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Abstract

Human calcium/calmodulin-dependent protein kinase I (CaMKI) plays pivotal roles in the nervous system. The activity of
human CaMKI is regulated by a regulatory region including an autoinhibitory segment and a CaM-binding segment. We
report here four structures of three CaMKIa truncates in apo form and in complexes with ATP. In an apo, autoinhibited
structure, the activation segment adopts a unique helical conformation which together with the autoinhibitory segment
constrains helices aC and aD in inactive conformations, sequesters Thr177 from being phosphorylated, and occludes the
substrate-binding site. In an ATP-bound, inactive structure, the activation segment is largely disordered and the CaM-
binding segment protrudes out ready for CaM binding. In an ATP-bound, active structure, the regulatory region is
dissociated from the catalytic core and the catalytic site assumes an active conformation. Detailed structural analyses reveal
the interplay of the regulatory region, the activation segment, and the nucleotide-binding site in the regulation of CaMKI.
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Introduction

Intracellular calcium is an important secondary messenger, of

which the concentration ranges from a basal value of about 50 nM

to stimulated levels of 1–10 mM in response to signals such as

growth factors and neurotransmitters [1]. One of the key proteins

that sense the increased calcium concentration is calmodulin

(CaM), which consists of four EF hands [2]. When activated, CaM

binds to and stimulates the activities of a family of Ca2+/CaM-

dependent serine/threonine protein kinases (CaMKs), thereby

regulating their functions. The CaMKs regulated by Ca2+/CaM

include mono-functional kinases myosin light-chain kinase and

phosphorylase kinase, and multi-functional enzymes CaMKI,

CaMKII, CaMKIV, and CaMK kinase (CaMKK).

CaMKI plays pivotal roles in the nervous system. It is critical for

long-term potentiation via activation of ERK [3] and recruitment

of synaptic Ca2+-permeable AMPARs [4]. It also promotes

dendritic arborization [5], neurite outgrowth [6], and formation

of spines, synapses and axons in hippocampal neurons [7,8].

Besides exerting important functions in the nervous system,

CaMKI might also be involved in osteoclast differentiation and

bone resorption [9]. The kinase recognizes a consensus sequence

Hyd-X-Arg-X-X-Ser/Thr-X-X-X-Hyd, in which Hyd is a

hydrophobic residue [10], and its substrates include the synaptic

vesicle-associated proteins, namely synapsin 1 and 2 [11], the

cAMP response element-binding protein (CREB) [12], and the

recently identified target glial cell missing 1 (GCM1) [13].

It has been shown that the kinase activity of CaMKI is regulated

by a C-terminal regulatory region which contains an autoinhibi-

tory segment (residues 286–307) and an overlapping CaM-binding

segment (residues 303–316) [14,15]. In particular, three truncation

forms of CaMKI exhibit distinct characteristics in basal kinase

activity and responsiveness to Ca2+/CaM: the truncate encom-

passing residues 1–321 which contains both the autoinhibitory

segment and the CaM-binding segment displays properties similar

to those of the full-length protein; the truncate encompassing

residues 1–314 which contains the autoinhibitory segment has a

substantially lower kinase activity than the full-length kinase

although it can bind Ca2+/CaM; and the truncate encompassing

residues 1–293 which excludes the regulatory region is constitu-

tively active and exhibits an activity comparable to that of the full-

length kinase [14].

The crystal structure of the apo rat CaMKI320 (residues 1–320)

has been determined, leading to the proposal that the regulatory

region of CaMKI inhibits the kinase activity by interacting with

the N-terminal lobe and hence occluding the nucleotide-binding

site and restraining the kinase in an inactive conformation [16].

However, the regulation mechanism of CaMKI remains elusive.

Here we report four crystal structures of three truncation variants

of human CaMKIa, namely CaMKI320 (residues 1–320),

CaMKI315 (residues 1–315), and CaMKI293 (residues 1–293),

which correspond to the aforementioned three truncation forms of

CaMKI [14], respectively. The structural data reveal new insights

into the regulation mechanism of CaMKI.

PLOS ONE | www.plosone.org 1 September 2012 | Volume 7 | Issue 9 | e44828



Materials and Methods

Cloning, expression, and purification of CaMKI proteins
The cDNA fragments encoding different human CaMKIa

truncates were inserted into the BamHI and SalI restriction sites of

the pGEX4T-1 expression plasmid (Novagen) which attaches a

GST tag at the N-terminus of the protein. The plasmids were

transformed into E. coli BL21(DE3) strain (Novagen), and the

transformed cells were grown in LB medium at 37uC in the

presence of 50 mg/ml ampicillin until OD600 reached 0.8 and then

induced with 0.5 mM IPTG for 12 hours at 16uC. The cells were

harvested and lysed by sonication in a lysis buffer (140 mM NaCl,

2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.3).

Protein purification was carried out by affinity chromatography

using a GSTrap FF 5 ml column (GE healthcare). Cleavage of the

fusion proteins with thrombin protease on column was conducted

at 16uC for 24 hours. The elution fractions were further purified

by gel filtration using a Superdex 200 16/60 column (GE

healthcare). The target proteins were concentrated to about

10 mg/ml with Centricon-10 (Millipore) for structural studies.

Crystallization and diffraction data collection
Crystallization was performed using the hanging drop vapor

diffusion method. The drop consisted of equal volumes of the

protein solution and the reservoir solution. The protein solution

contained 10 mg/ml CaMKI protein in the lysis buffer alone or

supplemented with 20 mM MgCl2 and 5 mM ATP. For the apo

CaMKI320, the crystals were grown at 18uC and the reservoir

solution contained 2.0 M (NH4)2SO4 and 100 mM bicine,

pH 8.0. For the CaMKI320-ATP complex, the crystals were

grown at 18uC and the reservoir solution contained 0.5 M

(NH4)2SO4, 0.8 M Li2SO4, and 100 mM tri-sodium citrate,

pH 5.6. For the CaMKI315-ATP complex, the crystals were

grown at 4uC and the reservoir solution contained 1.5 M

(NH4)2SO4, 3% dioxane, and 100 mM MES, pH 6.0. For the

CaMKI293-ATP complex, the crystals were grown at 4uC and the

reservoir solution contained 25% polyethylene glycol 8,000,

200 mM NH4Ac, and 100 mM (CH3)2AsO2Na, pH 6.0. The

diffraction data of the CaMKI293-ATP complex were collected at

beamline BL-6A of Photon Factory, Japan; those of the

CaMKI320-ATP complex at beamline 1W2B of Beijing Synchro-

tron Radiation Facility, China; and those of the apo CaMKI320

and the CaMKI315-ATP complex at beamline 17U of Shanghai

Synchrotron Radiation Facility, China. The data were processed,

integrated, and scaled together using the HKL2000 suite [17]. For

apo CaMKI320, the crystal used for data collection had a little bit

ice, and hence during data processing the data in the resolution

shell of 3.5–3.8 Å were largely excluded which yielded a relatively

low overall completeness of the whole dataset. The statistics of the

diffraction data are summarized in Table 1.

Structure determination and refinement
The structure of the CaMKI293-ATP complex was solved with

the molecular replacement method implemented in program CNS

[18] using the apo rat CaMKI320 structure (PDB code 1A06) as

the search model. The other structures of CaMKI were solved

with the molecular replacement method using the structure of the

CaMKI293-ATP complex as the search model. The model

building was performed using Coot [19], and the structure

refinement using programs CNS [18] and REFMAC5 [20]. The

statistics of the structure refinement and the structure models are

also summarized in Table 1.

Results

Overall structure
To explore the molecular mechanism underlying the regulation

of CaMKI activity, we obtained the crystal structures of

CaMKI320, CaMKI315, and CaMKI293 which diverge in the

regulatory region. The structures of CaMKI320 were determined

in apo form and in complex with ATP, CaMKI315 in complex

with ATP, and CaMKI293 in complex with ATP, respectively

(Table 1). These structures are similar in the overall conformation

with root mean square deviations of 0.6–1.6 Å for 244 Ca atoms.

The structure of CaMKI320-ATP is shown in Figure 1A as a

representative, and the nomenclature of the secondary structure

elements are named after that of cAPK [21] (Figure 1B). The

catalytic core of CaMKI takes a canonical bilobate architecture,

with the N-terminal lobe (N lobe) consisting of five antiparallel b-

strands and a prominent helix named helix aC and the C-terminal

lobe (C lobe) comprised primarily of a-helices. The active site is

formed at the interface of the two lobes where ATP is bound. The

C-terminal region (residues 276–315) containing the autoinhibi-

tory and CaM-binding sequences assumes a helix-loop-helix

structure. Although the overall conformation is similar, detailed

analyses of these structures reveal their distinctive features in the

activation segment, the nucleotide-binding site, and the regulatory

region, which together provide new insights into the regulation

mechanism of CaMKI.

A unusual helical conformation of the active segment
Surprisingly, structural comparison shows that the apo human

CaMKI320 structure obtained in this study is substantially

different from the apo rat CaMKI320 structure [16], particularly

in the activation segment, the nucleotide-binding site, and the

regulatory region (Figure 2A). In the rat CaMKI320, the

activation segment is disordered and the phosphate-binding loop

(P-loop, the b1-b2 hairpin) [22] takes an unusual conformation

with residues 29–34 forming a distorted 310 helix. In addition, the

regulatory region runs across the catalytic core with its C-terminus

interacting with the N lobe, leading to an open conformation of

the overall structure. It was proposed that the aberrant confor-

mation of the P-loop and the obstruction of the nucleotide-binding

site by helix aR2 and the aR1-aR2 loop of the regulatory region

contribute to autoinhibition of the enzyme [16]. In contrast, in our

CaMKI320, the P-loop takes a canonical conformation, the C-

terminus of the regulatory region (residues 300–320) is undetected,

and the nucleotide-binding site is amenable to nucleotide binding.

More intriguingly, the C-terminal part of the activation segment

encompassing residues Pro171 to Thr181 assumes a unique helical

conformation (designated as helix aT) (Figure 2A) with well-

defined electron density (an average B factor of 39.8 Å2) and the

DFG motif at the N-terminal part of the activation segment takes

an ‘‘in’’ conformation. The rare helical conformation of aT is

stabilized by the hydrophilic and hydrophobic interactions within

the activation segment and with the surrounding secondary

structure elements including helices aEF and aG and the aEF-

aF loop (Figure 2B). Specifically, the hydroxyl of Thr177 (the

phosphorylation site of the activation segment) forms hydrogen-

bonding interactions indirectly with the hydroxyl of Tyr195 (a

strictly conserved residue on the aEF-aF loop) and the main-chain

carbonyl of Met168 via a water molecule, and the hydroxyl of

Ser173 forms a hydrogen bond with the main-chain carbonyl of

Lys167. In addition, Pro182 of the activation segment C-terminal

to helix aT forms hydrophobic interactions with Leu190 of helix

aEF and Leu226, Phe227, and Ile230 of helix aG, further

Structures of Human CaMKIa
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stabilizing the specific conformation of the activation segment

(Figure 2B).

On the other hand, helix aT also forms a part of the interface of

two two-fold symmetry-related molecules, and we performed

crystal packing analysis to examine whether the conformation of

helix aT is constrained by the crystal lattice. In the apo

CaMKI320 belonging to space group C2, two-symmetry related

molecules are juxtaposed head to tail, and the interface is formed

mainly between helix aT of one molecule and helices aG and aEF

of the other (Figure S1A). The interface is stabilized mainly by

hydrophobic interactions. Particularly, the side chains of Pro171,

Leu175, and Cys179 of helix aT of one molecule make

hydrophobic contacts with the side chains of Phe227 of helix aG

and Leu190 of helix aEF of the other, forming a hydrophobic

cluster (Figure S1A). Interestingly, the unique conformation of

helixaT captured in the apo CaMKI320 is also observed in the

structure of CaMKI293 in complex with an inhibitor which is

crystallized in a different space group (I222), and in that structure

the interface is formed by similar structure elements of two two-

fold symmetry-related molecules but involves different interacting

residues (unpublished data). In addition, in the CaMKI320-ATP

and CaMKI315-ATP structures which are crystallized in another

space group (P63), two pseudo two-fold symmetry-related mole-

cules are juxtaposed head to tail in a similar way as in the apo

CaMKI320. Consistently, the interface is comparable to that in

the apo CaMKI320 and particularly, helices aG and aEF occupy

similar positions as those in the apo CaMKI320 structure (Figure

S1B). However, helix aT is largely disordered in one molecule and

completely disordered in the other, although the hydrophobic

cluster at the interface is partially maintained (Figure S1B). In

contrast, in the CaMKI293-ATP structure which is crystallized in

space group I222, the C-terminal part of the activation segment is

completely disordered, and the two symmetry-related molecules

are juxtaposed head to head. Correspondingly, the interface is

substantially different from those in the CaMKI320, CaMKI320-

ATP, and CaMKI315-ATP structures. Taken together, these

results indicate that the activation segment has a high flexibility

and the crystal packing interactions do not contribute to the

formation of helix aT. Thus, the apo CaMKI320 structure with a

helix aT-containing activation segment should represent a

biologically relevant state of CaMKI.

A distinctive autoinhibited state of CaMKI
To explore the biological relevance of the apo CaMKI320, we

compared it with the structure of the Akt/PKB-GSK3b complex

[23]. Akt/PKB belongs to the AGC family which is the most

closely related to the CaMK family [24], and the Akt/PKB-

GSK3b complex represents an active state of the enzyme [23].

Table 1. Data collection and refinement statistics.

apo CaMKI320 CaMKI320-ATP CaMKI315-ATP CaMKI293-ATP

Data collection

Space group C2 P63 P63 P41212

a (Å) 91.1 83.1 83.4 65.7

b (Å) 67.7 83.1 83.4 65.7

c (Å) 56.1 153.0 153.4 139.9

a, b, c (u) 90, 99.8, 90 90, 90, 120 90, 90, 120 90, 90, 90

Resolution (Å) 50.0-2.60 50.0-2.40 50.0-2.20 50.0-2.70

(2.69-2.60)* (2.49-2.40) (2.28-2.20) (2.80-2.70)

Rmerge (%) 12.1 (29.3) 6.3 (49.8) 7.2 (43.7) 5.2 (42.5)

,I/sI). 11.4 (3.9) 19.1 (2.6) 22.4 (3.6) 33.6 (4.9)

Completeness (%) 88.6 (100.0) 99.9 (100.0) 99.1 (99.4) 99.4 (99.8)

Redundancy 4.1 (4.4) 4.7 (4.7) 5.5 (5.5) 7.5 (6.5)

Refinement

No. reflections 8,749 22,205 28,786 8,457

Rwork/Rfree (%) 25.1/29.9 21.1/24.9 19.8/24.8 22.1/24.6

No. atoms

Protein 2,227 4,410 4,189 2,003

Ligand 2 2 1

Water 58 136 135 79

RMSD

Bond lengths (Å) 0.005 0.006 0.009 0.016

Bond angles (u) 0.9 1.2 1.3 1.4

Luzatti coordinate error (Å) 0.38 0.42 0.32 0.39

Ramachandran plot (%)

Most favored 89.3 90.4 91.6 90.9

Allowed 10.3 9.2 7.8 8.6

Generously allowed 0.4 0.4 0.6 0.5

*Values in parentheses are for highest-resolution shell.
doi:10.1371/journal.pone.0044828.t001
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Figure 1. Structure of CaMKI. A A stereoview of the overall structure of CaMKI320-ATP. The various CaMKI truncation forms have similar overall
structure and the CaMKI320-ATP complex is selected as a representative. CaMKI consists of a catalytic core containing the N lobe (green), the C lobe
(yellow) and a regulatory region (red). The bound ATP is shown with a ball-and-stick model (orange). The activation segment is primarily disordered
and denoted with a dashed curve in orange. B Sequence alignment of human CaMKI (isoforms a, b, d, and c), rat CaMKIa, human CaMKIIa, human
CaMKIV, human Akt/PKB, and rat cAPK. The highly conserved residues are indicated with closed red boxes, and the conserved residues with open red
boxes. The secondary structure elements of human CaMKIa are indicated on the top of the alignment.
doi:10.1371/journal.pone.0044828.g001

Figure 2. A distinctive autoinhibited state of CaMKI. A Comparison of the apo human CaMKI320 and the apo rat CaMKI320 (PDB code 1A06)
[16]. The apo human CaMKI320 is colored as in Figure 1A. The apo rat CaMKI320 is colored in light blue. Substantial conformational differences are
observed between the two structures in the regulatory region, the activation segment, and the nucleotide-binding site which are indicated with
ovals. In particular, the C-terminal part of the activation segment encompassing residues Pro171 to Thr181 assumes a rare helical conformation (helix
aT). B Hydrophilic and hydrophobic interactions of helixaT with the surrounding residues in the apo CaMKI320. The involved residues are shown with
ball-and-stick models, and the hydrogen-bonding interactions are indicated with dashed lines. C Interactions of the N-terminal part of the activation
segment with the N lobe in the apo CaMKI320. The N-terminal part of the activation segment including the DFG motif and the following Leu165 form
both hydrophilic and hydrophobic interactions with helix aC and strand b3 of the N lobe. The involved residues and additionally Glu66 on helix aC
are shown with ball-and-stick models, and the hydrogen-bonding interactions are indicated with dashed lines. D Comparison of the apo CaMKI320
and the Akt/PKB-GSK3b complex in the substrate-binding site. In the Akt/PKB-GSK3b complex (gray), the bound GSK3b peptide is shown with a
magenta ribbon, and the bound AMPPNP is shown with a ball-and-stick model in orange. Residues at P(-6), P(-3), P0, and P+3 positions of the GSK3b
peptide, Glu236 of Akt/PKB which forms a salt bridge with Arg at P(-3) of the peptide, and the equivalent Glu102 in the apo CaMKI320 are shown with
ball-and-stick models.
doi:10.1371/journal.pone.0044828.g002
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The comparison reveals substantial conformational differences

especially at helix aC and the activation segment. It was shown

previously that the conformation of helix aC is critical for the

maintenance of the nucleotide-binding site and the coordination of

the conformational changes at the catalytic site [23,25]. In the

active Akt/PKB-GSK3b complex, helix aC is coupled to the

nucleotide-binding site and the activation segment via a salt-

bridging interaction between two conserved residues in the N lobe,

an invariant Glu (Glu66 in CaMKI) of helix aC and a highly

conserved Lys (Lys49 in CaMKI) of strand b3, which is a hallmark

of the active kinase [25]. In the apo CaMKI320, Lys49 interacts

with Asp162 and Phe163 of the DFG motif of the activation

segment (Figure 2C). Concurrently, helix aC is rotated outward

and Glu66 points its side chain away from the catalytic site,

making it impossible to interact with Lys49. This inactive

conformation of helix aC is maintained largely by the hydropho-

bic contacts between Phe163 and Leu165 of the activation

segment and Met63, Ile67, Leu70, and Ile73 of the hydrophobic

surface of helix aC (Figure 2C).

In many kinases, phosphorylation of the activation segment can

enhance the kinase activity [25]. In Akt/PKB-GSK3b, Thr309 of

the activation segment is phosphorylated and the activation

segment takes an extended loop conformation which is stabilized

by electrostatic interactions via the phosphate group of phosphor-

ylated Thr309, leaving the catalytic site open for substrate binding.

Whereas in CaMKI320, the activation segment including helix aT

and the b8-aT loop occupies part of the catalytic site. Although

unphosphorylated, the side chain of Thr177 (equivalent to Thr309

of Akt/PKB) is oriented inwards and forms interactions with the

surrounding residues to stabilize the specific conformation of the

activation segment, shielding it from surface exposure and hence

from CaMKK phosphorylation (Figure 2A). It was reported that

Thr177 of the full-length CaMKI cannot be phosphorylated in the

absence of Ca2+/CaM, and that an inactive form of CaMKI

(CaMKI306) which contains the autoinhibitory segment but not

the CaM-binding segment cannot be phosphorylated either in the

presence or absence of Ca2+/CaM [26]. The previously reported

apo rat CaMKI320 structure could not explain the unresponsive-

ness of the inactive CaMKI306 to CaMKK as the activation

segment is completely disordered [16]. In contrast, the unusual

helical conformation of the activation segment observed in our apo

CaMKI320 structure and the resulted sequestration of Thr177

provide a reasonable explanation for the biochemical data [26].

The consensus sequence of the substrates of CaMKI (Hyd-X-

Arg-X-X-Ser/Thr-X-X-X-Hyd) is related to that of Akt/PKB

(Arg-X-X-Arg-X-X-Ser/Thr-Hyd), both of which contain an Arg

at the P(-3) position. The conservation of Akt/PKB and CaMKI

and their substrates suggest that CaMKI might bind its substrate

in a way similar to that of Akt/PKB with the GSK3b peptide. In

the Akt/PKB-GSK3b complex, Glu236 of the hinge region (the

b5-aD loop) forms a salt bridge with Arg at P(-3) of the substrate

peptide [9]. In the apo CaMKI320, the equivalent Glu102

occupies the same position as Glu236 of Akt/PKB, suggesting that

the interaction between Glu102 and Arg at P(-3) of a CaMKI

substrate might be conserved (Figure 2D). On the other hand,

there are obvious steric conflicts between the residues at P+1 to

P+3 of the GSK3b peptide and the N-terminus of helix aT and

between the residues at P(-5) and P(-6) of the GSK3b peptide and

the C-terminus of helix aR1 of the autoinhibitory segment (see

details later) (Figure 2D), suggesting that helix aT and helix aR1 in

the apo CaMKI320 might interfere with substrate binding due to

potential steric blockage of the substrate-binding site. These results

together suggest that the unique helix aT of the activation segment

together with the autoinhibitory segment observed in the apo

CaMKI320 restrains helix aC in an inactive conformation,

sequesters Thr177 of the activation segment from being

phosphorylated, and blocks the substrate-binding site, leading to

the autoinhibition of CaMKI, and thus the apo CaMKI320

represents a distinctive autoinhibited state of CaMKI.

Two conformational states of ATP-bound CaMKI
As described above, unlike the rat apo CaMKI320, in the apo

CaMKI320 the nucleotide-binding site is not blocked by the

regulatory region and thus is amenable to nucleotide binding.

Therefore, we co-crystallized CaMKI320 with ATP and success-

fully obtained the complex structure (Figure 3A), in which ATP is

observed with evident electron density; however, no Mg2+ was

visible despite the presence of 20 mM MgCl2 in the protein

solution (Figure 3B). Upon ATP binding, CaMKI320 undergoes

significant conformational changes characterized by a different N

lobe orientation, the disordering of helix aT of the activation

segment, and the formation of helix aR2 of the CaM-binding

segment compared with the apo CaMKI320 (Figure 3A). In

particular, the residues on strand b1 of the P-loop exhibit

positional displacements of about 5–7 Å, and ATP bound at the

nucleotide-binding site interacts with the surrounding residues via

a network of hydrogen bonds (Figure 3C). Specifically, the N1 and

N6 atoms of the adenosine form hydrogen bonds with the main-

chain amide of Val98 and the main-chain carbonyl of Gln96,

respectively. The 29- and 39-hydroxyls of the ribose moiety form

hydrogen bonds with the side-chain carboxyl of Glu102, and

additionally, the 39-hydroxyl forms a hydrogen bond with the

main-chain carbonyl of Glu145. The a- phosphate forms

hydrophilic interactions with the side-chain amine of Lys49 of

strand b3, the side-chain carboxyl of Asp162 of the DFG motif,

and the side-chain hydroxyl of Ser32 of the P-loop. The b-

phosphate forms a hydrogen bond with the main-chain carbonyl

of Thr28 of the P-loop. The c-phosphate interacts with the side-

chain carboxyl of Asp141 and the side-chain amine of Lys143 of

the catalytic loop (the aE-b7 loop) and the side-chain carboxyl of

Asp162. The CaMKI320-ATP complex displays structural

features of an inactive conformation. Compared with the apo

CaMKI320, although the structure elements forming the nucle-

otide-binding site show significant positional displacements up to

7 Å and helix aC is rotated towards strands b3-b5, Glu66 and

Lys49 does not form a salt bridge which is critical for the

maintenance of the active kinase.

Additionally, we also obtained the structures of CaMKI315 and

CaMKI293 in complexes with ATP. CaMKI315 containing the

autoinhibition segment cannot be activated by CaM as the CaM-

binding segment is incomplete [14]. The CaMKI315-ATP

structure is very similar to the CaMKI320-ATP structure and

also adopts an inactive conformation. The bound ATP shows

evident electron density (Figure 3B) and maintains similar

interactions with the enzyme as in the CaMKI320-ATP complex;

however, the phosphate groups of ATP have a much higher

average B factor and no Mg2+ was observed in the electron

density.

On the other hand, the CaMKI293-ATP structure shows

notable differences from the CaMKI320-ATP structure in the

overall conformation and at the nucleotide-binding site

(Figure 3A). CaMKI293 lacks the autoinhibitory segment and

exhibits a constitutive activity comparable to that of the full-length

enzyme [14]. Consistently, the CaMKI293-ATP structure resem-

bles the Akt/PKB-GSK3b structure and displays the structural

features of an active conformation (Figure 3D). Specifically, helix

aC assumes a position similar to that in the active Akt/PKB-

GSK3b complex, and concomitantly Glu66 of helix aC adopts the

Structures of Human CaMKIa
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same conformation as that of Glu200 of Akt/PKB and forms a salt

bridge with Lys49. The bound ATP maintains similar interactions

with the enzyme as in the CaMKI320-ATP and CaMKI315-ATP

complexes but the phosphate groups of ATP also have a high

average B factor, indicating a high flexibility that probably allows

conformational changes to occur readily when the metal ion and/

or the substrate bind to the catalytic site.

Functional roles of the regulatory region
Although the CaMKI320-ATP and CaMKI315-ATP complex-

es show substantial differences from the apo CaMKI320 in the

activation segment and the nucleotide-binding site, in all three

structures helix aR1 (residues 287–297) of the autoinhibitory

segment interlocks with helices aD and aF, and the surrounding

structure elements including the aD-aE loop and helix aE adopt

essentially identical conformations (Figure 4A). Superposition of

these structures with Akt/PKB-GSK3b shows that the residues at

the P(-5) and P(-6) positions of the substrate peptide would collide

with the C-terminal part of helix aR1, suggesting that helix aR1

might exert the inhibitory function via occlusion of part of the

substrate-binding site (Figure 2D). In contrast, in the CaMKI293-

ATP, the C-terminus (residues 278–293) is disordered, and

consequently helix aD and the aD-aE loop show evident

conformational changes. Particularly, Tyr113 of the aD-aE loop

moves about 4.5 Å to insert into a narrow space surrounded by

helices aD, aE, and aF, and its side chain is re-oriented to form

hydrophobic interactions with Leu103 and Ile107 of helix aD,

Leu121 of helix aE, and Leu211 of aF, stabilizing helix aD in the

new conformation and preventing the re-binding of the auto-

inhibitory segment (Figure 4B). Concurrently, the space originally

occupied by the C-terminal part of helix aR1 is vacant for

substrate binding. The conformations of helix aD and the aD-aE

loop particularly Tyr113 in CaMKI293-ATP are similar to those

of the equivalents in Akt/PKB-GSK3b. In addition, Tyr113 is

strictly conserved across the CaMK family (Figure 1B), under-

scoring the importance of this residue and supporting our notion

that the conformational changes of helix aD and the aD-aE loop

are critical for CaMKI activation. It was reported that mutation of

Ile294 and Phe298 to Ala resulted in a modest level of CaM-

independent activity, and additional mutation of Ile286 and

Figure 3. Structures of the ATP-bound CaMKI. A Comparison of the CaMKI320-ATP complex with the apo CaMKI320. The CaMKI320-ATP
complex is colored as in Figure 1A, and the apo CaMKI320 is colored in gray. The three regions where the CaMKI320-ATP complex shows substantial
conformational differences from the apo CaMKI are indicated with ovals. B The 2Fo-Fc maps of the bound ATP molecules (contoured at 1s level) in
the CaMKI320-ATP, CaMKI315-ATP, and CaMKI293-ATP structures. C Hydrophilic interactions of ATP with the surrounding residues in CaMKI320-ATP.
ATP and the interacting residues are shown with ball-and-stick models, and the hydrogen-bonding interactions are indicated with dashed lines. D
Comparison of the CaMKI293-ATP complex and the Akt/PKB-GSK3b complex at the catalytic site. The color coding is the same as in Figures 1A and
2D. The bound ATP is shown with a ball-and-stick model. Glu66 on helix aC and Lys49 on strand b3 in CaMKI293-ATP and their equivalents (Glu200
and Lys181) in Akt/PKB-GSK3b are shown with ball-and-stick models.
doi:10.1371/journal.pone.0044828.g003
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Val290 to Ala resulted in significant increase of the basal activity

[15]. It is likely that mutation of these hydrophobic residues of the

autoinhibitory segment might dislodge helix aR1 from the

substrate-binding site, leading to conformational changes of helix

aD and the aD-aE loop and hence partial activation of the kinase.

It was also reported that CaMKI297 is constitutively active

albeit with a relatively low activity [15]. CaMKI297 contains all

the residues that form helix aR1 in the apo CaMKI320 and the

CaMKI320-ATP and CaMKI315-ATP complexes but its activity

is not completely inhibited, suggesting that the CaM-binding

segment might play some role in facilitating the autoinhibitory

segment in the inhibition of the activity. In the rat CaMKI320, the

CaM-binding segment forms a long loop that curves into the entry

of the ATP-binding site followed by a short aR2 helix that

interacts with the N lobe of the kinase [16] (Figure 2A).

Particularly, Lys300 of the aR1-aR2 loop forms a salt bridge

with the strictly conserved Glu102 of the hinge region, which

might prohibit Glu102 from binding ATP or the substrate [16].

Intriguingly, in the CaMKI320-ATP complex, the CaM-binding

segment mainly forms a long aR2 helix which protrudes away

from the catalytic core (Figure 2A). A detailed analysis indicates

that helix aR2 of this conformation plays an important role in the

maintenance of an inactive state of the enzyme through interaction

with Glu102 and stabilization of the inactive conformations of

helices aR1 and aD. Specifically, Lys300 on helix aR2 also forms

a salt bridge with Glu102; this interaction does not abrogate the

ability of Glu102 to bind ATP as Glu102 still makes hydrogen-

binding interactions with the 29- and 39-hydroxyls of the ribose

moiety of ATP (Figure 4C), however, it could have an impact on

its ability to bind the substrate as Glu102 is also suggested to play a

role in the recognition and binding of Arg at P(-3) of the substrate

(see discussion above) (Figure 2D). In addition, the N-terminal part

Figure 4. Structures of the regulatory region. A Comparison of the regulatory region in the apo CaMKI320 (gray), and the CaMKI320-ATP (red)
and CaMKI315-ATP (yellow) complexes. In all three structures, the autoinhibitory segment (helix aR1) interlocks with helices aD and aF. B Comparison
of the conformations of helix aD and the aD-aE loop in the CaMKI320-ATP (gray) and CaMKI293-ATP (red) complexes. The involved residues are
shown with ball-and-stick models and colored in cyan. C Structure of the regulatory region in the CaMKI320-ATP complex showing the functional
roles of helix aR2. CaMKI320 is colored the same as in Figure 1A. Residues Lys300 and Glu305 of helix aR2 and the interacting residues including
Glu102 of the hinge region and Ser291 and Lys295 of helix aR1 are shown with ball-and-stick models and colored in cyan. The hydrogen-bonding
interactions are indicated with dashed lines. D Comparison of helix aR2 (residues 299–314) in the CaMKI320-ATP complex (red) with the
corresponding region in the CaM-CaMKI peptide complex (blue, PDB code 1MXE) [27] and the CaMKIId-CaM complex (gray, PDB code 2WEL) [29]. For
simplicity, only CaM and the CaM-binding segment of CaMKII in the CaMKIId-CaM complex are shown.
doi:10.1371/journal.pone.0044828.g004
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of helix aR2 would have steric conflicts with the C-terminal part of

helix aD in the CaMKI293-ATP complex, preventing helix aD

from adopting an active conformation. Furthermore, the side

chain of Gln305 of aR2 forms two hydrogen-bonding interactions

with the side chains of Ser291 and Lys295, and thus helix aR2 also

contributes to stabilization of helix aR1 in the inactive conforma-

tion (Figure 4C).

To better understand how CaM binds to and activated CaMKI,

we superposed the available structures of kinases with the CaM-

binding and/or autoinhibitory segments including other CaMK

members and the death-associated protein kinase (Figure 4D and

S2A). In the crystal structure of CaM in complex with a peptide

corresponding to the CaM-binding segment of CaMKI (residues

294–318), the peptide forms a long a-helix [27]. The NMR

spectra of CaM bound to either CaMKI320 or a similar peptide

(residues 299–320) were virtually identical [28], indicating that the

binding mode observed in the CaM-CaMKI peptide complex

might be retained in the binding of CaM with CaMKI.

Superposition of the CaMKI320-ATP structure with the CaM-

CaMKI peptide structure [27] and the recently reported

CaMKIId-CaM structure [29] based on the CaM-binding

segment (corresponding to residues 299–314 of CaMKI) demon-

strates that CaM binds to CaMKI and CaMKII in a similar mode,

and helix aR2 in CaMKI320-ATP encompasses almost all the

residues required for direct interaction with CaM (Figure 4D).

Therefore, the position and conformation of the CaM-binding

segment in CaMKI320-ATP correspond to a biologically relevant

state of CaMKI ready for CaM binding. On the other hand, a

short region at the N-terminus of CaM appears to have steric

conflicts with helix aD in the CaMKI320-ATP complex,

indicating that proper conformational change or dissociation of

the N-terminal part of helix aR2 and the autoinhibitory segment is

required prior to the binding of the complete aR2 helix by CaM

(Figure S2B).

In the structure of CaMKIV in complex with an inhibitor (PDB

code 2W4O), the residues corresponding to helices aR1 and aR2

form a unified long a-helix which folds along the catalytic core to

interact with both N lobe and C lobe. Superposition of residues

299–314 (helix aR2) of the CaMKI peptide in the CaM-CaMKI

peptide structure with the corresponding region (residues 322–337)

in the CaMKIV structure shows severe steric conflicts between

CaM and the N lobe of CaMKIV (Figure S2C), indicating that the

regulatory region with such a long helical conformation is

unsuitable for CaM binding. Given the conservation of the

regulatory region across the CaMK family (Figure 1B), the CaM-

binding segment in CaMKIV is likely to assume a conformation as

in CaMKI320-ATP prior to CaM binding. The regulatory scheme

of the CaMKs by CaM seems to be different from that of death-

associated protein kinase, in which the autoregulatory domain

forms a long helix and the bound CaM takes an extended

conformation [30].

Relay of conformational changes upon activation by CaM
binding

Our structural data suggest that the binding of helix aR2 by

CaM would require conformational change or dissociation of the

autoinhibitory segment from the catalytic core. Consistently,

structural studies of CaMKII show that with respect to the

autoinhibited kinase the binding of CaM to CaMKIId leads to

dissociation of the autoinhibitory and CaM-binding segments from

the catalytic core, resulting in the rearrangement of helix aD [29].

Given that the conformation of helix aD in the active CaMKI293-

ATP complex is essentially the same as that in the CaMKIId-CaM

complex [29] and the Akt/PKB-GSK3b complex [23], these

studies together support the notion that the binding of CaM to

CaMKs leads to dissociation of the regulatory region from the

catalytic core and the consequent rearrangement of helix aD into

an active conformation, which is critical for the activation of

CaMKs.

Now the question is how the activation of the kinase takes place

after the removal of the restraint of the regulatory region on helix

aD. Comparisons of the apo CaMKI320, CaMKI320-ATP, and

CaMKI293-ATP structures provide some clues. In CaMKI320-

ATP, helix aD takes an inactive conformation, and the side chain

of Glu102 of the hinge region forms hydrogen-binding interactions

with both 29- and 39-hydroxyls of the ribose moiety of ATP,

pulling the ribose and phosphate groups deep into the nucleotide-

binding site (Figure 5A). In CaMKI293-ATP, with the rearrange-

ment of helix aR1 and the consequent relaxation of helix aD, the

constraint on Glu102 by Lys300 of helix aR2 is removed. The side

chain of Glu102 displays a positional displacement of 1.5 Å

towards the catalytic site and binds to the 39-hydroxyl rather than

both hydroxyls of the ribose of ATP (Figure 5B). Concomitantly,

ATP shifts upwards by about 1.5 Å, and several residues at the N-

terminal part of the activation segment show notable conforma-

tional changes and form different interactions. Specifically,

Asp162 interacts with the c-phosphate group of ATP, and the

side chain of the following Phe163 rotates about 30u towards helix

aE, leaving space for the rotation of helix aC towards strand b3.

In addition, the side chain of Leu165, which is disordered in

CaMKI320-ATP and CaMK315-ATP, becomes evident and

takes a position opposite to that in the apo CaMKI320

(Figures 2C, 5A and 5B), and therefore no longer participates in

the interactions between the activation segment and helix aC.

Accompanying these changes, several structure elements of the N

lobe, in particular strand b3 and helix aC, also undergo substantial

conformational changes. Lys49 of strand b3 moves upwards along

with ATP by 2.5 Å and forms a salt bridge with Glu66 of helix aC.

Concurrently, the side chain of Asn65 on helix aC is hydrogen-

bonded to the side chain of Ser166 on the activation segment,

stabilizing the N-terminal part of the activation segment. With the

salt bridge between Lys49 and Glu66 established and helix aC

rotated to the active position, the catalytic site is assembled.

Discussion

Model of autoinhibition and activation of CaMKI
The structures of CaMKI presented in this study represent three

different conformational states of the kinase. Analyses of these

structures reveal conformational differences particularly in the

regulatory region, the activation segment, and the nucleotide-

binding site. The structural data are in consistency with the

previous biochemical and structural data including the unrespon-

siveness of the inactive CaMKI to CaMKK [26], the constitutive

albeit relatively low activity of CaMKI297 [15], and the adoption

of a helical conformation of the CaM-binding segment for CaM

binding [27]. Based on these results, we can propose a model of

the regulation mechanism of CaMKI (Figure 5C). In the apo form,

CaMKI exists in an autoinhibited state which is represented by the

apo CaMKI320 structure (Figure 5C, autoinhibited state). In this

state, the autoinhibitory segment (helix aR1) together with the

CaM-binding segment (helix aR2) places strong constraints on

helix aD of the C lobe to stabilize it in an inactive conformation,

which blocks the binding of the substrate residues N-terminal to

the P0 position. Meanwhile, the activation segment assumes a loop

conformation at the N-terminus and a helical conformation at the

C-terminus (helix aT). This unique conformation of the activation

segment also contributes to the inhibition of CaMKI in three
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possible ways: (1) it interacts with the hydrophobic surface of helix

aC via the highly conserved Phe163 and Leu165 to restrain helix

aC in an inactive position; (2) it sequesters Thr177 and hence

prevents its phosphorylation by CaMKK; (3) it prevents the

binding of the substrate residues C-terminal to the P0 position.

The apo CaMKI in the autoinhibited state is amenable to

nucleotide binding. ATP binding can induce conformational

changes at the nucleotide-binding site and the activation segment,

leading to the formation of an inactive, pre-CaM binding state

which is represented by the CaMKI320-ATP and CaMKI315-

ATP structures (Figure 5C, pre-CaM binding state). In this state,

the activation segment is largely disordered and its restraint on

helix aC is alleviated. Nevertheless, helix aC remains in an

inactive conformation and the catalytic site is only partially

assembled. On the other hand, the CaM-binding segment adopts a

long helical conformation that is ready for CaM binding. Upon

CaM binding with the CaM-binding segment, the regulatory

region is dissociated from the catalytic core, leading to the

formation of an active state which is represented by the

CaMKI293-ATP structure (Figure 5C, active state). The dissoci-

ation of the regulatory region releases the constraints on helix aD,

resulting in rearrangements of helix aD, the preceding b5-aD loop

(hinge region), and the following aD-aE loop. These conforma-

tional changes in the C lobe are propagated in long range to the N

lobe via Glu102 of the hinge region, the bound ATP, and Asp162,

Phe163, and Leu165 of the activation segment, which leads to the

formation of the salt-bridging interaction between Lys49 of strand

b3 and Glu66 of helix aC and hence completes the assembly of the

catalytic site. In summary, the regulatory region, the activation

segment, and the nucleotide-binding site of CaMKI are correlated

together, and upon the binding of ATP and CaM these regions

interplay in a concerted way to regulate the activity states of the

kinase.

Comparison with helical conformations of the activation
segment in other kinases

As written by Noble et al. in paraphrase of the opening sentence

of Anna Karenina, ‘‘all active kinases are alike but an inactive

kinase is inactive after its own fashion’’ [31]. The CaMKI

structures presented here unexpectedly reveal a rare helical

conformation of the activation segment. Among .5000 kinase

Figure 5. Model of the regulation of CaMKI. A Structure of the catalytic site in the CaMKI320-ATP complex. B Structure of the catalytic site in the
CaMKI293-ATP complex. Comparison of these two structures reveals the conformational changes upon activation. CaMKI is colored in yellow and the
bound ATP in orange. In B, the residues that play important roles in the conformational changes are shown with ball-and-stick models in cyan. C A
schematic diagram showing the proposed model of the regulation of CaMKI. The conversion of CaMKI from an autoinhibited state to an inactive, pre-
CaM binding state, and subsequently an active state is illustrated. The a-helices that undergo conformational changes during the conversion and the
key residues are indicated with cylinders and stick models, respectively. ATP is represented with an oval.
doi:10.1371/journal.pone.0044828.g005
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structures in Protein Data Bank, there are only very few in which

the activation segment contains an a-helix, including serine/

threonine kinases CDKs [32,33] and Nek2 [34,35] and tyrosine

kinases Src/Hck (reviewed in [36]) and EGFR [37,38]. In most of

these structures, the N-terminal part of the activation segment

folds into a short a-helix which interacts with helix aC to constrain

it in an inactive position [32,34,36,37,38]. Hydrophilic interac-

tions of this part with helix aC, particularly with an invariant Glu,

have been suggested to be critical for maintenance of the inactive

conformation of the kinase [32]. In addition, hydrophobic

interactions between this part and helix aC have also been

demonstrated to be important. For example, in the inactive

EGFR, a Leu immediately following the DFG motif (Leu834) and

an adjacent Leu (Leu837) on the short a-helix of the activation

segment pack against the hydrophobic side of helix aC to stabilize

its inactive conformation [37,38]. Mutations of these two residues

to polar ones (L834R and L837E) have been found in lung cancer

patients, and the EGFR kinase domain carrying the L834R

mutation displays a substantially increased activity, underscoring

the importance of the two residues in the inhibition of the kinase

activity [37].

In the CaMK family, only the Leu residue equivalent to Leu834

of EGFR is conserved, corresponding to Leu165 of CaMKI. In the

apo CaMKI320, although the N-terminal part of the activation

segment takes a loop conformation rather than a helical

conformation, the side chain of Leu165 is also oriented towards

helix aC and forms hydrophobic interactions with residues of helix

aC, contributing to the stabilization of helix aC in the inactive

conformation. The specific conformation of Leu165 is apparently

associated with the aT-containing activation segment, as in the rat

CaMKI320 and CaMKI320-ATP and CaMKI315-ATP struc-

tures, Leu165 is disordered, while in the CaMK293-ATP

structure, the side chain of Leu165 points to an opposite direction

towards the catalytic site.

In some Nek2 structures, the C-terminal part of the activation

segment adopts a helical conformation and occupies a position

similar to that of helix aT in CaMKI320, including the wild-type

Nek2 in complex with ADP, and the T175A mutant Nek2 in apo

form and in complex with an ATP analog [35], indicating that the

helical conformation is formed independent of Thr175 and

nucleotide binding. Consistently, in the wild-type Nek2, Thr175

(equivalent to Thr177 of CaMKI) is exposed to the solvent;

whereas in CaMKI320, Thr177 points to the catalytic site to

interact with Tyr195 and hence is inaccessible to CaMKK.

Considering the previous report that Thr177 of the full-length

CaMKI cannot be phosphorylated in the absence of CaM [26],

the helical conformation of the activation segment that is

characterized by the sequestration of Thr177 is likely to be

adopted by the autoinhibited full-length CaMKI.

Drugs that specifically target a specific inactive conformation of

kinases can achieve high selectivity, which has been exemplified by

Gleevec [31,39]. Therefore, it is noteworthy that the newly

identified helical conformation of the activation segment in

CaMKI combined with the differences between CaMKI and

other kinases in this region could be exploited in the development

of inhibitors with high selectivity that can specifically lock CaMKI

in this unique inactive conformation.

Accession Codes
The crystal structures of the apo CaMKI320, the CaMKI320-

ATP complex, the CaMKI315-ATP complex, and the

CaMKI293-ATP complex have been deposited with the RCSB

Protein Data Bank under accession codes 4FG7, 4FG8, 4FG9, and

4FGB, respectively.

Supporting Information

Figure S1 Analysis of the interface between two two-fold
symmetry-related molecules in the CaMKI structures. A
The interface in the apo CaMKI320 structure. The interface is

formed mainly between helix aT of one molecule (in green) and

helices aG and aEF of the other (in cyan, denoted with

apostrophes), and is stabilized mainly by hydrophobic interactions.

The involved residues in the hydrophobic interactions are shown

with ball-and-stick models and colored accordingly. B The

interface in the CaMKI320-ATP structure. The interface is

comparable to that in the apo CaMKI320 structure, and helices

aG and aEF occupy similar positions as those in the apo

CaMKI320 structure; however, helix aT is largely disordered in

one molecule and completely disordered in the other.

(TIF)

Figure S2 Regulatory segments of CaMKs. A Comparison

of the overall structures of kinases with the CaM-binding and/or

autoinhibitory segments including human CaMKIa (the

CaMKI315-ATP structure determined in this study, green), rat

CaMKIa (PDB code 1A06, cyan), human CaMK1d (2JC6,

magenta), human CaMK1c (2JAM, yellow), human CaMK2a
(2VZ6, wheat), human CaMK2b (3BHH, grey), human CaMK2d
(2VN9, sky-blue), human CaMK2c (2V7O, orange), human

CaMKIV (2W4O, blue), and human death-associated kinase 1

(2X0G, red). B Docking of CaM to the CaMKI320-ATP complex

based on the CaM-binding segment (helix aR2, residues 299–314).

CaM is shown with a ribbon-and-surface representation in gray.

CaMKI320 is shown with a ribbon representation in magenta. C
Superposition of the structure of the CaM-CaMKI peptide

complex and the structure of CaMKIV in complex with an

inhibitor (blue, PDB code 2W4O) based on the CaM-binding

segment (residues 299–314 of CaMKI and residues 322–337 of

CaMKIV) shows severe steric conflicts between CaM and the N

lobe of CaMKIV.

(TIF)

Acknowledgments

We thank the staff members at the Shanghai Synchrotron Radiation

Facility of China, Beijing Synchrotron Radiation Facility of China, and the

Photon Factory of Japan for technical support in diffraction data collection,

and other members of our group for helpful discussion.

Author Contributions

Conceived and designed the experiments: MZ CZ JD. Performed the

experiments: MZ YO LH. Analyzed the data: MZ CZ JW JD. Wrote the

paper: MZ CZ JD.

References

1. Wayman GA, Tokumitsu H, Davare MA, Soderling TR (2011) Analysis of

CaM-kinase signaling in cells. Cell Calcium 50: 1–8.

2. Babu YS, Bugg CE, Cook WJ (1988) Structure of calmodulin refined at 2.2 A

resolution. J Mol Biol 204: 191–204.

3. Schmitt JM, Guire ES, Saneyoshi T, Soderling TR (2005) Calmodulin-

dependent kinase kinase/calmodulin kinase I activity gates extracellular-

regulated kinase-dependent long-term potentiation. J Neurosci 25: 1281–1290.

4. Guire ES, Oh MC, Soderling TR, Derkach VA (2008) Recruitment of calcium-

permeable AMPA receptors during synaptic potentiation is regulated by CaM-

kinase I. J Neurosci 28: 6000–6009.

Structures of Human CaMKIa

PLOS ONE | www.plosone.org 11 September 2012 | Volume 7 | Issue 9 | e44828



5. Wayman GA, Impey S, Marks D, Saneyoshi T, Grant WF, et al. (2006) Activity-

dependent dendritic arborization mediated by CaM-kinase I activation and
enhanced CREB-dependent transcription of Wnt-2. Neuron 50: 897–909.

6. Uboha NV, Flajolet M, Nairn AC, Picciotto MR (2007) A calcium- and

calmodulin-dependent kinase Ialpha/microtubule affinity regulating kinase 2
signaling cascade mediates calcium-dependent neurite outgrowth. J Neurosci 27:

4413–4423.
7. Saneyoshi T, Wayman G, Fortin D, Davare M, Hoshi N, et al. (2008) Activity-

dependent synaptogenesis: regulation by a CaM-kinase kinase/CaM-kinase I/

betaPIX signaling complex. Neuron 57: 94–107.
8. Davare MA, Fortin DA, Saneyoshi T, Nygaard S, Kaech S, et al. (2009)

Transient receptor potential canonical 5 channels activate Ca2+/calmodulin
kinase Igamma to promote axon formation in hippocampal neurons. J Neurosci

29: 9794–9808.
9. Ang ES, Zhang P, Steer JH, Tan JW, Yip K, et al. (2007) Calcium/calmodulin-

dependent kinase activity is required for efficient induction of osteoclast

differentiation and bone resorption by receptor activator of nuclear factor kappa
B ligand (RANKL). J Cell Physiol 212: 787–795.

10. Lee JC, Kwon YG, Lawrence DS, Edelman AM (1994) A requirement of
hydrophobic and basic amino acid residues for substrate recognition by Ca2+/

calmodulin-dependent protein kinase Ia. Proc Natl Acad Sci U S A 91: 6413–

6417.
11. Nairn AC, Greengard P (1987) Purification and characterization of Ca2+/

calmodulin-dependent protein kinase I from bovine brain. J Biol Chem 262:
7273–7281.

12. Sheng M, Thompson MA, Greenberg ME (1991) CREB: a Ca(2+)-regulated
transcription factor phosphorylated by calmodulin-dependent kinases. Science

252: 1427–1430.

13. Chang CW, Chang GD, Chen H (2011) A novel cyclic AMP/Epac1/CaMKI
signaling cascade promotes GCM1 desumoylation and placental cell fusion. Mol

Cell Biol 31: 3820–3831.
14. Yokokura H, Picciotto MR, Nairn AC, Hidaka H (1995) The regulatory region

of calcium/calmodulin-dependent protein kinase I contains closely associated

autoinhibitory and calmodulin-binding domains. J Biol Chem 270: 23851–
23859.

15. Matsushita M, Nairn AC (1998) Characterization of the mechanism of
regulation of Ca2+/ calmodulin-dependent protein kinase I by calmodulin

and by Ca2+/calmodulin-dependent protein kinase kinase. J Biol Chem 273:
21473–21481.

16. Goldberg J, Nairn AC, Kuriyan J (1996) Structural basis for the autoinhibition of

calcium/calmodulin-dependent protein kinase I. Cell 84: 875–887.
17. Otwinowski Z, Minor W (1997) Processing of X-ray Diffraction Data Collected

in Oscillation Mode. Methods in Enzymology 276: 307–326.
18. Brunger AT, Adams PD, Clore GM, DeLano WL, Gros P, et al. (1998)

Crystallography & NMR system: A new software suite for macromolecular

structure determination. Acta Crystallogr D54: 905–921.
19. Emsley P, Cowtan K (2004) Coot: model-building tools for molecular graphics.

Acta Crystallogr D60: 2126–2132.
20. Murshudov GN, Vagin AA, Dodson EJ (1997) Refinement of macromolecular

structures by the maximum-likelihood method. Acta Crystallogr D53: 240–255.
21. Knighton DR, Zheng JH, Ten Eyck LF, Ashford VA, Xuong NH, et al. (1991)

Crystal structure of the catalytic subunit of cyclic adenosine monophosphate-

dependent protein kinase. Science 253: 407–414.

22. Saraste M, Sibbald PR, Wittinghofer A (1990) The P-loop–a common motif in

ATP- and GTP-binding proteins. Trends Biochem Sci 15: 430–434.

23. Yang J, Cron P, Good VM, Thompson V, Hemmings BA, et al. (2002) Crystal

structure of an activated Akt/protein kinase B ternary complex with GSK3-

peptide and AMP-PNP. Nat Struct Biol 9: 940–944.

24. Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S (2002) The

protein kinase complement of the human genome. Science 298: 1912–1934.

25. Huse M, Kuriyan J (2002) The conformational plasticity of protein kinases. Cell

109: 275–282.

26. Haribabu B, Hook SS, Selbert MA, Goldstein EG, Tomhave ED, et al. (1995)

Human calcium-calmodulin dependent protein kinase I: cDNA cloning, domain

structure and activation by phosphorylation at threonine-177 by calcium-

calmodulin dependent protein kinase I kinase. EMBO J 14: 3679–3686.

27. Clapperton JA, Martin SR, Smerdon SJ, Gamblin SJ, Bayley PM (2002)

Structure of the complex of calmodulin with the target sequence of calmodulin-

dependent protein kinase I: studies of the kinase activation mechanism.

Biochemistry 41: 14669–14679.

28. Kranz JK, Lee EK, Nairn AC, Wand AJ (2002) A direct test of the reductionist

approach to structural studies of calmodulin activity: relevance of peptide models

of target proteins. J Biol Chem 277: 16351–16354.

29. Rellos P, Pike AC, Niesen FH, Salah E, Lee WH, et al. (2010) Structure of the

CaMKIIdelta/calmodulin complex reveals the molecular mechanism of

CaMKII kinase activation. PLoS Biol 8: e1000426.

30. de Diego I, Kuper J, Bakalova N, Kursula P, Wilmanns M (2010) Molecular

basis of the death-associated protein kinase-calcium/calmodulin regulator

complex. Sci Signal 3: ra6.

31. Noble ME, Endicott JA, Johnson LN (2004) Protein kinase inhibitors: insights

into drug design from structure. Science 303: 1800–1805.

32. Brown NR, Noble ME, Lawrie AM, Morris MC, Tunnah P, et al. (1999) Effects

of phosphorylation of threonine 160 on cyclin-dependent kinase 2 structure and

activity. J Biol Chem 274: 8746–8756.

33. Day PJ, Cleasby A, Tickle IJ, O’Reilly M, Coyle JE, et al. (2009) Crystal

structure of human CDK4 in complex with a D-type cyclin. Proc Natl Acad

Sci U S A 106: 4166–4170.

34. Rellos P, Ivins FJ, Baxter JE, Pike A, Nott TJ, et al. (2007) Structure and

regulation of the human Nek2 centrosomal kinase. J Biol Chem 282: 6833–6842.

35. Westwood I, Cheary DM, Baxter JE, Richards MW, van Montfort RL, et al.

(2009) Insights into the conformational variability and regulation of human Nek2

kinase. J Mol Biol 386: 476–485.

36. Sicheri F, Kuriyan J (1997) Structures of Src-family tyrosine kinases. Curr Opin

Struct Biol 7: 777–785.

37. Zhang X, Gureasko J, Shen K, Cole PA, Kuriyan J (2006) An allosteric

mechanism for activation of the kinase domain of epidermal growth factor

receptor. Cell 125: 1137–1149.

38. Wood ER, Truesdale AT, McDonald OB, Yuan D, Hassell A, et al. (2004) A

unique structure for epidermal growth factor receptor bound to GW572016

(Lapatinib): relationships among protein conformation, inhibitor off-rate, and

receptor activity in tumor cells. Cancer Res 64: 6652–6659.

39. Schindler T, Bornmann W, Pellicena P, Miller WT, Clarkson B, et al. (2000)

Structural mechanism for STI-571 inhibition of abelson tyrosine kinase. Science

289: 1938–1942.

Structures of Human CaMKIa

PLOS ONE | www.plosone.org 12 September 2012 | Volume 7 | Issue 9 | e44828


