalent to the low-affinity metal Conforming to the constitutively active nature of CK2,
binding site of cAPK, whereas the second metal binding rmCK2a is found in an active state with respect to each
site found in cAPK (Knightoret al, 1991; Bossemeyer of these three aspects. Instead of cyclin A as is the case
et al, 1993) is free from significant electron density. for CDK2, here it is the N-terminal region (Ser7 to GIn36,
The partially disordered nature of the ATP molecule is Figure 1) which seems to have a key function in the
also reflected in the protein environment; in order to fit stabilization of this conformation. The N-terminal region
the corresponding electron density, two alternate side links the two lobes of rmCK@& crossing the catalytic cleft
chains had to be assigned to three residues in the neigh-and forming well-defined contacts, both with the activation
bourhood of ATP, namely Val45, Val53 and Metl163, segment and with the basic recognition cluster (Figures
respectively (Figures 3A and 7). 4A, 5A and 6A). The probable key role of the N-terminal
region will be discussed further below and will be illus-
Discussion trated in more detail.
General description of the rmCK2a structure Secondary structure
The global structure of rmCK® is a variant of the With respect to secondary structure (the assignment of
common bilobal architecture of protein kinases (Figure a-helices andB-sheets is shown in Figures 1 and 4A),
4A), with a B-rich N-terminal domain, ana-helical rmCK2a closely resembles cAPK with four remarkable
C-terminal domain, and the active site in the cleft between exceptions. (i) The long N-terminal helix A of cAPK
them. The N-terminal lobe ends at Asn117 and comprises (Figure 4B), which is especially well characterized in non-
the B-strands 1-5 and helixC, while the rest of the  recombinantporcine cAPK (Zhemgal., 1993), is missing.
molecule belongs to the C-terminal lobe (Figure 1). The While it is true that the N-terminal region of rmCiK2
molecule has the approximate shape of a bean, with possesses shod-helical motifs, its structure is, on the
dimensions of about 67, 50 and 42 A in the directions whole, adapted to form an interface with the activation
of the principal axes. segment (Figures 4A, 4B and 6A). In this way, the
RmCK2a is found in an active conformation. From N-terminal region itself is stabilized and well defined
previous studies with homologous Ser/Thr kinases, an by electron density, in contrast with some comparable
active conformation of such an enzyme is characterized structures of cAPK and protein kinase CK1 (Knighton
by at least two necessary conditions at a structural level. et al, 1991; Bossemeyeet al, 1993; Xuet al, 1995).
(i) The activation segment, spanning Aspl75 to Glu201 (ii) RmCK2a is six residues shorter than cAPK at the
in CK2a, must be folded such that free access for substrateregion between stranfi3 and helixaC, and lacks helix
and co-substrate molecules to the active site is possible.aB completely (Figure 4A and B). It must be assumed
This point was demonstrated most impressively in the that this structural difference is functionally significant,
case of human cyclin-dependent kinase 2 (CDK2). CDK2 because it concerns a region important for substrate
as an isolated molecule was found to adopt an inactive recognition in protein kinases (Pinna and Ruzzene, 1996).
state with the activation segment blocking the active site In rmCK2aq, this region contains the previously mentioned,
(De Bondtet al, 1993) (Figure 4C), while it exists with  almost invariant cluster of basic residues’{KKKI-
an open activation-segment conformation when complexed KREIK®3), which mainly determines the acidophilic char-
with a cyclin A fragment (Jeffreyet al, 1995). (ii) The acter of the enzyme and possibly interacts with GK2
initial part of helix aC, which is critical for substrate (Sarnoet al, 1996). (iii) In rmCK2x, the helixaD is four
recognition in protein kinases (Pinna and Ruzzene, 1996),residues shorter at its N-terminal end than in cAPK, and
must be properly aligned towards the active site. In the has a significantly different direction to cAPK (Figure
case of CDK2, this is achieved by interactions with cyclin 4B) and CDK2 (Figure 4C). In this region, a functionally
A (Jeffreyet al, 1995) (Figures 4C and 5B). In Ci§2 a important residue is located; in cAPK, the side chain of
highly conserved cluster of preferentially basic residues Glul27 is a recognition site for the peptide substrate and
(K™KKKIKREIK 8) (Figure 1) is typical for this zone. simultaneously serves as a hydrogen-bonding anchor for
In addition to these two conditions, the orientation of the ribose moiety of ATP (Knightoret al, 1991). In
the two lobes relative to each other, and possible ligand- rmCK2a, a similar ribose anchor is missing in accordance
induced inter-lobal displacements, were suggested to bewith the decreased length and altered orientation of helix
functionally important (Zhenget al, 1993; Helms and  aD. Possible consequences of this fact are discussed in
McCammon, 1997). A detailed description of two distinct the context of the active site. (iv) Close to the C-terminus,
conformational states, one with an open and another with rmCK2a is 37 residues longer than cAPK and contains
a closed active-site cleft (Figure 4B), was given by Zheng four additionala-helices ¢(H—aK) (Figures 1 and 4B),
et al. (1993) for the catalytic subunit of porcine cAPK. characterized by conspicuously high temperature factors
In that particular case, the closed conformation corresponds(Figure 2A). A structure—function relationship correlated
to a ternary complex, while the open state was observedwith this difference is not obvious at the moment.
with the apoenzyme and with a binary complex with a
peptide inhibitor. A functional interpretation of this finding, The lysine-rich cluster
characterizing the open state as active and the closedAs indicated in Figure 1, the central part of the lysine-
state as inactive, was given, but it was ambiguous, for rich cluster K*KKKIKREIK 83 can be structurally aligned
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Fig. 4. (A) Global view of rmCK2x. To make the contact visible between the N-terminal region (blue) and activation segment (yellow), the
molecule was rotated by 90° around thaxis compared with the common view of protein kinases (Knighgbal., 1991). The position of the
active site is marked by the bound ATP molecule. The names afithelices (red) and thB-sheets (green) are defined in Figure 1.

(B) Superposition of rmCKa (grey), the open, inactive form of cAPK (red) and the closed, active form of cAPK (yellow). The designations of
helicesaA and aB, which are absent in rmCK2 refer to cAPK; converselyaH, al, aJ andaK refer only to rmCK21. The long C-terminal tail of
cAPK was left out of this figure for reasons of presentati@@). Superpositon of rmCKe (grey), inactive CDK2 (red) and (partially) active CDK2
(yellow) bound to a fragment of cyclin A (green).
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Fig. 5. The basic cluster of rmCK®in comparison with the
PSTAIRE-helix of active CDK2.4) RmCK2u: the basic cluster in
contact with the N-terminal segment and Lys68 as part of the active
site; N-terminal segment and Lys68 are covered with{F)-electron
density above the 1.4 level. B) CDK2: PSTAIRE-helix in contact to
the active site (Lys33) and to the cyclin A fragment (thin lines). The
distances are given in A.

to the PSTAIRE motif of CDK2, which is located at the
beginning of helixaC and plays a crucial role in cyclin
A binding and CDK2 activation (Jeffregt al, 1995). In

Crystal structure of CK2q: at 2.1 A resolution

Lys33, which is a key catalytic residue and has to be
properly orientated for the catalytic mechanism (Jeffrey
et al, 1995).

Interestingly, after global structural alignment of the
corresponding molecules, the lysine-rich cluster of
rmCK2a fits to the PSTAIRE region of the activated,
cyclin A bound form and not to that of the inactive, free
form of CDK2. The role of cyclin A is assumed by the
N-terminal region: Lys76 is in ionic interaction with
Glu27, lle78 together with Trp33 and Val31 is part of a
hydrophobic pocket, and the side chain of Lys79—the
topological equivalent of 1le49 of CDK2—is hydrogen-
bonded to the carbonyl oxygens of Glu27 and Leu29
(Figure 5A). In this way, the N-terminal region stabilizes
the active conformation of heligC and the lysine-rich
cluster with the consequence that Glu81 can form a salt
bridge to Lys68. The functional importance of this salt
bridge can be seen from the fact that Glu81 and Lys68
are the topological and mechanistic equivalents of Glu51
and Lys33 of CDK2 (Jeffrewt al,, 1995).

The activation segment

Contact to the N-terminal regionThe N-terminal region

of rmCK2ua, and the activation segment in an open
conformation, stabilize each other by extensive contacts
(Figure 6A) so that the activation segment belongs to
those parts of the structure with the lowest temperature
factors (Figure 2A). This arrangement resembles the
situation in the CDK2-cyclin A complex, where the top
of the activation segment is closely attached to the
N-terminus of the activating cyclin A fragment (Figure
6A) (Jeffrey et al, 1995). At the interface between the
N-terminal region and activation segment, an aromatic
cluster containing Tyr23, Trp24 and Tyr26 on one side, and
Phel181 and His183 on the other, is especially conspicuous.
Furthermore, strong hydrogen bonds are found connecting
Ala9-N with Tyr182-OH, Asn16-ND2 with Tyr182-O and
Tyr26-OH with Glul80-OE2. This hydrogen bonding
network is further strengthened by some well-defined water
molecules, which are presumably essential components of
the interface (Figure 6A).

All those residues—both in the N-terminal region and
in the activation segment—are highly conserved among
CK2a from different species, but not among protein
kinases in general (Figure 1) (Hanks and Quinn, 1991;
Allende and Allende, 1995). In particular, the sequence
motif LY"3IDWGLAEFYH184 is an invariant fingerprint
pattern for CK2i: a sequence search using GCG
(Wisconsin Sequence Analysis Package, 1994) against
the SWISS-PROT database (release 35.0) (Bairoch and
Boeckmann, 1992) yielded 18 entries with 100% sequence
identity belonging exclusively to CK2 chains, while the
next hit with 75% identity, and all following hits, were
not CK2o proteins.

The exceptional Trpl76The activation segment begins

CDK2, large changes in the conformation of the PSTAIRE with a loop that joins the strand® andf39 and contains

region and in the direction of the complete hetiC are

the sequence motif ‘DFG’ in nearly all kinases (Hanks

associated with cyclin A binding (Figure 4C). These and Quinn, 1991). CK& is the only known exception:

changes are mainly achieved by the formation of a here, the central phenylalanine is replaced by a tryptophan
hydrophobic cluster between lle49 and various non-polar (Trp176, Figure 1), which had therefore attracted attention
side chains of cyclin A (Figure 5B), and they are transferred in the past in site-directed mutagenesis studies (Jakobi
to the active site by a salt bridge between Glu51 and and Traugh, 1992, 1995). Actually, a Trp176Phe mutant

2457



K.Niefind et al.

L
His183

Glul

activation i

Fig. 6. Structural interactions of the activation segment. Electron
density objects are taken from the findt 2F. map contoured above
1.50 (A) and 1.70 (C). The distances are given in AA)Y Contact
between activation segment (blue area) and N-terminal region (green
area), in comparison with the situation in the complex of CDK2 (grey
trace) and a cyclin A fragment (red trace). Water molecules are
covered by grey areaBJ The role of Trp176 in the N-terminal region

Glul87 A i y of the activation segment; ribbons: activation segment in €K2
(yellow), inactive CDK2 (red) and active CDK2 (greyC) Ala193
and Ser194 in the p1 loop (blue area) in contact to the catalytic loop
(green area); yellow ribbon: activation segment; furthermore, some
neighbouring residues (brown area) mentioned in the text are drawn.

of human CK2 was shown to be significantly less active (Bossemeyeet al, 1993), and, second, lle174 which is
than the wild-type enzyme (Jakobi and Traugh, 1992).  part of the hydrophobic binding pocket for the nucleotide
In CDK2 (De Bondtet al, 1993; Jeffreyet al, 1995), base (Figures 3A and 7). The rmC&tructure is thus
the phenylalanine of the DFG-motif is the first residue of consistent with the observation of Jakobi and Traugh
the N-terminal activation segment to move notably during (1995) that an exchange (Trpl76Phe) influences not only
its transition from the open to the closed state (Figures the activity but also the ability of the enzyme to discrimin-
4C and 6B). In CK#, an equivalent motion of Trp176 is ate between ATP and GTP. Nevertheless, it has not yet
improbable because of a hydrogen bond across thebeen possible to rationalize the kinetic values and their
B8-B9 joining loop between Trp176-NE1 and Leul73-O trends (Jakobi and Traugh, 1995) in detail.
(Figure 6B). In this way, the active state of the activation The negatively charged regulation site of RD-kinadas
segment is stabilized by an internal constraint in addition addition to controlling access to the active site, the
to the contact with the N-terminal region. activation loop was also described as performing a fine-
It should be noticed that thB8—{39 joining loop plays tuning of the catalytic activity in ‘RD-kinases’ (Johnson
an important role in the catalytic mechanism. It includes, et al, 1996), which are characterized by an arginine
first, the magnesium chelating residue Aspl175, the equiva-preceding the invariant aspartate in the catalytic loop
lent of which in cAPK presumably functions to orientate (Figure 1). A salt bridge from that arginine to a negative
the y-phosphoryl group of the co-substrate properly charge at the position corresponding to Thr197 of cAPK
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the hydrophobic character. The net marks the hydrophobic surface of the protein matrix including water, with the intensity of the blue colour as an
indicator of hydrophobicity. This surface was calculated with BRAGI (Schomburg and Reichelt, 1988). For comparison, the adenine moiety of
cAPK-bound ATP is drawn (green) after global 3D-fit of the cAPK/ATP complex on rmiCK2

is supposed to realign the important residues in the activetion segment, with effects on Alal93, Ser194 and their
site (Johnsoret al, 1996). The known CK2 kinases are hydrogen bonding partners, are influenced by forming and
also RD-kinases (Arg155Asp156) (Figure 1), but in the releasing the tension at Ala193.
rmCK2a structure, a conserved asparagine (Asnl89) is Such a speculation about a functional role for this
spatially—but not necessarily topologically—equivalent region is supported by recent results from a truncated
to Thr197 of cAPK (Figure 6C). Whether a neighbouring y-subunit of rabbit muscle phosphorylase kinase in com-
negative side chain (Glul87, Tyrl88 after phosphoryl- plex with a peptide substrate (Lowet al, 1997): the
ation), an external anion as in protein kinase CK1 (Xu residues 183-185 of this kinase, which are topologically
et al, 1995) or a negative side chain of CB2r of a equivalent to Arg191, Val192 and Alal193 of rmCe&2
protein substrate compensates for this lack of a negativeare involved in substrate binding by formation of a short
charge remains an open question. It is conspicuous thatanti-parallel-sheet with the peptide backbone.
the guanidinium group of Arg80, part of the basic cluster
and therefore one of the critical determinants of substrate The active site
specificity in CK2 (Sarnet al, 1996), isonly 3.6 Aaway  General considerationsThe active site of rmCK& is
from the side chain of Argl55 (Figure 6C), thereby quite similar to those of the closed form of cAPK and of
establishing a suitable binding site for acidic side chains CDK2 bound to cyclin A. To stress this point, rmC#&2
of peptide substrate or inhibitor molecules. was fitted globally to these two homologues with the
The p+1 loop The C-terminal region of the activation Sd_improve’ option of ‘0" (Joneset al, 1991); after-
segment is known as the 4l loop’ because in cAPK it ~ wards, RMS deviations for 176 backbone atoms of the
has been shown to interact with the hydrophobic residue relevant catalytic elements from both lobes, the phosphate
following the phosphorylation site of most cAPK sub- anchor (Gly46 to Val53), the basic cluster (Lys75 to
strates (Taylor and Radzio-Andzelm, 1994). In CK2, the Lys83), the catalytic loop (Arg155 to Asn161) and the
importance of the three basic residues of thelploop activation segment (Leul73 to His183 and Alal93 to
Arg191, Arg195 and Lys198 for substrate recognition was Glu201), were calculated. T_hls led to values of 1.2 A with
revealed by mutational studies (Sareioal, 1996). respect to porcine cAPK in closed form (_Bossemeyer
In addition to those results, the rmCi2structure €t al, 1993) and of 1.6 A with regard to cyclin A bound
suggests a critical function for Ala193 and in particular CDK2 (Jeffreyet al, 1995). For comparison, the value
for Ser194, which are hydrogen-bonded to essential cata-Was 2.2 A with respect to open cAPK (Zheetal, 1993;
lytic loop residues, namely the catalytic base Asp156 and Brookhaven code 1CMK). o
to Lys158, the latter being a candidate for stabilizing the Against the background of these similarities, the model
transition state of the~phosphoryl group (Bossemeyer Of the catalytic mechanism in cAPK (Bossemegeral,
et al, 1993) (Figure 6C). Alal93 is, with Sorsion  1993; Zhenget al, 1993) and in CDK2 (Jeffrept al,
angles of 65.1°¢) and 169.0° ), the only residue of 1995) should, in general, be applicable for rmeK2
rmCK20 in a disallowed region of the Ramachandran plot aIthough the diffuse pharacter of the electron density in
(Figure 2B), and hence a place of substantial structural the triphosphate region of ATP and the absence of a
tension in the backbone. This main chain conformation is Peptide substrate or inhibitor allows no detailed mechan-
stabilized by strong hydrogen bonds and is well defined by iStic discussion for rmCKa& itself. Furthermore, some
electron density (Figure 6C). As the position topologically SPecial features of Ckfunction concerning co-substrate
equivalent to Ala193 is occupied by a structurally more specmcny can be concl_uded from significant structural
variable glycine in most other protein kinases (Hanks and differences compared with other kinases.
Quinn, 1991), this feature is specific for CK2. It is possible The purine binding siteWhat are the structural reasons
that functionally important structural changes in the activa- for the exceptional ability of CK2 to utilize both ATP and
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GTP as co-substrate? Normally, the ATP-binding site is
a highly conserved feature in protein kinases, and is
characterized by key residues for ribose and triphosphate
fixation and for the generation of a hydrophobic adenine
binding pocket. For instance, in cAPK, the adenine moiety ,
is flanked by some non-polar side chains and is specifically N ¢ i S —ATP in cAPK
fixed by three hydrogen bonds: from a backbone nitrogen
to the N1-atom, from a backbone oxygen to the N6-amino
group and from the side chain of Thr183 to the N7-atom
(Knighton et al, 1991; Bossemeyeet al, 1993) (see
Figure 3B for atom names). A similar constellation was
unlikely in CK2a for reasons of hydrogen bonding poten-
tial and availability of space. (i) Because of the unspecific e
nature of CK2 and CK@& with regard to the co-substrate, >~y =7 cAPK
the purine binding site should not provide a specific \ A rmCK2a
hydrogen bonding pattern fitting only to ATP or GTP. In : 1
contrast with ATP the N1-ring nitrogen of GTP is a
hydrogen donor and cannot be fixed by a backbone
nitrogen; in typical GTP binding sites, it is hydrogen
bonded to an aspartate (Noetl al., 1993). Furthermore,

in GTP, the equivalent of the N6 amino group of ATP is
a carbonyl oxygen, which cannot form the hydrogen bond
to a backbone carbonyl mentioned above for the cCAPK—
ATP complex. (ii) In cAPK, Ala66 is one of the hydro-
phobic residues in direct contact with one side of the Fig. 8. Helix aD region with ATP ribose anchor in cAPK (yellow),
adenine base. This alanine is highly conserved amongCDK2 (green), protein kinase CK1 (red) and rm@K@rey) after
protein kinases (Hanks and Quinn, 1991) with the remark- 9'°bal 3D-fits of the structures.

able exception of CK@&, where the equivalent position is
occupied by a distinctly larger side chain (Val66 in
human and lle66 in maize CKQ (Figure 1) significantly
restricting the space available for the nucleotide base.
Actually, the critical role of position 66 in co-substrate
binding and selection was demonstrated by mutational
studies (Jakobi and Traugh, 1992).

These two arguments are fully consistent with the
electron density maps documented in Figure 3A and B
and the interpretation given above. They are further
highlighted in Figure 7, which shows two facts clearly.
(i) The adenine bound in the classical way would penetrate
the molecular surface of the protein matrix and would be
in serious sterical conflict with the side chain of Ile66.
(ii) The purine binding pocket is formed by several non-
polar side chains (see also Figure 3A) and therefore
possesses a completely hydrophobic surface without the
potential for a specific hydrogen-bonding pattern. Con-
sequently, the hydrogen bond between the N7-atom and
the well-defined water molecule Wat360 (Figure 7) is the
only observed hydrogen bond of the adenine moiety.

Indeed, this H-bond can be formed equivalently by any ¢ 5 rinose anchor might represent an important part of

purine nucleotide. In summary, and in full accord with e stimulation and stabilization of activity. This assump-

the behaviour shown, neither sterical constraints of the o will be checked in the future by a structure determin-
purine binding site nor a particular hydrogen bonding ation of a complete CK2 tetramer.
pattern impose an absolute co-substrate specificity on CK2.

ATP in rmCK2o

helix aD

possible in the observed conformation of rm@kKi2ecause
the main chain in that region is completely different from
that in cAPK, in CDK2 or in CK1 (Figure 8). This refers
to length and orientation of helixD in particular (Figures
4B, C and 8).

An effective ribose binding site, however, might be
formed by structural changes in theD region after
binding of CKZ. This idea could at least help to explain
some important observations of Jakobi and Traugh (1995).
(i) Human CK2x is stimulatedin vitro by human CK3,
accompanied by an increase in the amountidfelix, as
derived from changes in the corresponding CD spectra.
(ii) The increased activity is stable even at salt concentra-
tions of ~250 mM KCI at which CKa is totally inactiv-
ated. It is possible that one of the reasons for these
tendencies is the incompleteness of the nucleotide binding
site in CK2x leading to loose and unproductive ATP
binding. After complex formation with CK2 backbone
changes in thetD region—in particular an extension and
rearrangement of helimD—together with the generation

The missing ribose anchodfhe conformation of the ribose .

ring remains unclear. This flexibility is compatible with Materials and methods

the fact that no hydrogen bon.ds to thead 3 hydroxyll _ Crystallization

groups are found_- In cher k|.nase—ATP Pomp|exeS, It IS RmCK2x was expressed ifE.coli cells, purified and crystallized as
generally a negative side chain (Glul27 in cAPK, Asp86 described by Guerret al. (1998). Briefly, CK2r was crystallized by

in CDK?2) at the beginning of helixiD that functions as vapour diffusion. The reservoirs contained a solution of 25% PEG-4000,

- : - : : 200 mM sodium acetate and 100 mM Tris—HCI pH 8.0. In the
ribose anchor (Flgure 8)' In CK1, a serine side chain at a crystallization droplets, 31 protein stock solution (8 mg/ml CK®R in

topologically equivalent position serves the same purposesoo mm Nacl, 25 mM Tris-HCI, 7 mM 2-mercaptoethanol pH 8.5)
(Xu et al, 1995). An equivalent fixation, however, is not were mixed with equal volumes of: first, reservoir; second, 6 mM ATP;
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and third, 1.5 mM magnesium chloride. Monoclinic crystals grew within  De Bondt,H.L., Rosenblatt,J., Jancarik,J., Jones,H.D., Morgan,D.O. and

1 week to a size of ~0.2 mm in each dimension. Kim,S.H. (1993) Crystal structure of cyclin-dependent kinase 2.
Naturg 363 595-602.

Data collection, structure determination and refinement Dobrowolska,G., Boldyreff,B. and Issinger,0.G. (1991) Cloning and

An X-ray diffraction data set of rmCKe crystals was collected at 4°C sequencing of the casein kinase ubunit fromZea Mays. Biochim.

from six different rmCK2: crystals with an MAR imaging plate and Biophys. Acta1129 139-140.

synchrotron radiation of 1.1 A wavelength at the BW6 beamline of Gietz,R.D., Graham,K.C. and Litchfield,D.W. (1995) Interactions

DESY (Deutsches Elektronensynchrotron) in Hamburg, Germany. The  between the subunits of casein kinase JI. Biol. Chem. 270,

data were processed with MOSFLM (Leséital, 1986) and scaled and 13017-13021.

merged with SCALA and TRUNCATE from the CCP4 program suite  Guerra,B., Niefind,K., Pinna,L.A., Schomburg,D. and Issinger,0.-G.

(Collaborative Computational Project, Number 4, 1994). The resulting  (1998) Expression, purification and crystallization of the catalytic

data set was of acceptable quality from 26.1 to 2.1 A resolution (Table  subunit of protein kinase CK2 fronZea mays Acta Cryst, D54,

1). Only four of the six crystals contributed to the whole resolution 143-145.

range; the diffraction patterns of two crystals were collected to only 2.4 A, Hanks,S.H. and Quinn,A.M. (1991) Protein kinase catalytic domain
A molecular replacement solution was obtained using the Patterson sequence database: identification of conserved features of primary

search routines of X-PLOR 3.1 (Bmger, 1992) and the backbone of structure and classification of family membehdethods Enzymaql.
CDK2 (De Bondtet al, 1993) as search model. The initial refinement 200, 38-62.

followed the simulated annealing strategy of 'Bger et al. (1990) as Helms,V. and McCammon,J.A. (1997) Kinase conformations: a
implemented in X-PLOR 3.1 (Bnger, 1992); for manual model building computational study of the effect of ligand bindir@rotein Sci, 6,

the graphics program O was used (Joretsal, 1991). The final 2336-2343.

refinement was performed with REFMAC (Collaborative Computational HerichgJ.K., Lebrin,F., Rabilloud,T., Leroy,D., Chambaz,E.M. and
PrOjeCt, Number 4, 1994) |nC|Ud|ng all data from 26.2 to 21AW|th0Ut Go|dberg'Y (1997) Regu|ation of protein phosphatase 2A by direct

intensity cutoff. The resulting structure is characterized in Table II. interaction with casein kinase 2 alptBcience 276, 952—955.

L. . L Hodel,A., Kim,S.-H. and Bmmger,A.T. (1992) Model bias in
Documentation, interpretation and availability of data macromolecular crystal structurescta Cryst.A48, 851-858.
PROCHECK (Laskowskiet al, 1992) was used to characterize the |ssinger,0.G. (1993) Casein kinases: pleiotropic mediators of cellular
stereochemical quality of the final rmCk2nodel. The structural figures regulation.Pharmacol. Ther.59, 1-30.

in this paper were produced with O (Joretsal, 1991) (Figures 3Aand  jakobi,R. and Traugh,J.A. (1992) Characterization of the
B, 5A and B, 6A-C and 8) and BRAGI (Schomburg and Reichelt, 1988)  pnosphotransferase domain of casein kinase Il by site-directed
(Figures 4A—C and 7). Sequence database searches, as well as pairwise mutagenesis and expressiongacherichia Coli. J. Biol. Chem267,

and multiple sequence alignments, were performed with the routines  53g394-23902.

FASTA, GAP, BESTFIT and PILEUP from GCG (Wisconsin Sequence  jakobi,R. and Traugh,J.A. (1995) Site-directed mutagenesis and structure/
Analysis Package, 1994). function studies of casein kinase Il correlate stimulation of activity

The final atomic coordinates of rmCl§2together with the observed by the beta subunit with changes in conformation and ATP/GTP
structure factor amplitudes, have been deposited in the Brookhaven \ii-ation. Eur. J. Biochem.230, 1111-1117.

Protein Data Bank (Bernsteet al, 1977) under the accession No. 1A60. Jeffrey,P.D., Russo,A.A., Polyak,K., Gibbs,E., Hurwitz,J., Massague,J.
and Pavletich,N.P. (1995) Mechanism of CDK activation revealed by

the structure of a cyclinA—CDK2 compleiature 376, 313-320.
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