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ABSTRACT: Calcium-saturated calmodulin (CaM) directly activates CaM-dependent protein kinase |
(CaMKI) by binding to a region in the C-terminal regulatory sequence of the enzyme to relieve
autoinhibition. The structure of CaM in a high-affinity complex with a 25-residue peptide of CaMKI
(residues 294318) has been determined by X-ray crystallography at 1.7 A resolution. Upon complex
formation, the CaMKI peptide adopts arhelical conformation, while changes in the CaM domain linker
enable both its N- and C-domains to wrap around the peptide helix. Target peptide residues Trp-303
(interacting with the CaM C-domain) and Met-316 (with the CaM N-domain) define the mode of binding
as -14. In addition, two basic patches on the peptide form complementary charge interactions with
CaM. The CaM-peptide affinity is~1 pM, compared with 30 nM for the Caivkinase comple, indicating

that activation of autoinhibited CaMKI by CaM requires a costly energetic disruption of the interactions
between the CaM-binding sequence and the rest of the enzyme. We present biochemical and structural
evidence indicating the involvement of both CaM domains in the activation process: while the C-domain
exhibits tight binding toward the regulatory sequence, the N-domain is necessary for activation. Our crystal
structure also enables us to identify the full CaM-binding sequence. Residues Lys-296 and Phe-298 from
the target peptide interact directly with CaM, demonstrating overlap between the autoinhibitory and CaM-
binding sequences. Thus, the kinase activation mechanism involves the binding of CaM to residues
associated with the inhibitory pseudosubstrate sequence.

Changes in calcium concentration act as a ubiquitous and activation of target enzymes. The binding of'Ct

intracellular signal responsible for controlling a plethora of

biological processes such as contraction, secretion, fertiliza-

tion, cell proliferation, apoptosis, learning, and memdry (
3). In all eukaryotic cells, one of the key proteins that
mediates C& signaling is calmodulin (CaM)(4). Upon
C&" stimulation, CaM binds to and modulates the activity
of a diverse number of enzymes, including a family of CaM-
dependent serine/threonine protein kinas¢sZaM is a 148-

amino acid protein whose crystal structure shows an extended”

dumbbell shape, with the N- and C-terminal domains
connected by a solvent-exposedhelix (6—8) that is flexible
in solution @, 10). This flexibility is crucial for the binding

* The coordinates for the complex between CaM and CaMKIp have
been submitted to the Protein Data Bank (LMXE).
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1 Abbreviations: CaM, calmodulin; CaMKI, CamKiIl, and CaMKIV,
CaM-dependent protein kinase 1, Il, and IV, respectively; CaMKIp,
CaM-binding peptide of CaMKI (residues 29818); CaMKK, CaM
kinase kinase; skMLCK, skeletal muscle myosin light chain kinase;
smMLCK, smooth muscle MLCK; NM2, Ac-ATKWQASFRGHITRK-
KLKG-NH2; WFF, KRRWKKNFIAVSAANRFK; FWF, KRRFKKN-
WIAVSAANRFK; FFFu, KRRFKKNFIAVSAANRFK; FFFp, FFFu
with N-terminal acetylation and C-terminal amidation; CBP1, LKLKKLL-
KLLKKLLKLG; ADR1G, LKKLTRRASFSGQ; TCEP, tris(2-car-
boxyethyl)phosphine.

CaM induces conformational changes in its N- and C-
domains, resulting in the exposure of hydrophobic pockets
that are important for target protein bindingl(-13).

The structural basis of the interaction of CaM with its
target proteins has largely been investigated using synthetic
peptides based on the binding domains of the intact target
proteins. So far, CaM complexes with kinase enzymes have
ot been amenable to crystallization. Three-dimensional
structures are available for CaM in complex with peptides
derived from smMLCK {4), the plasma membrane €a
pump (5), CaMKlla (16), CaMKKa (17, 18), and skMLCK
(19). Target binding induces a large structural change in CaM
whereby its N- and C-terminal domains wrap around the
peptide. In general, the typical CaM-binding peptide is
approximately 20 residues long and adopts cahelical
conformation in the complex. Two hydrophobic residues in
this helix provide important anchor points for the interaction
with the two CaM lobesZ0). The N-terminal anchor residue
of the target peptide is often a tryptophan residue (Figure
1A). More recently, the crystal structures of complexes with
Oedema factor (a CaM-activated anthrax adenylyl cyclase)
(21) and the gating domain of a €aactivated K channel
(22) have been determined. Altogether, these structures reveal
the diverse ways in which target recognition and enzyme
activation are performed by Cal23).
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FicurRe 1. (A) Alignment of the CaM-binding sequences of rat CaMi#P%-314), rat CaMKIW313-337) chicken smMLCK:-815) and

rabbit skMLCKG71-595) with rat CaMKI. The key hydrophobic residues for CaM binding are shown in blue. Green and yellow dots denote
hydrophobic residues in the regulatory domain of CaMKI whose side chains pack against the substrate- and ATP-binding domains of
autoinhibited CaMKI, respectivel\28). (B) Structure of autoinhibited CaMKd, showing the orientation of the regulatory sequence with
respect to the kinase ATP- and substrate-binding domains (PDB entry 1A06).

CaM-dependent protein kinase | (CaMKI) forms part of independentd9, 30). This observation, together with the
the CaM-dependent signaling casca@d) (together with crystal structure of autoinhibited CaMigh (28), indicates
CaMKIV and their upstream activator CaMK kinase that the pseudosubstrate segment and the CaM-binding
(CaMKK). CaMKI is a widely distributed protein of 374 sequence of CaMKI are located to the C-terminal side of
amino acids Rattus novegicug that can phosphorylate lle-293.
sever_al substrate_s, including the synaptic vesicle-associated |n this study, we have investigated the binding affinities
proteins, synapsin 1 and 2%), and the CAMP response  and molecular interactions of CaM and its separate domains,
element-binding protein, CREE2). The substrate recogni-  with CaMKIs,and a 25-residue peptide sequence containing
tion sequence for CaMKl is Hyd-X-Arg-X-X-Ser/Thr-X-X-  the CaM-binding domain of CaMKI (CaMKIp, residues lle-
X-Hyd, where Hyd is a hydrophobic residue at positiorssP 2941 ys-318-¢g) using crystallographic and spectroscopic
and P4 relative to the Ser/Thr residue at the phOSphOfylationtechniques_ The Crysta| structure of the Comp|eX, taken
site 27). together with the spectroscopic and enzymatic data, reveals

The crystal structure of a truncated form of the enzyme details of how both domains of CaM are involved in binding
(residues 1320) has been determine2dj and is shownin  to the CaMKI target. We have characterized extensive
Figure 1B. The truncated enzyme (CaMjg) resembles the  electrostatic and hydrophobic contacts between CaM and the
full-length form in being autoinhibited and displaying wild-  peptide, which allows a detailed analysis of the structural
type (wt) kinase activity when activated by Cal#9|. The basis of the kinase activation process in terms of the overlap
structure shows that the kinase is maintained in an auto-of the pseudosubstrate sequence and the CaM-binding
inhibited state by the interaction of a regulatory sequence sequence. CaM mutants involving the deletion of residues
(residues 276316) with the catalytic core of the enzyme in the N-terminal sequence at positions8& (51) are shown
(residues 16:275) 28). The regulatory sequence interacts to activate the kinase, but with increagédvalues for ATP.
with the catalytic domain of the kinase via twehelices,  This suggests the existence of additional interactions between

aR1 andaR2, which are separated by a protruding loop. the CaM N-domain and the core of the enzyme.
This regulatory segment contains a CaM-binding site, and

it has been suggested that the solvent-exposed Trp-303MATERIALS AND METHODS

located on the loop, is involved in the initial CaM binding

(28). Residues from helixtR1 and part of the protruding Purification of Proteins and Peptides. DrosophizaM

loop make contacts with the presumed substrate-bindingWas expressed iBscherichia coliand purified as described
channel of the kinase C-terminal lobe. Two such contacts €lsewhere 31). The tryptic fragments of CaM (CaM N-
involve Phe-298 and Lys-300 from the regulatory sequence, domain and CaM C-domain) were prepared as described by
which appear to mimic the preferred hydrophobie®and ~ Barth et al. 82). The kinase peptide, CaMKIp [CaMR3*318)
basic P-3 positions of the CaMKI substrate sequence. IKKNFAKSKWKQAFNATAVVRHMRK] was end-pro-
Residues from helixtR2 (Asn-308-His-315) and Met-316 tected by N-terminal acetylation and C-terminal amidation,
make extensive hydrophobic interactions with the N-terminal @nd was purchased from the University of Bristol (Bristol,
ATP-binding domain, resulting in a distortion of the nucle- U-K.). Peptide concentrations were determined spectropho-
otide-binding site. Therefore, the regulatory sequence of tometrically using calculatee,ss values 83).

CaMKIzy forms interactions with the catalytic domain that Preparation of SeMet CaM, CaMikl, CaMKlyg3 and
interfere with both substrate and ATP binding. Truncation CaM N-Terminal Deletion Mutant€aMKilzzand CaMKbgs

at the C-terminus of the kinase to residue 293 (Capd¥I were expressed as GST fusion proteins as described by
produces an enzyme that is constitutively active and CaM- Yokokura et al. 29). The plasmids that were used were gifts
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Table 1: X-ray Data Collection, Phasing, and Refinement

Data Collection

space group
cell parameters (A)

P2:2:2,

SeMed,= 66.1,b=69.4,c = 75.3; nativea= 65.7,b=69.6,c = 75.3

remote edge peak native
wavelength (A) 0.9500 0.9794 0.9791 0.9340
resolution (A) 30.6-2.8 30.6-2.8 30.6-2.8 30.6-1.7
redundancy 4.0 5.3 5.1 23.1
completeness (%) 83.8 (86.9) 98.9 (99.3) 99.1 (99.5) 99.9 (100.0)
Rierge (%)P 5.1(6.7) 5.4 (6.8) 6.1(7.1) 7.7 (21.7)
1/o(l) 17.8 (15.3) 19.8 (19.7) 18.2 (18.7) 24.1 (7.0)
Phasing
resolution bin (A) 20.69.37 9.376.16 6.16-4.89 4.89-4.17 4.173.70 3.70-3.36 3.36-3.10 3.16-2.80
FOM 0.68 0.81 0.80 0.77 0.79 0.80 0.79 0.78
mean FOM 0.78
Refinement
resolution limits (A)  30.6-1.70 no. of atoms rms deviation
Reryst (%0)° 18.8 protein 2682 bond lengths (A) 0.010
Riree (%0)¢ 22.8 car 8 bond angles (deg) 1.205
water 236

a Nobs/Nunique b Rmerge = ZZJ'“J' -

O0vy O where | is the intensity of thejth reflection anddCis the average intensity.Reysi =

ShlFo = Fel/YnulFol. ¢ Rree as forReys: but calculated on 5% of the data excluded from the refinement calculation.

from A. Nairn (Rockefeller University, New York, NY). The
GST was removed by proteolytic cleavage with thrombin
as described by Goldberg et ak8]. Selenomethionine

ID14 at ESRF. The Se edge wavelengths were selected from
the fluorescence spectrum of the crystal (Table 1). A native-
data set was collected to 1.7 A resolution. All crystals were

(SeMet) CaM was prepared and purified as described by flash-cooled directly from their mother liquor. Data reduction,

Yuan et al. 84). The N-terminal deletion mutants of CaM
were a kind gift from A. Persechini (University of Missouri,
Kansas City, MO).

Determination of Peptide AffinitieRissociation constants
were determined using either direct fluorometric titrations
(35) or fluorometric competition assays (S. R. Martin and
P. M. Bayley,Protein Sciencgn press). Measurements were
taken at 20°C in 25 mM Tris (pH 8.0) and 100 mM KClI,
with 0.2 mM CaC} or 0.2 mM EDTA as appropriate. Three

merging, and scaling were carried out with the HKL
programs DENZO and SCALEPACK®). Relevant crystal-
lography statistics are summarized in Table 1.

Structure Determination, Model Building, and Refinement.
The positions of 16 of the potential 18 selenium sites in the
asymmetric unit were found with the program SOL\d®)
Experimental phases were improved by solvent flattening
using RESOLVE 40) which produced readily interpretable
electron density maps. The polypeptide chain of the model

independent titrations were performed, and the average valuevas built into the MAD electron density using the program

is reported with its standard deviation.
Kinase Actiity Measurementsinase activity measure-
ments using the ADR1G substrate pepti@é)(were taken

O (41). The atomic model was refined against all of the
native data, using REFMACHP) interspersed with rounds
of manual model building. Water molecules were built into

using a continuous spectrophotometric assay based on onghe structure using ARP48) with REFMACS5 (2).

described by Cook et al37). A typical assay contained the
following components in a total volume of 1 mL in a 10
mm path length cuvette: 50 mM Hepes (pH 7.5), 1 mM
CaCh, 10 mM MgCh, 1 mM DTT, 12 units of pig heart

RESULTS AND DISCUSSION

Structure DeterminationThe asymmetric unit contains
two molecules of CaM each bound to a CaMKI peptide (final

L-lactic dehydrogenase, 8 units of rabbit muscle pyruvate electron density for residues Lys-286-Val-312-p of

kinase, 1 mM phosphoenolpyruvate, 200 NADH, 2 mM
ATP, 200uM ADR1G, and 1 nM CaMK{,, Reactions were
initiated by the addition of CaM, and rates (at 3D) were
obtained by recording absorbance changes at 340 nM.

Crystallization.Crystals of the CaMCaMKIp complex
were grown by the hanging drop method at 4®. Two
microliters of protein complex (18 mg/mL) in 20 mM Tris
(pH 7.8), 30 MM NacCl, and 1 mM CagWas mixed with 2
uL of a well solution [50 mM sodium cacodylate (pH 5.5),
5 mM CaC}, and 53-60% MPD]. Within 1 week, diamond-
shaped crystals grew to a typical size of 0.4 mn®.4 mm
x 0.3 mm. The SeMet CaMCaMKIp crystals were
prepared similarly except using Hepes buffer.

Data Collection.The SeMet CaM-CaMKIp complex was
determined by multiwavelength anomalous diffraction (MAD).
MAD data to 2.8 A resolution were collected using EH4 on

CaMKIp shown in Figure 2). The final model contains 338
residues, 236 water molecules, and eight calcium ions,
refined to arRys Of 18.8% and amRyee Of 22.8% (Table 1).
The root-mean-square deviation (rmsd) for the main chain
atoms between the two molecules (A and B) in the asym-
metric unit is 0.39 A, and they have averaBdactors of
31.2 and 37.8 A respectively. The first three residues and
last residue of CaM are not visible in the electron density
maps. The quality ofthe modelwas assessed with PROCHECK
(44). There are no Ramachandran outliers, and 95% of the
molecule lies within the most favored region of the plot.
Overall Structure.The structure of the CaMCaMKIp
complex is shown in two orthogonal views in panels A and
B of Figure 3. The most significant change in the overall
CaM conformation upon binding to the peptide occurs in
the interdomain linker region. In the complex with CaMKIp,
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Ficure 2: Stereoview of the final [E,| — |F.| electron density map, contoured at d&round residues Lys-286—Val-312p0f CaMKIp.

free CaM ) and the present structure are 0.71 and 0.75 A
for the N- and C-lobes, respectively. Recently, Kranz et al.
(45) showed by NMR that the backbone conformation of
CaM in a complex with a slightly shorter peptide from the
CaM-binding sequence of CaMKI (residues 2#20) cor-
responds closely to the complex of CaM with the CaMKI
enzyme in solution.

In the complex of CaMKIp with CaM, the N-terminal
region of the peptide primarily interacts with the C-domain
of CaM, while the C-terminal sequence of the peptide
primarily interacts with the CaM N-domain. This is a
common feature of CaMpeptide structures, an exception
being the case of CaMKéwhere the direction of the peptide
is reversed with respect to CaM{, 18). The peptide (lle-
294e—Lys-318¢p), which is unstructured in solution (data
not shown), is completely ordered within the complex and
B o adopts aro-helical conformation from residue Phe-298

Ca 1 to Arg-31%epr It is interesting to note that residues Lys-
296—Phe-307 are not helical in the structure of autoinhibited
CaMKlsy (28) but form a loop betweeR1 andoR2 in
the kinase regulatory region (Figure 1B). Moreover, the
exposed Trp-303 and flanking residues appear to be stabilized
by crystal lattice contacts. This region is proposed to be
flexible in solution and available for initial interaction with
CaM (28). Fluorescence emission propertigg)(and this
work (see below) are consistent with Trp-303 being solvent
accessible.

Hydrophobic Binding InterfaceBinding of CaM to
CaMKIlp buries nearly 60% of the peptide’s solvent acces-
sible area. The total area of the binding interface is 3340
A2 and extensive contacts, shown in Figure 4, account for
Ficure 3: Ribbon drawings showing two orthogonal views of the ~the strong interaction between CaM and CaMKify ¢~ 1
CaM—CaMKlIp complex. The peptide is highlighted in red, and pPM; see below). From the crystal structure of autoinhibited
calcium ions are drawn as green spheres. This figure was generate€aMKlsy (28), the binding interface between equivalent
o tue, e 288, e 7 of D, residues nhe egulalory sequence (o280t 316) an
PesFi)dues an?j the last residue do nolt strictly conform to the the,reSt of the kinase is somewhat Sma"?r',havmg_a total
Ramachandran angles required ofcehelix. buried surface area of 20402AHydrophobic interactions

formed by the CaM and peptide side chains constitute a large
the linker is nonhelical from residue 79 to 80 and is bent by proportion of the contacts; 74% of the total area of the
~100 with respect to the crystal structure of non-peptide- binding interface is nonpolar.
bound CaM 8). The homologous N- and C-terminal domains ~ The spacing and position of two bulky hydrophobic
of CaM come together and form a compact ellipsoidal residues of the target sequence are important features in
structure with approximate dimensions of 50A35 A x characterizing the modes of binding for CaM effector
35 A. The close association of the hydrophobic faces of the molecules 20); for example, in the peptide structure of
two CaM lobes creates a central tunnel for accommodation CaMKlla (16), Leu-299 and Leu-308 exhibit-110 spacing.
of the peptide. Similar structural reorganization upon binding In the structure reported here, Trp-3@3and Met-316gp
to target sequences has also been observed in the structureshow 114 spacing, analogous to that in the CaMLCKp
of CaM bound to peptides from skMLCKL®), smMLCK complexes 14, 19). These complexes also have similar
(14), CaMKlla (16), and CaMKko. (17, 18). The main chain  global structures associated with the molecular recognition
conformations of N-domain residues-35 and C-domain  of their target peptides, and very similar polypeptide
residues 82147 remain largely unchanged upon binding to backbone conformations. For example, the rmsd between the
CaMKiIp. The rmsd values for the main chain atoms between CaM—CaMKIp and CaM-smMLCKp complexes for all @

CaM N-Domain




Structure of the CaMCaMKI Peptide Complex Biochemistry, Vol. 41, No. 50, 200214673

Lys-75

Phe-92 Glu-84 Glu-47

Glu-123 Dogye® Leu-18 Glu-11 Met-71

Met-36

=
Do
Odn

’
c=0 ) 0=C

v A 8 .o-k\:_: ~ b / i ) - m ."\. -
M Leu-39 AMet—?Z 3
i»w.ﬁ Met-109 & ; lle-63 \. Val-55
Met-144 A Phe-19 % /
. =0~ 4
- ¥

: c=0
Met-144
Glu-127
Glu-114
Thr-79 Glu-84

Ficure 4: Schematic drawing showing the extensive interactions of the CaM N-domain (labeled green) and the CaM C-domain (blue) with
CaMKlp. This figure was drawn with LIGPLOT5d). Peptide residues are drawn in purple, and the interacting CaM residues are colored

brown.
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atoms is 0.55 A for the CaM N-domains and 0.96 A for the substitution of N-domain residues that interact with Met-
CaM C-domains. When both domains are used in the 316-egp(Leu-32am — Ala, Met-51cavm — Ala, Val-55:avm —
superposition, the rmsd increases to 1.30 A, showing thatAla, Phe-68.y — Ala, and Met-7t.v — Ala) has been
there is relatively little change in the relative orientations of shown to increase thky, atp 0f CaMKl,33 10-fold, but to
the CaM domains between the two complexes. have no effect on th&, for the substrate peptide, ADR1G

Trp-303p interacts with numerous residues in the hy- (36). Therefore, these N-terminal CaM substitutions specif-
drophobic pocket of the CaM C-terminal lobe (Figure 5A) ically affect the ability of CaM to promote ATP binding in
and can be regarded as an important “anchor” point in the the nucleotide-binding site of the kinase.
CaM—CaMKIp complex. The side chains of Trp-3@3and Electrostatic Complementarity between CaM and CaMKIp.
Met-124.y form hydrophobic contacts with each other, and The electrostatic surface potential of CaM and CaMKIp is
the carbonyl oxygen of Met-124y also forms a hydrogen  shown in Figure 6A and reveals the electrostatic comple-
bond with NE atom of the Trp indole ring. Additionally, the mentarity between CaM and its target peptide. While the
side chains of Met-144, and Met-14%,y make van der  peptide is generally basic, and the CaM acidic, salt bridges
Waals interactions with the Trp-3@3 aromatic ring, and between the two mainly occur at two specific sites (Figures
the side chain of Phe-82, switches its stacking partner from 4 and 6B). Just prior to the N-terminal Trp-3@3 of
Phe-141 in free CaM§] to interact with the side chain of  CaMKlp, there is a cluster of four lysine residues (295, 296,
Trp-303epin the complex. Site-directed mutagenesis studies 300, and 302). Two of these, Lys-296 and Lys-302ep
involving the nine methionine residues of CaM also high- make electrostatic interactions with Glu-12¢ and Glu-
lighted the role of some of these residues in complex 114c.v, respectively. The C-terminal region of CaMKIp has
formation with CaMKI @6). In particular, CaM Met-124,u three basic residues (Arg-3%4 His-31%er and Arg-31¢ep
— GIn displays at least 60-fold weaker binding to CaMKI that straddle Met-3%&r The side chain of Arg-3%4rforms
(36). The direct structural involvement of Met-124 is also three hydrogen bonds via its NH2, NH1, and NE atoms with
provided by other CaMpeptide complexesld, 16). the surrounding acidic residues Gluc@3 Glu-84-,v, and

In the structure presented here, the hydrophobic pocketGlu-87:.y, respectively. The interaction between Arg-3d#
of the CaM N-domain is occupied by the side chain of Met- and Glu-84a.v is mediated via a water molecule, and there
316-er Located toward the C-terminus of the target peptide, is a salt bridge between Arg-34s and Glu-4&aw.
this Met makes hydrophobic interactions with the following Both hydrophobic and basic residues on the target peptide
N-terminal residues of CaM: Leu-3@as, Met-5lcam, Val- have been proposed to be important for determining the
55cam, 11e-63av, and Met-7tav (Figure 5B). A water- orientation with which CaM binds to its target20j. For
mediated hydrogen bond is also formed between the carbonylexample, in structures of CaM bound to peptides from
oxygen atoms of Met-54yv and Met-316gr The role of Met- CaMKlla (16) and smMLCK (L4), electrostatic interactions
316 is particularly intriguing given the suggestion of its are concentrated around the key N-terminal hydrophobic
importance in maintaining the inactive form of the kinase residues of these peptides. In the CalaMKIp structure,
(28). Together with residues Ala-306, Phe-307, Ala-309, Ala- electrostatic interactions are present around both hydrophobic
311, Val-312, and Val-313, it forms part of the C-terminal anchors of the target peptide, yet the orientation of peptide
portion of the regulatory sequence of CaMKI that interacts binding is the same as that of the Cal@aMKllo and
with the ATP-binding loop. In addition, the simultaneous CaM—smMLCK peptide complexes. In contrast, in the
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FicurRe 5: Stereodrawing of the key hydrophobic anchor residues of CaMKIp in the hydrophobic pocket of (A) the CaM C-domain and (B)
the CaM N-domain. Only residues from CaM interacting with Trp38&nd Met-316gp are shown. N, O, and S atoms are colored in
blue, red, and yellow, respectively, while C atoms of CaM are shown in pale blue. A worm representation of the CaMKIp backbone is
drawn in gray. This figure was generated with MOLSCRIB5)(and Raster3D5p).

CaM—CaMKKa peptide complexX(7, 18), there is no basic  greater than that of the skMLCK target peptid@)( This is
cluster adjacent to the N-terminal tryptophan, but instead, consistent with the significant binding interface observed in
there is a basic cluster near the conserved C-terminalour structure.
hydrophobic anchoring residue. As a result, the CaMKK The near-UV CD spectrum of the kinase, CaMiglshows
peptide binds to CaM in a parallel fashion such that the intense negative bands deriving from the 14 Tyr and five
N-terminal residues interact with the N-domain of CaM and Trp residues (Figure 8A); the difference spectrum generated
the C-terminal residues interact with the CaM C-domain. upon binding CaM is characterized by a positikg'L, band
Determination of the Binding Affinity of CaM for CaMKlp shape similar to that of the CaMCaMKIp complex (but
and CaMKyo The binding of the peptide CaMKIp to CaM  ~50% as intense). The fluorescence spectrum of CabdKI
is characterized by an intense near-UV CD difference (Figure 8B) contains contributions from all five Trp residues,
spectrum (Figure 7A) with pronounced positilte, and*Lp of which three are clearly buried2®); the difference
fine structural components at 293 and 286 nm, typical of an spectrum shows that CaM induces a blue shift similar to that
immobilized Trp residue47), and by a marked blue shift observed with CaMKIp. The CD and fluorescence changes
of the Trp fluorescence emission (Figure 7B). Since the are consistent with CaM causing marked changes in the
binding affinity of the isolated regulatory sequence of environment of Trp-303 in the kinase. Figure 8C shows the
CaMKIp with CaM is very high, it was determined using a titration of the kinase with CaM, giving 4 of 29 + 6 nM.
series of competition assays with peptides of increasingly Similar results were obtained using labeled CaM (see the
high (lower than micromolar) affinity (see the Supporting Supporting Information).
Information). Figure 7C shows competition titrations of the  Thus, the peptide CaMKIp has an affinity for CaM that is
CaM—CaMKIp complex with the peptides FFFu, FFFp, and ~30000-fold greater than that of CaM3 We deduce that
CBPL1. From these experiments, tigvalue for the affinity binding of CaM to the intact enzyme necessitates expenditure
of CaMKIp with CaM is 0.3-1 pM. This is one of the  of substantial free energy in the disruption of the interactions
highest affinities observed so far for such complexes, being between the regulatory sequence and the enzyme core. The
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are shown. The surface is colored according to the local electrostatic 300 320 340 360 380 400 420
potential, with blue and red representing positive and negative Wavelength (nm)
potential, respectively. In panel B, a mesh representation of the
electrostatic surface potential of CaMKIp is shown. The peptide
backbone is drawn as a worm. Basic residues in the CaMKI peptide
are labeled in blue and interacting acidic residues from CaM in
red. The two main hydrophobic anchor points of the target peptide
are labeled in green. This figure was generated with GRASP (

high affinity of the interaction of CaM with the regulatory
sequence evidently partially compensates for the energetic
requirements of the conformational change involved in the
activation.

Domain Specificity of CaM for CaMKIp and CaM
To delineate the contributions of the two CaM domains in
target binding, the interactions of the isolated N- and
C-domains with CaMKlp and CaM¥kj, were studied by
solution methods. Previous studies with individual domains
showed that both domains could form 2:1 complexes (with
differing affinities) with the skMLCK peptide32). Tryp-
tophan fluorescence titrations of CaMKlp with the CaM [Peptide] (uM)
C-domain indicate formation of a 1:1 complex withKa of FiGURE 7: Interaction of CaM with CaMKIp. (A) Near-UV CD
6 £+ 1.3 nM (Supporting Information). This result suggests spectra of CaM, CaMKIp, and the CaMCaMKIp complex. The
that the isolated C-terminal domain of CaM interacts strongly difference spectrum was calculated as the complex minus compo-

. . . . nents. (B) Fluorescence emission spectra of CaMKlp and the-CaM
and exclusively with the N-terminal portion of the regulatory CaMKI(p éomplex (excitation at D00 am). (©) Citration of Cam @

peptide which contains Trp-3@ The titrations of CaMKIp ;M) and CaMKIp (2.1uM) with peptides FFFur), FFFp ©),
with the CaM N-domain showed more complex behavior and CBP1 ¢). Solid lines are the computed best fits with values

(see the Supporting Information), but are consistent with two of Kq for CaMKip of 1, 0.3, and 0.4 pM, respectively. Additional
CaM N-domains binding to the peptide, wiky values of information is provided as Supporting Information.

2.4+ 0.7 and 1.1+ 0.3uM. Thus, the high affinity of the ~ CaMKI and, as with the target peptide of skMLCRZ],
CaM C-domain for the Trp-3Q3e region of the peptide  and with skMLCK, smMLCK, and NOS enzymed4],
appears to be the dominant determinant in CaM binding to determines the domain specificity of the peptide.

Fluorescence at 330 nm
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Ficure 8: Interaction of CaM with CaMKgo (A) Near-UV CD
spectra of CaM, CaMKyo, and the CaM-CaMKIsz,ocomplex. The
difference spectrum was calculated as the complex minus compo-
nents. The difference spectrum for CaM and CaMKIp is shown in
Figure 7A. (B) Fluorescence emission spectra of CapKand

the CaM-CaMKl3,o complex (excitation at 290 nm). (C) Titration

of CaMKl3z (0.67 uM) with CaM.

Tryptophan fluorescence titrations of the intact kinase,
CaMKlsp, with the CaM C-domain (data not shown) indicate
formation of a 1:1 complex with &4 of 1.4 + 0.3uM. As
with the binding of full-length CaM, this value is significantly

Clapperton et al.

lower than that for binding to the peptide, CaMKIlp. This
implies that binding of the C-domain to CaMi} does
involve some disruption of interactions between the regula-
tory segment and the kinase, but this does not result in
enzyme activation. In contrast, there was no evidence for
an interaction between the intact kinase with the CaM
N-domain. Neither of the isolated domains alone (up to 30
uM) was able to activate CaMKd,, implying the obligatory
requirement for concerted action by the two domains of the
intact CaM molecule for production of enzyme activation.
In contrast, skMLCK and other kinases have been shown to
be activated by either individual domain, at a sufficiently
high concentration49).

Interactions of CaMKIp and ATP with Autoinhibited and
Active Kinase Direct binding of CaMKIp by CaM with high
affinity means that CaMKIp is a strong inhibitor in the assay
system for CaMKi,. CaMKlp was found to inhibit the
constitutively active truncated form of the kinase CaiKl
with ADR1G as the substrate (i.e., in the absence of CaM),
with a K, of approximately 2«M (Supporting Information).
Yokokura et al. 29) showed similar effects with a different
substrate, syntide-2. These results show that CaMKIp can
associate with the substrate-binding domain of (activated)
CaMKlIyg3, inhibiting the binding of the substrate peptide.
We have also compared the binding of ATP to CaMkKl
and CaMKk,o. No direct interaction of ATP with CaMK}o
could be detected using a range of spectroscopic parameters.
Consistent with this, no effect on the directly determined
affinity of CaM for CaMKIs,o was observed for ATP (up to
5 mM). Using the enzyme assay system, iaeate for the
truncated constitutively active enzyme, CaMil is 72 +
14 uM, and for CaMKkyo in the presence of CaM, it is 112
+ 15 uM (cf. ref 36). Thus, ATP binding to CaMKgky is
dependent on the presence of CaM, but occurs with a lower
affinity than with CaMKhgs suggesting some residual, or
possibly novel, secondary interaction of the bound CaM with
the nucleotide-binding site. These results show that the ATP
site is functional only after activation by CaM, or after
truncation of the autoinhibited enzyme.

Relationship of Autoinhibitory and CaM-Binding Se-
guencesTogether with the crystal structure presented here
and other structural and functional studies on CaMKI, it is
now possible to accurately define the extent of overlap
between the pseudosubstrate and the CaM-binding sequence
of CaMKI. The structure of autoinhibited CaMisb (28)
reveals a series of hydrophobic interactions between residues
lle-286, Val-290, lle-294, and Phe-298 of the regulatory
domain and the presumed substrate-binding site of the kinase.
These hydrophobic interactions were proposed to form the
basis of inhibition of substrate binding; in particular, Phe-
298 is thought to mimic the preferred hydrophobic residue
at position P-5 in the substrate recognition sequence of
CaMKI (28). This idea was largely supported by analysis of
alanine substitutions at these four positiob8)(In addition,
measurements on the catalytic activity of C-terminally
truncated CaMKI support this model and suggest a substan-
tial role for Phe-298 and perhaps a lesser additional role for
Lys-295 and Lys-29650). In our structure, residues Lys-
296-ep and Phe-29&p engage in interactions with CaM
(Figure 4) and must therefore be regarded as part of the CaM-
binding domain of CaMKI. It is interesting to note that both
skMLCK and smMLCK contain bulky hydrophobic residues
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Table 2: Kinetic Constants for MutantCaM Activation of CaMKiIp C(_)mplex is that r_eSidueS Phe'zeﬁ_Arg_Gl?PEF_’
CaMKlsz0 of the peptide adopt a continuoaishelix conformation. This
Wild type 4CaM 24 eCaM nesCaM  arsCaM suggests t_hat the activation me_ch_amsm probably involves

Kean (M) 25(0.6) 55(08) 49(05) 61(07) 55(08) the formation of such a helix, principally due to the change
Km:DRle(uM) 71(06) 7.8(1.2) 8.1(1.3) 65(0.8) 7.1(0.7) in the _conformatlon of residues comprising the exposed,
Kmate (uM) 112 (15) 120 (15) 135(15) 750 (120) 1400 (250) honhelical sequence, seen as a loop in the crystal structure
relativeVmax 100 95 105 0 55 of autoinhibited CaMKI 28). The resulting complex between

2 Values in parentheses are errors associated with the measurement$-aM and _thIS segment of the kinase ult!matgly reheyes
autoinhibition of CaMKI. For example, the direct interaction
of CaM with residues Lys-296 and Phe-298 of the kinase is
required to generate a functional substrate-binding site, and

at positions equivalent to Phe-298 in CaMKI. However, in
these two cases, such residues have not been considered @Ke binding of CaM to residues in theR2 region of the

part of the CaM-binding sequence. kinase allows relaxation of the nucleotide-binding domain
The N-Terminal Sequence of CaM Is Important for CaMKI gnd formation of a functional ATP site.
Activation. Persechini et alﬂl) showed that deletions in However, our ana|ysis of the effect/QALSCaM on CaMKI
the N-terminal leader sequence of CaM (Alaat-Glu-8:av) activation suggests that there must be an additional role for
affect the CaM-dependent activation of various kinases, the CaM N-domain beyond that just described. Removal of
including skMLCK. Consistent with crystal structures of thjs short acidic segment from the N-terminus results in
several other CaMpeptide complexes, the structure pre- modulation of the properties of the ATP-binding site of
sented here indicates no involvement of these CaM residuescaMKI. The fact that N-terminal residues-8 do not interact
in direct interactions with the target peptide. We have, with CaMKIp in our structure strongly suggests that they
therefore, examined the activation of CaMjslusing four  mediate secondary interactions, with as yet unidentified parts
CaM N-terminal deletion mutants. Table 2 shows that of the kinase distinct from the regulatory segment. In this
a2-4CaM andas-sCaM behave essentially as wild-type (Wt)  |ight, it seems particularly intriguing that small-angle X-ray
CaM. In contrastse-sCaM andx-sCaM are clearly effective  scattering experiments52) have revealed a substantial
as activators, but exhibit a lower level of maximal activation change in the position of CaM relative to its target SkMLCK,
than wt-CaM. They increase th&, for ATP by at least 6-  ypon removal of these N-terminal CaM residues. Whereas
and 12-fold, respectively, but without altering substrate or fy||-length CaM was shown to occupy a position away from
CaM binding by the kinase. Thus, consistent with previous the catalytic core of the kinase, N-terminally truncated CaM
results 61), deletions involving the acidic cluster of Glu-  was located near the active site of skMLCK, preventing
Bcam, Glu-Tcaw, and GIn-8aw affect the activation of  enzyme activation. However, there is a marked difference
CaMKilsz, but in a way different from that of skMLCK. jn the activation levels of CaMKI and skMLCK observed
Since theK, for the substrate peptide remains unchanged, with the N-terminally deleted CaMx,_sCaM completely
it suggests thaty,-sCaM retains the ability to relieve  apolishes CaM-dependent activation of skMLCKIL): in
autoinhibition in the substratepeptide binding area of the  contrast, with CaMKdy it activates the kinase to50% of
kinase. Possible effects on thg,are with the other kinases  the maximum level of activation found with wt-CaM. Thus,
were not previously reported), which may explain their  the precise details of the activation mechanism may be
apparently complete lack of activity in the presence of different for the two enzymes. Clearly, clarification of this
truncated CaM. issue will require the detailed structures of CaM in complex
General DiscussiorCaM-dependent activation of CaMKI  with both of the intact kinases, which until now have not
is a complex process, which is not yet fully understood at been amenable to crystallization.
the structural level. The current study has allowed us to
analyze the relationship between the N- and C-terminal ACKNOWLEDGMENT
domains of CaM in this process. The combined requirement \ye thank Dr. Angus Nairn and Dr. Anthony Persechini
for both domains in kinase activation is evident. Consistent oy gifts of CaMKI constructs and CaM mutants, respectively,
with the high-affinity complex formed between CaM and and pete Browne for the expression and purification of

the CaMKI target peptide, our structure reveals multiple cysteine mutants of CaM. We are grateful to our colleague
interactions between both domains of CaM and the peptide. ;. phil Walker for assistance.

Also, the importance of the CaM N-domain in relieving

autoinhibition at the ATP-binding site of CaMKI and the SUPPORTING INFORMATION AVAILABLE
C-domain at the substrate-binding site is strongly supported . L . .
by the data presented here. The structure provides direct D_etalls Of the determination of d|5500|§t|on constants for
evidence for the overlap of the pseudosubstrate sequence anlq:e Interaction of CaMI_<Ip and CaMil, with CaM a.nd.lt_s.
the CaM-binding sequence; the latter is seen to involve the ' and C-terminal tryptic fragments, as yvell as the inhibition
key residue Phe-298, and appears to begin as early as of CaMK_I293 by CaMKIp. This materlal is available free of
residue Lys-296» The precise border between the two charge via the Internet at http://pubs.acs.org.
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