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Crystallographic studies of casein kinase I J: toward a structural understanding of auto-inhibition
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Abstract

A recombinant form of mammalian cascin kinase 1 §
(CKI$) containing the catalytic domain and an auto-
inhibitory domain was expressed in Escherichia coli, purified
and crystallized. X-ray data were collected to 2.4 A
resolution, and the crystals belong to space group €222,.
Molecular replacement using the structure of the catalytic
domain of CKI$ yielded strong clectron density for residues
in the model, but no interpretable density was found for the
inhibitory domain. A conserved intermolecular contact
suggests the formation of dimers which would inhibit the
activity of this protein kinase.

1. Introduction

As a protein kinase, casein kinase I (CKI) is a member of the
large family of phosphotransferases involved in cell-regula-
tory processes. CKI activity is found in all eukaryotes and the
enzyme phosphorylates multiple protein substrates, suggesting
that it is involved in a variety of important cellular functions
(Tuazon & Traugh, 1991). CKI has an unusual preference for
phosphorylating substrates that are already phosphorylated.
An important recognition motif for CKI activity is a phos-
phorylated serine or threonine located three residues N-
terminal to the amino acid targeted for phosphorylation
(Flotow et al., 1990).

Recombinant ¢cDNA cloning reveals a family of CKI
enzymes (Rowles et al., 1991) containing similar catalytic
domains of about 300 amino acids and C-terminal extensions
that vary in length and sequence. CKI§ is a mammalian
isoform that is most closely related to homologs involved in
the regulation of DNA repair in yeast (Graves et al., 1993).
Recently, we determined the crystal structure of CKISA317,
an active truncation mutant of CKI§ lacking residues C-
terminal to 317 (Longenecker e al., 1996). An anion binding
site identified on the surface of CKI§ probably corresponds to
the binding site for the phosphate ester of the substrate
recognition motif. This recognition mechanism presumably
extends to other family members as it is consistent with the
structure of the catalytic domain of Ckil (Xu et al., 1995).
Ckil is a CKI homolog from Schizosaccharomyces pombe that
shares 56% sequence identity with CKI§ over the catalytic
domain. An interesting feature of CKI$ is the involvement of
phosphorylation in the regulation of its enzymatic activity.
The analysis of C-terminal truncation mutants identified an
auto-inhibitory domain between residues 317 and 342 in CKI$§
(Graves & Roach, 1995). Truncation at residue 342 is the
minimal construct that displays the wild-type auto-inhibitory
properties. Inhibition is due to autophosphorylation of resi-
dues in this regulatory region, and activation is observed upon
dephosphorylation with the type I protein phosphatase.
Phosphorylated residues in the auto-inhibitory domain may
cause it 1o be a pseudo-substrate, competing with substratc
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binding (Graves & Roach, 1995; Longenccker er al., 1996).
Seeking to understand the structural basis for this auto-inhi-
bition, we pursued further crystallographic studies of CKI§
truncated at residue 342 so as to include the auto-inhibitory
domain.

2. Experimental procedures

A plasmid encoding the truncation mutant CKISA342
(Graves & Roach, 1995) was modified by polymerase-chain-
rcaction mutagenesis to encode H6CKISA342 in which the
sequence. MAHHHHHHA is added at the N-terminus.
Extracts from transformed E. coli cells were prepared and
cnzyme activity was measured as described elsewhere (Graves
& Roach, 1995; Longenecker er al., 1996). Crudc homogenate
was adsorbed to 2-3 ml Ni**-NTA-agarose (Qiagen, Chats-
worth, CA) and loaded in a column. The column was washed
with S0 mM Tris-HCl, pH 80, 0.5M NaCl and 10 mM
imidazole, and bound protein was eluted with 50 mM Tris—
HCI, pH 8.0, 0.2 M NaCl and 100 mM imidazole. The cluate
was diluted tenfold in cold buffer containing 50 mM sodium
citrate, pH 6.0, and 1 mM dithiothreitol, and applied to a 9 ml
SP-sepharose column equilibrated with buffer A (50 mM
sodium citrate, pH 6.0, 1 mM dithiothreitol and 5 mM B-octyl
glucoside). Protein was eluted by a 240 ml linear gradient of
10-60% buffer B (50 mM sodium citrate, pH 6.0, 1 mM
dithiothreitol and 1 M NaCl) in buffer A. Protein was dialyzed
against 60 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol and
5 mM B-octyl glucoside, and concentrated to 8 to 10 mg ml™".
The inclusion of B-octyl glucoside in the protein solution was
necessary to insure a monodispersed solution. Crystals were
grown by vapor diffusion using a sitting drop, combining equal
volumes of concentrated protein and reservoir solution (18-
22% PEG MME 2000, 0.2-0.3 M ammonium sulfate, 1 mM
manganese chloride and 50 mM sodium citrate, pH 5.3) and
also by microseeding. X-ray diffraction data were generated
using a Rigaku RU-200-HB rotating-copper-anode generator
and collected at room temperature on a RAXIS IIC image-
plate detector. Data were processed with BIOTEX software
(Molccular Structure Corporation, 1995). The apparent
molecular mass of H6CKISA342 was analyzed by gel filtration
chromatography using a Superose 12 column (Pharmacia)
equilibrated with 50 mM sodium citrate, pH 6.0, 0.1 M NaCl
and 1 mM dithiothreitol.

3. Results and discussion

Cation exchange chromatography of H6CKI§A342 using SP-
sepharose scparated four peaks of activity. Column fractions
were combined for each peak separately, yielding pools A, B,
C and D labeled according to their order of elution. A typical
purification from 61 of culture yielded 1.0 mg protein in pool
A, 1.5 mg in pool B, 4.5 mg in pool C, and 3.6 mg in pool D.
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These pools likely reflect multiple phosphorylation states as
observed in studies of Ckil and cAPK (Carmel et al., 1994;
Herberg et al., 1993). Each of the samples can be activated by
type 1 protein phosphatase treatment, concomitantly
increasing their mobility on SDS-PAGE. The samples appear
highly purified by SDS-PAGE analysis, but isoelectric
focusing reveals multiple bands for all of the samples. Despite
the heterogeneity, plate-like crystals were grown of pool B
and C protein. X-ray data were collected and both crystals
were found to be orthorhombic C222, (Table 1). Data were
also processed as the primitive lattice setting, but no evidence
for pseudo-centering of a primitive lattice was found. A V,,, of

Fig. 1. Stereo diagram of the electron density for the N-terminus of
the H6CKISA342 structure. Partial refinement yielded this
2F, — F, map contoured at 1 standard deviation with electron
density for an alanine, a histidine (His1A) and a sulfate anion
(SO,4) which were not in the molecular-replacement search model.
Val5 and Tyr9 (CKI§ numbering) are also labeled.

SHORT COMMUNICATIONS

Table 1. Data-collection statistics for HSCKI§A342 crystals

Pool B Pool B Pool C Pool C
Native + PCMBS Native + PCMBS
a (A) 80.7 80.3 80.4 80.5
b (A) 102.5 1018 102.0 102.1
c (A) 94.7 939 94.0 942
a=B8=y(°) 90 90 90 90
Maximum resolution
(A) 2.50 2.66 2.40 2.66
Observations 33583 22521 43532 23710
Unique reflections 12249 8965 13682 9648
Completeness (top
shell) (%) 88 (63) 79 (60) 88 (53) 84 (56)
Total lo(I) 11.1 8.9 132 5.1
Rinerge (%) 8.9 9.9 6.6 119
Riso (%) 22 27

238 A’Da™! suggested one 40 kDa molecule in the asym-
metric unit (Matthews, 1968).

A molecular-replacement solution was calculated with the
program AMoRe (Collaborative Computational Project,
Number 4, 1994; Navaza, 1994) using the structure of
CKI§A317, which consists of residues 1-216 and 224-293
(PDB code 1CKI, Longenecker et al., 1996), as the search
model. For pool C data, the top solution for the rotation
function was 3.4 standard deviations higher than the next
highest peak, and a translational position was found which
yielded an R factor of 0.38. The packing arrangement of the
molecules in the unit cell for this solution yielded no unfa-
vorable intermolecular contacts. Electron-density maps
calculated with these molecular-replacement models yielded
strong density for much of the model, but very little density
for residues not contained in the model. Partial refinement
yielded a model containing residues 1-216 and 221-293 that
had an R value of 0.24 and a free R value of 0.33 for data
between 8 and 2.70 A (Briinger, 1992). Electron density

Fig. 2. Molecular-replacement solu-
tion and difference Fourier for a
PCMBS derivative of
H6CKISA342. This stereo
diagram shows the Ca trace for
the one molecule of the asym-
metric unit (thick lines) and a
symmetry-related molecule
(dashed lines). Difference elec-
tron density for a PCMBS deri-
vative is contoured at S standard
deviations (thin lines), revealing
major sites of modification by
Cys96 and Cys241, and a minor
site by Cys71. Amino acids appar-
ently important in forming this
dimer include Leu3, Leull,
Argl3, Lysl4, Leu25, Leu39 and
Tyr77 from one monomer, and

Ilel5, Leu2S, Leu84, Asp9l,
Leu92, Phe95 and Leul35 from
the other monomer (CKIS§

numbering). Note that only half
of the interactions are labeled in
the figure.
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improved for certain portions, including one of the six histi-
dincs on the N-terminus, but not for residues on the C-
terminus (Fig. 1). Calculations with data from pool B crystals
yielded similar results.

The lack of density for residucs of the auto-inhibitory
domain may arise from disorder, poor phases from the model
or proteolysis during crystallization. Proteolysis was ruled out
by SDS analysis on protein obtaincd from crystals (data not
shown). In order to minimize phase bias from a starting model
missing ncarly 18% of the residues contained in the crystal-
lized protein, Fourier coefficients from the model were
weighted using the program SIGMAA (Collaborative
Computational Project, Number 4, 1994; Read, 1986).
SIGMAA estimated the root-mean-square coordinate error to
be 0.62 A and calculated an overall mean figure of merit of
0.64 for the resolution range 6.0 to 2.5 A. Additional phase
information was obtained from heavy-atom-derivative data
collected on crystals soaked with 50 pM p-chloro-mercuri
benzene sulfonate (PCMBS) for 5 d (Table 1). Pcaks on both
difference Patterson and difference Fourier maps (Fig. 2) were
easily interpreted. Various phase sets were calculated using
XTALVIEW (McRee, 1993) and PHASES (Furey & Swami-
nathan, 1990) and combined with molecular-replacement
phases using SIGMAA. For example, a 2.8 A SIR phase set
(Rcunis = 0.64) was combined with the model phases to yield a
phase set with a figure of merit that improved to 0.72.
However, the resulting electron-density maps yielded no
additional structural information for the auto-inhibitory
domain, so it appears to be disordered in both crystal forms.
Given the heterogeneity in the crystallized samples, the
disorder may be due to multiple discrete conformations and/
or phosphorylation states of the auto-inhibitory domain.

The molecular-replacement solution highlights a potentially
important intermolecular contact. Crystals of CKISA317
belong to space group P2,2,2; and contain two molecules in
the asymmetric unit (Longenecker et al., 1996) The interaction
between the two molecules across the non-crystallographic
twofold axis in these crystals is essentially the same interac-
tion observed across one of the crystallographic twofold axes
in H6CKISA342 crystals (Fig. 2). This result suggests that
CKIS erystallizes as dimers, but whether CKI§ forms a dimer
in vivo is unknown. Gel-filtration analysis suggests
H6CKISA342 is monomeric in solution (data not shown).
Although additional evidence concerning dimerization has
not been obtained, the extensive and conserved nature of this
interaction is intriguing. The buried molecular surface area for
a monomer upon dimerization is 1566 A%, a value typical for
biologically relevant protein—protein interactions (Janin &
Chothia, 1990). The structures suggest that dimerization could
be an additional mechanism for inhibiting the enzyme. In both
crystal forms, Argl3 inserts into the adenine binding pocket of
the symmetry-related molecule of the dimer, and would
prevent ATP binding and perhaps the binding of large
substrates.

Several mechanisms for activation and inhibition of protein
kinases have been elucidated through crystallographic studies
(Johnson et al., 1996). Two examples of protein kinases with
auto-inhibitory domains that are contiguous with the catalytic
domain like CKIS are twitchin kinase and the calmodulin-
dependent protein kinase I. Crystal structures of these two
protein kinases show multiple specific contacts between the
auto-inhibitory domain and the catalytic domain that prevent

475

proper conformation of the enzyme for catalysis and also
inhibit substrate binding (Hu et al., 1994; Goldberg et al.,
1996). For CKI§, binding of a phosphorylated residue from
the auto-inhibitory domain to the anion binding site in the
catalytic domain could interfere with substrate binding.
Dimerization of CKIS§ would provide an additional mechanism
for inhibition. While dimerization is a well established
mechanism for activation of certain protein tyrosine kinases
(Ullrich & Schlessinger, 1990), formation of homodimers has
not been identified as a mechanism for inhibition of protein
kinases. Whether such regulation of CKI§ occurs in vivo
remains to be established.

Further studies will be necessary to establish the structural
basis for auto-inhibition of CKI§ by phosphorylation. Several
serinc and threonine residues in the inhibitory domain can be
phosphorylated resulting in multiple isomers which can crys-
tallize in the same lattice. Structural ambiguity of the auto-
inhibitory domain suggests that inhibition can be achieved via
multiple conformations of the inhibitory domain which reduce
enzymatic activity by competitive binding of any one of the
phosphorylated residues to the phosphate-recognition site in
the catalytic domain. Future studies will focus on reducing the
heterogeneity within the protein sample by further purifica-
tion or removal of phosphorylation sites by mutagenesis.
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