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A B S T R A C T

Calmodulin (CaM) is a ubiquitous Ca2þ sensing protein that binds to and modulates numerous target proteins and
enzymes during cellular signaling processes. A large number of CaM-target complexes have been identified and
structurally characterized, revealing a wide diversity of CaM-binding modes. A newly identified target is creatine
kinase (CK), a central enzyme in cellular energy homeostasis. This study reports two high-resolution X-ray
structures, determined to 1.24 Å and 1.43 Å resolution, of calmodulin in complex with peptides from human brain
and muscle CK, respectively. Both complexes adopt a rare extended binding mode with an observed stoichiometry
of 1:2 CaM:peptide, confirmed by isothermal titration calorimetry, suggesting that each CaM domain indepen-
dently binds one CK peptide in a Ca2þ-depended manner. While the overall binding mode is similar between the
structures with muscle or brain-type CK peptides, the most significant difference is the opposite binding orien-
tation of the peptides in the N-terminal domain. This may extrapolate into distinct binding modes and regulation
of the full-length CK isoforms. The structural insights gained in this study strengthen the link between cellular
energy homeostasis and Ca2þ-mediated cell signaling and may shed light on ways by which cells can ‘fine tune’
their energy levels to match the spatial and temporal demands.
1. Introduction

Chemical energy necessary for biochemical processes in all cells is
largely provided by adenosine triphosphate (ATP). ATP is primarily
produced by oxidative phosphorylation in the mitochondria from where
it can be directly exported to the cytosol via diffusion (Elston et al., 1998;
Watt et al., 2010; Berg et al., 2010). The energy demand within the
cytosol varies spatially and temporally and is regulated through the
phosphocreatine energy buffer system (Bessman and Geiger, 1981;
Wallimann et al., 1992, 2011). Creatine kinase (CK, EC 2.7.3.2) is
particularly important in cells with high-energy consumption, and is
expressed as different mitochondrial and cytosolic isoforms, the latter
including brain (CKB) and muscle-type (CKM) (Wallimann et al., 2011;
P, Adenosine triphosphate; Ca2þ
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Jacobs et al., 1964; Kekelidze and Holtzman, 2003; Bais and Edwards,
1982; Ventura-Clapier et al., 1998). Depending on the substrate con-
centration, CK converts ATP and creatine (Cr) into creatine-phosphate
(CrP) and ADP, or vice versa (Bessman and Geiger, 1981). At a high
local ATP concentration, the mitochondrial CK isoforms generate CrP,
which is exported to the cytosol where at low ATP concentration the
cytosolic CK isoforms regenerate ATP and Cr to meet an increased energy
demand. This interplay between the mitochondrial and cytosolic CK
isoforms is the basis for the cellular ATP shuttle system (Wallimann et al.,
2011; Jacobs et al., 1964; Schlattner et al., 2016). Disturbances of this
system may cause disease; down-regulation of CKs has been associated
with myopathies (Schlattner et al., 2006) and neurodegenerative dis-
eases such as Alzheimer's disease (Kekelidze and Holtzman, 2003; Bais
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and Edwards, 1982). It has been suggested that CK further regulates the
local ATP concentration through co-localization with energy-consuming
enzymes, e.g., with membrane pumps (Schlattner et al., 2016; Wallimann
et al., 1984). Though CK plays a major role during drastic changes in ATP
demand (Wallimann et al., 2011), its ability to quickly produce the large
amounts of ATP needed to fill a temporal energy gap is poorly understood
(Hettling and van Beek, 2011).

Cells may experience a temporal ‘energy stress’ due to the activation
of highly energy-consuming processes in response to fast cell signalling
(e.g., activation of a muscle cell), which is often mediated through the
calcium ion (Ca2þ) as a second messenger (Clapham, 1995; Berridge
et al., 2000; Bhosale et al., 2015). An incoming signal causes release of
Ca2þ from intracellular storage compartments to the cytosol and acti-
vates calmodulin (CaM) (Chin and Means, 2000). CaM is a universal
Ca2þ-sensing protein that plays a major role in diverse cellular processes
such as signal transduction andmuscle contraction (Clapham, 1995; Chin
andMeans, 2000). The exposure of hydrophobic sites for interaction with
target proteins is energetically coupled to Ca2þ binding to the EF-hands
in CaM. Upon an increase in cytosolic Ca2þ concentration, CaM thus
binds to and activates several enzymes, including a large number of ki-
nases and membrane pumps (Klee et al., 1986). Such activation of
ATP-consuming processes, particularly at cell membranes, causes a
temporal energy gap (Wallimann et al., 2011).

It would be beneficial for the cell if ATP regeneration is brought under
the same Ca2þ control system as the energy consuming activities, i.e.
through interaction with CaM. Indeed, in two previous protein-array
studies (O'Connell et al., 2010; Herling et al., 2016), more than 100
novel CaM targets were identified, and among them different proteins
and enzymes involved in energy metabolism. The current work builds on
the discovery of CK from brain, muscle, and mitochondria as CaM target
enzymes (Herling et al., 2016). CaM has moreover been shown to in-
crease CKB-catalyzed ATP production 7-fold (Herling et al., 2016) under
physiological substrate concentrations (Wallimann et al., 1992), while
the cooperativity of substrate binding was abolished by CaM binding
(Herling et al., 2016). CKB exists as a homodimer, and in the presence of
Ca2þ, two CaM have been inferred to bind to two CKB monomers of the
dimeric enzyme in a 2:2 stoichiometry (Herling et al., 2016). The newly
identified CaM-CK interaction may be important for managing the
cellular ATP in a local and temporal manner.

No structural information has yet been obtained for a CaM-CK com-
plex, and the CaM-target site in CK has remained unknown. Structures of
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the individual proteins, CaM and CK, however, are known. CaM consists
of two structurally similar domains (lobes) connected by a linker (Babu
et al., 1985, 1988; Finn and Fors�en, 1995). Each domain contains two
helix-loop-helix Ca2þ-binding subdomains referred to as EF-hands, which
allow for the binding of up to four Ca2þ per CaM (Nakayama and Kret-
singer, 1994; Nelson et al., 2002). When cytosolic Ca2þ levels increase
during signalling processes, the four Ca2þ sites of CaM are filled, and CaM
undergoes conformational changes to expose hydrophobic patches (Chin
and Means, 2000; Klee et al., 1986). In the presence of Ca2þ, each lobe
exposes a hydrophobic cleft with a significant number of phenylalanine
and methionine residues (Babu et al., 1985, 1988; Kretsinger, 1992). As a
consequence, the affinity for protein targets, including a range of kinases,
is enhanced (Berridge et al., 2000; Tidow and Nissen, 2013; Hoeflich and
Ikura, 2002; O'Connell et al., 2013). CaM typically binds to a portion of
the target protein that adopts an amphiphilic helix upon binding. There
are only a few known cases of crystal structures of CaM in complex with a
full-length protein target. Instead, a more tractable approach has been to
identify the CaM binding site of the target (Yap et al., 2000), synthesize a
target peptide with the respective sequence, and obtain a structure of the
CaM-target peptide complex. Structures for many such complexes are
available in the protein data bank (PDB), and the structural diversity of
CaM in these complexes has been reviewed (Tidow and Nissen, 2013;
Hoeflich and Ikura, 2002; O'Connell et al., 2013). The flexibility of the
linker joining the N- and C-terminal domains of CaM (N- and C-lobe)
allows for a large variation in their relative orientation and binding
modes. In the most common binding mode, the peptide is bound by the
two CaM lobes in a “hotdog in a bun”manner. There are also examples of
complexes of an extended CaM with one or both lobes interacting inde-
pendently with target peptide (Tidow and Nissen, 2013).

Human CKB and CKM share approximately 80% sequence identity
(SI, Fig. 1), and their crystal structures are highly similar (Fig. 1A) (Bong
et al., 2008; Shen et al., 2001). CKM and CKB are both homodimers with
each monomer comprising an N-terminal helical domain and a C-termi-
nal α/β domain (residues 1–100 and 125–381, respectively, for CKB),
connected by a 24-residue linker (Yap et al., 2000). The loop regions
comprising residues 60–70 and 323–332, in the vicinity of the active site,
are hypothesized to play an important role in the regulation of the
enzyme activity, and their structures differ between isoforms (Bong et al.,
2008; Shen et al., 2001; Eder et al., 2008). Structures of CKB in complex
with substrates or substrate analogs reveal ligand-dependent structural
changes of these loops and the adjacent helices, especially the
Fig. 1. A,B. CKM and CKB dimer and CaM
binding peptides. (A) Overlaid structures of
CKB (PDB ID: 3DRE, pale green) with CKM
(PDB ID: 1I0E, pale blue) dimers without li-
gands bound in the active site. The surface is
shown in gray. The individual monomers can
be distinguished by the different shades of
blue/green of the cartoon or silver surface
and the dimer interface is indicated by a
dotted line. The location of the active site is
indicated by an orange oval; the CaM bind-
ing peptide of CKB is highlighted in bright
green and of CKM in bright blue. (B) The
sequence of the CaM-binding peptides with
sequence numeration in the peptide and
respective CK structure is given. The corre-
sponding secondary structure in the CK
structures is indicated above the sequences.
The residues are colored according to prop-
erties in yellow (hydrophobic), gray (hydro-
philic), red (negatively charged) and blue
(positively charged). (For interpretation of
the references to color in this figure legend,
the reader is referred to the Web version of
this article.)
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amphiphilic helix α12 of the C-terminal region (Fig. 1). Therefore, these
loops and helix α12 of that region are possible CaM-binding sites.

In the present study, we have employed X-ray crystallography,
isothermal titration calorimetry (ITC), and molecular dynamics (MD)
simulations, to study the complex formation between CaM and CK pep-
tides. The results reveal energetic and structural insights into CaM
interaction with CKB and CKM. Our findings shed new light on the link
between Ca2þ signaling and cellular energy metabolism through Ca2þ-
dependent CaM-CK interactions.

2. Results

2.1. Putative CaM binding peptides from CKB and CKM

The selection of putative CaM-binding regions within CK was based
on the identification of amphiphatic helical elements within the human
CKB sequence (UniprotID:P12277) using the CaM target data base (Yap
et al., 2000) (SI, Fig. 2). combined with manual inspection of the
sequence and 3D structure (PDB ID: 3DRE; Fig. 1). Two sequences within
CKB were selected and the corresponding peptides synthesized, one
covering CKB residues 312–329, i.e., a major part of the structurally
mobile loop region at the CKB active site, and one covering CKB residues
301–318 (Fig. 1B), i.e., helix α12 and 310-turn η4; numbering according
Fig. 2. A–G. ITC of CK peptides with CaM and CaM-lobes. Titration curves for full-len
peptide (A–C) and CKM peptide (D–F), respectively, in 10 mM Tris-HCl, 150 mM KC
structural clip-figures. No heat peaks could be detected in buffer with EDTA to keep t
of 10 μM peptide into the cell until saturation and stabilization of the base-line (3–4 m
over full length CaM). The titration curves were fitted by a 1:2 binding model (CaM:P
for the titrations into the CaM-lobes. The resulting affinities are listed in SI, Table 1.
CaM in (F) is due to the large protonation enthalphy of the 10 mM TRIS buffer, wh
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to (Eder et al., 2008), as well as part of a loop. The latter is referred to in
this study as the CKB peptide. A peptide from CKM covering the region
homologous to the CKB peptide (the CKM peptide; residues 301–318;
Fig. 1B) was also used to study its binding to CaM.
2.2. ITC studies of peptide binding to CaM and CaM globular domains

The affinity and stoichiometry of binding of each peptide to CaM
were evaluated using ITC. Full-length human CaM or individual N- or C-
terminal globular CaM domains (N-lobe fragment; C-lobe fragment) were
titrated with the peptides from either CKB or CKM in 1.0 mM CaCl2, 10
mM Tris-HCl, 150 mM KCl, pH 7.5. Data obtained with the CKB peptide
or the CKM peptide and full-length CaM were best fitted using a 2:1
peptide:CaM stoichiometry. The data were well reproduced using either
single average binding constant associated with an average ΔH and or
two independent binding constants associated with separate values of
ΔH, implying no cooperativity. The two peptides display similar average
dissociation constants in the low μM range (CaM:CKB peptide: KD ¼ 1.6
� 0.3 μM; CaM:CKM peptide: KD ¼ 2.0 � 0.2 μM; Fig. 2). No peptide
binding was detected in the absence of Ca2þ (i.e., in a buffer with 1.0 mM
EDTA), suggesting a strong Ca2þ dependence of complex formation. No
binding could be detected at any solution conditions for the peptide
covering CKB residues 312–329.
gth CaM (40 μM) and N- and C-lobe fragments (25 μM) titrated with 500 μM CKB
l, 1 mM Ca2þ, pH 7.5. The CaM samples and peptides used are indicated by the
he free Ca2þ concentration low (Not shown). The titration was done by addition
olar excess of peptide over CaM-lobe sample and 4.5–8 molar excess of peptide

eptide) for the titrations of the peptides into the full-length CaM samples and 1:1
The endothermic signals for the titration of the CKM peptide into the C-lobe of
ile exothermic peaks are obtained in 10 mM HEPES buffer as shown in (G).
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The ITC experiments were repeated using the N- and C-lobe frag-
ments, respectively, separately expressed and purified, in 1.0 mM CaCl2,
10 mM Tris-HCl, 150 mM KCl, pH 7.5. The titration data for each frag-
ment with the CKB or CKM peptides (Fig. 2B, C, E, F) are best fit by a 1:1
binding model with a stoichiometry of one peptide per fragment and
dissociation constants in the low or sub-μM range. For N-lobe and the
CKB peptide: KD ¼ 2.0 � 0.1 μM. For C-lobe fragment and the CKB
peptide: KD ¼ 0.13� 0.02 μM. For N-lobe and the CKM peptide: KD ¼ 1.3
� 0.2 μM. For C-lobe fragment and the CKM peptide: KD ¼ 3.6 � 0.9 μM.

Although the aim of the ITC experiments was to estimate the affinity
and stoichiometry, we were intrigued by the fact that all experiments in
10 mM Tris, 150 mM KCl, 1.0 mM CaCl2 pH 7.5 revealed an overall
exothermic reaction, except for the C-lobe fragment titrated with the
CKM peptide in which case an overall endothermic reaction was
observed (Fig. 2F; ΔHtot,T ¼ 7.1 kJ/mol). Tris is associated with a large
protonation enthalpy, ΔHp,T ¼ �47.71 kJ/mol. The experiment with the
C-lobe fragment and the CKM peptide was therefore repeated in 10 mM
HEPES 150 mM KCl, 1.0 mM CaCl2 pH 7.5 (ΔHp,H ¼ �21.08 kJ/mol)
yielding ΔHtot,H ¼ �4.6 kJ/mol (Fig. 2G). The enthalpy change of the
binding reaction, ΔH, and the number of protons transferred per binding
event, n, was resolved from the equation system

nΔHtot;T ¼ ΔH þ n ΔHp;T

ΔHtot;H ¼ ΔH þ n ΔHp;H

as ΔH ¼ �14 kJ/mol, and n ¼ �0.44. Thus, the binding reaction is
indeed exothermic and protons are transferred to the buffer, implying an
average increase in pKa values of peptide or protein upon complex for-
mation (Lund and J€onsson, 2005). The dissociation constant for the
C-lobe fragment with the CKM peptide is similar in both buffers and the
weighted average is KD ¼ 3.6 � 0.9 μM. For completeness all resulting
values (KA, KD, n) from the ITC experiments are summarized in SI,
Table 1.
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2.3. Crystallization and X-ray diffraction of CaM/CKB-peptide and CaM/
CKM-peptide complexes

Crystals of Ca2þ-CaM in complex with CKB or CKM peptide, respec-
tively, appeared within 1–2 days as plate clusters (SI, Fig. 3) under the
same crystallization conditions (25% PEG 1500, 12.5 mM succinic acid,
44 mM sodium phosphate, 44 mM glycine, pH 4–5). Data sets from
separated individual plates were collected with maximum resolutions of
1.24 Å and 1.43 Å for the CaM/CKB-peptide and CaM/CKM-peptide
complexes, respectively. The data sets were processed in spacegroup
P21 for the CaM/CKB-peptide and C2 for the CaM/CKM-peptide complex
(data collection statistics shown in Table 1). The CaM/CKB-peptide
structure was solved using molecular replacement (MR), in which the
N-terminal CaM domain from the NMR structure of CaM in complex with
a binding peptide from calmodulin kinase I (PDB ID: 2L7L, residues 3–79)
was used as initial search model in combination with manual placement
of the C-terminal CaM domain. This MR solution for the CaM/CKB-
peptide complex was then used as a search model to solve the CaM/
CKM-peptide structure. The electron density for CaM allowed place-
ment and refinement of residues 3–148 of CaM for the complex structure
with CKB peptide and residues 5–147 of CaM in the case of CKM peptide
structure. The refinement statistics are shown in Table 1. Both complex
structures show two bound peptides, one to each domain of a CaM
molecule in an extended conformation (Fig. 3).

The electron density for the peptides (shown in SI, Fig. 4) is generally
less defined than for CaM and, except for the CKB peptide bound to the C-
lobe, not all peptide residues could be modeled, in particular the position
of the first N-terminal residues is largely undefined (described below).
The peptide residues building up the amphiphatic helix (residues
308–314; Fig. 1B) could all be assigned and found to adopt the same
structure as within the α12 helix of the full-length crystal structures for
CKB (PDB ID: 3DRE) and CKM (PDB ID: 1I0E), respectively (Figs. 1 and
Fig. 3. A–E. CaM/CKB-peptide and CaM/
CKM-peptide crystal structures. (A) Overlay
of CaM/CKB-peptide peptide structure (gray
cartoon with green helical peptides) with
CaM/CKM-peptide structure (pale orange
cartoon with blue peptides). Structure of
CaM/CKB-peptide in same color code as for
(A) shown in (B) with indicated direction of
the peptide helices by arrows. In analogy the
CaM/CKM-peptide structures are shown in
(C) with color coding as in (A). Clip figures of
the individual structures are shown below
the corresponding structures as (D) (CaM/
CKB-peptide) and (E) (CaM/CKM-peptide).



Table 1
Crystallographic table.

Complex CaM/CKB-peptide CaM/CKM-peptide

Data collection ESRF ID23-1 ESRF ID30B
PDB code 7BF1 7BF2

Collection statistics

Resolution range (Å) 39.16–1.23 (1.27–1.24)* 38.87–1.43 (1.48–1.43)
Space group P21 C2
Unit cell a,b,c (Å)
α,β,γ (�)

24.41 59.34 52.48
90.00 98.34 90

105.69 24.53 60.35
90 104.83 90

Multiplicity 7.2 (7.1) 7.0 (6.2)
Completeness (%) 98.85 (97.65) 97.46 (88.93)
Mean I/sigma (I/σ) 15.76 (1.44) 14.60 (0.96)
Wilson B-factor (Å2) 16.20 23.40
R-merge 0.048 (1.19) 0.051 (1.50)
R-meas 0.052(1.28) 0.056 (1.65)
CC1/2 0.99 (0.60) 0.99 (0.51)
CC* 1 (0.85) 1 (0.82)

Refinement

R-work (%) 13.5 20.6
R-free (%) 18.6 23.8
RMSZ (bond lengths) 0.71 0.86
RMSZ (angles) 1.04 0.91
Ramach. favored (%) 98.8 99.0
Ramach. allowed (%) 1.2 1.0
Average B-factor (Å2) 23.0 36.0
Solvent content (%) 24.97 29.91
Number protein residues 146 (3–148, chain A) 143 (5–147, chain A)
Number peptide molecules 2 2
Number peptide residues 18 (301–318, chain C) 15 (304–318, chain C)

11 (307–317, chain D) 13 (306–318, chain D)
Number waters 148 83

*Numbers in brackets represent statistics for highest resolution shell.
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4). Both complexes show a tight crystal packing resulting in a low solvent
(water) content of 25% and 30% for the CaM/CKB- and CaM/CKM-
peptide complex, respectively. The overall quality of the structures is
very good as indicated by the values from refinement statistics and
MolProbity scores reported in Table 1. The Rwork/Rfree values of both
structures are slightly higher compared to other structures with similar
resolutions in the PDB. The partial disorder of some of the peptide resi-
dues is a likely cause for these slightly elevated values.
2.4. Ca2þ-coordination and crystal contacts

All four EF-hands of each structure show full occupancy of four ca-
nonical Ca2þ binding sites with pentagonal bipyramidal coordination of
Ca2þ (Fig. 3 and SI, Fig. 5). The Ca2þ-coordination is generally highly
similar to previously described Ca2þ-loaded CaM structures (Babu et al.,
1988) in the Ca2þ-sites (numbered from N-to C-terminus of CaM) in both
complexes. However, some variation is seen in regards to the
Ca2þ-coordinating water molecule, typically found in EF-hand sites
(Babu et al., 1988). The Ca2þ in site 1 of both complex structures is
instead coordinated by a carboxyl oxygen of Asp119 from a
symmetry-related molecule (distance of 3.5 Å to Ca2þ; SI, Figs. 5 and 6);
this is propagating throughout the entire crystal lattice for both crystal
structures despite the different spacegroups, P21 for the CKB peptide
complex and C2 for the CKM peptide complex. Some other extended CaM
crystal structures display a similar crystal contact interface, e.g. in CaM in
complex with peptides from the NADPH oxidase 5 (PDB ID: 6SZ5)
(Fa~nan�as et al., 2020), whereas the distance of >4 Å between the
carboxyl oxygen of Asp119 and Ca2þ is too large for a Ca2þ-coordination
in some cases (e.g. PDB ID: 6MUE and 1EXT).
2.5. CKB and CKM peptide orientation and contacts in the CaM-lobes

The CKB and CKM peptides are bound to the C-lobe of CaM in a
similar orientation (~25� shift between the helix axes; Fig. 3). In the N-
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lobe, the peptides bind at a similar position, but in reverse orientation
(180� rotation) with the N-terminus of one peptide located at the position
of the C-terminus of the other peptide (Figs. 3 and 4). Hydrophobic
residues within the contact surfaces are listed in Table 2 and shown in SI,
Fig. 7. Contacts between polar and charged moieties with distance <4 Å
are listed in Table 3 and shown in Fig. 4A.

2.6. Protein-peptide interface in CaM/CKB-peptide complex

The electron density of the CKB peptide bound to the N-lobe allows
only residues 307–317 to be reliably modeled (Fig. 4A). The peptide
density is much better defined in the C-lobe and allows model building of
the entire CKB peptide (residues 301–318; Fig. 4C). The hydrophobic
residues of the helical part (α12) of both CKB peptides are facing the
hydrophobic groove of each CaM lobe. Analysis of the peptide-CaM in-
terfaces with PISA (Krissinel, 2015) showed that the buried surface area
of the peptide and the CaM residues is to a larger extent composed of
hydrophobic residues for the N-lobe (~70%) than for the C-lobe
(~51–59%) (Fig. 4A), which instead displays a larger number of polar
and charged contacts with residues framing the α12 helix (Table 3).
Within the peptide bound to the C-lobe, the carboxyl oxygens of Glu310
are in close proximity to both primary amino nitrogen atoms of Arg314.
Furthermore, several water molecules are present at the CaM-peptide
interfaces, which may hydrogen bond with peptide residues (Fig. 4).

2.7. Protein-peptide interface in CaM/CKM-peptide complex

The CKM peptide electron density is less defined than for the CKB
peptides, though at the N-lobe a larger number of residues (304–318)
could be identified for the CKM peptide compared to the CKB peptide
(Fig. 4B). For the peptide bound to the C-lobe, however, only residues
306–318 were clearly visible (Fig. 1; Fig. 4D and SI, Fig. 3). Contacts
between the CKM peptide and CaM residues are primarily between the
hydrophobic α12 helix residues and the residues at the hydrophobic
pocket in each of the CaM lobe (Table 2; Fig. 4A–D and SI, Fig. 7). The
buried surface areas contain a similar high proportion of hydrophobic
residues of 70% and 75% (N-lobe), and 74% and 71% (C-lobe), for the
peptide and CaM, respectively. The CKM peptide bound to the C-lobe
presents more polar contacts compared to the peptide bound to the N-
lobe (Table 3). Within the peptide bound to the C-lobe there is a close
contact between the side-chain guanidinium group of Arg314 and the
backbone carbonyl oxygen of Leu313.

2.8. Computational modeling of CaM binding to CKB

To investigate possible modes of interactions of Ca2þ-bound lobes of
intact CaMwith full-length CKB, we constructed a structural model based
on the CaM/CKB-peptide X-ray structures reported here and previously
solved X-ray structures of dimeric CKB. In the CaM/CKB-peptide struc-
ture, the short CKB peptide is bound to both the C-lobe and the N-lobe of
extended CaM, allowing two possible interactions of CaM with the CKB
dimer. To take into account the flexibility of the linker between the CaM
lobes, a hybrid structure was constructed using a peptide-binding lobe
from the CaM-CKB crystal structure plus a flexible loop and the other lobe
from an NMR structure as described in the methods. One starting model
has the C-lobe (Fig. 5A), and another the N-lobe (Fig. 5B) of CaM bound
to the corresponding residues in full-length CKB as found in the CaM/
CKB-peptide crystal structure. Each model is composed of the dimeric
CKB structure, and the corresponding two full CaM structures bound to
each of the two CKB monomers. Both models thus have a stoichiometry
of 2:2 (CKB:CaM), based on solution data (Herling et al., 2016). The
models were refined using MD simulations with added virtual springs
(restraints) between the helix of the CKB monomer and the contacting
residues in the CaM lobe according to the CaM-CKB crystal structure (see
Methods). The distances used for the virtual springs (harmonic restraints)
were obtained from the CaM/CKB-peptide crystal structure in the form of



Fig. 4. A–D. Interactions between CaM
and the CK peptides. Binding of CKB
and CKM peptides to the different CaM
lobes: (A) CKB peptide in the N-teminal
CaM-lobe, (B) CKM peptide in the N-
teminal CaM-lobe, (C) CKB peptide in
the C-teminal CaM-lobe, (D) CKM pep-
tide in the C-teminal CaM-lobe. To the
left of each, CaM with hydrophobic
areas shown in white, surfaces of
negatively charged residues shown in
red and of positively charged residues
in blue. The bound peptide is shown as
cartoon in green and blue, for CKB and
CKM, respectively, and specific resi-
dues are highlighted as sticks to visu-
alize the interface, especially to show
fitting of the hydrophobic residues of
the peptide into the hydrophobic patch
of the CaM-lobe. The pie charts repre-
sent the contribution of hydrophobic
residues (yellow) and polar residues
(red) to the buried surface area. The
surface analysis was performed using
jsPISA (Krissinel, 2015). Contacts be-
tween the peptide residues with waters
(pink balls and black lines) or CaM
residues (blue lines) including types of
atoms interacting are indicated based
on the peptide sequence. To the right,
the backbone of CaM is shown as
cartoon and the bound peptide as sticks
with as carbons in green and blue, for
CKB and CKM, respectively, oxygen in
red, nitrogen in blue and sulphur in
yellow. The orientation of the peptide
from C-to N-terminus is indicated by a
cylinder showing the helix and an
arrow pointing to the C-terminus.
CaM-residues within a radius of 4 Å
around any atom of the bound peptide
residue are shown as sticks with car-
bons in gray, oxygen in red, nitrogen in
blue and sulphur in yellow. Contacts of
<4 Å distance between atoms of polar
amino acids are indicated by orange
lines and the residues are labeled.
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Fig. 5. A,B. CaM-CKB models.
Models of CKB with bound CaM include
dimeric CKB based on the ligand-free struc-
ture (PDB ID: 3DRE) and a hybrid of the
crystal structure of the CaM/CKB-peptide
crystal structure (always the lobe that is
bound to CKB) and an NMR model (the other
lobe) to account for CaM flexibility in solu-
tion. The computational models after 250 ns
MD simulations are shown in two different
orientations in surface representations
(green) with (A) CaM C-lobes (orange) or (B)
CaM N-lobes (gray) bound to CKB. The
tetrameric complexes show a 2:2 binding of
2 CaM bound to 2 CKB that is organized as
dimer (the individual monomers are colored
in light and dark green).

Fig. 6. A,B. CaM-CKB model and active site
loop mobility.
The model of two CaM molecules with their
C-lobes bound to the CKB dimer (A) as in
Fig. 5A but shown as a transparent surface
(with one monomer in lighter and the other
in darker green) and also including the CKB
structure as cartoon. The two CaM molecules
are presented as cartoon with Ca2þ (in the C-
lobe) shown as red spheres. A zoom-in is
shown of the CaM-CKB binding site (The
model after 250 ns simulation) with
EXTRABONDS indicated as orange lines with
highlighted residues for the constraints as
sticks with carbon in gray or green for the
CaM and CKB structures, respectively and
oxygen in red, nitrogen blue and sulphur in
yellow. The active site region of the C-ter-
minus of CKB (B) is shown for the crystal
structures of CKB with bound ADP and CrP
(Yellow ribbon, PDB ID:3B6R) without
ligand bound (rose ribbon, PDB ID: 3DRE)
and after simulation with bound CaM (green
ribbon) with CaM binding region is high-
lighted by a black oval. The active site is
shown by the ligands (ADP, CrP and NO3) as
stick models from the ligand bound structure
(PDB ID: 3B6R) with carbon in light blue,
nitrogen in dark blue, phosphor in orange,
and oxygen in red.
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four pairs of Cα atoms from CaM and the CKB peptide, respectively, as
shown in SI, Fig. 6A and Table 2. To maintain the secondary structure of
the peptide, the dihedral angles in the helix were restrained to the values
seen in the crystal structure of the CKB dimer (Bong et al., 2008).

After 250 ns of MD simulation of the resulting complexes, the
computational models with C-lobe bound to CKB had an RMSD of 1.95 Å
and 2.6 Å (calculated with respect to the CaM-CKB peptide crystal
structure), respectively, while the N-lobe structure had higher RMSD
values of 4.4 Å and 4.8 Å. The higher RMSD values for the N-lobe model
may be due to steric clashes in the starting model between CaM and the
flexible loop of the C-terminal region of the CKB monomers. The CKB
dimers may thus need to significantly alter their structure in order to
accommodate the N-lobe, i.e., both proteins may undergo large confor-
mational changes upon complex formation.
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3. Discussion

The results of the current ITC and structural studies clearly show that
one CaM may interact simultaneously with two CK peptides. The crystal
structures of Ca2þ-loaded CaM in complex with peptides derived from
brain and muscle type CK, show CaM in an extended conformation,
binding two identical peptides of either CKB or CKM. All four EF-hands
are occupied with Ca2þ in a pentagonal bipyramidal fashion, albeit in
one site the canonical Ca2þ-coordinating water molecule is replaced by
an Asp side chain (Asp 119) from an adjacent CaMmolecule. This and the
extended central helix are likely crystallographic artefacts, but never-
theless we may still discuss here other prominent and potentially bio-
logically relevant features of the structures observed in this study.

ITC reveals binding of the CKB and CKM peptides to CaM in the
presence of Ca2þ. The stoichiometry (n ¼ 2) agrees with the 2:1



Table 2
Buried hydrophobic residues in the contact zone between CaM and CKB/CKM
peptide.

Complex N-lobe contacts C-lobe contacts

CaM peptide CaM peptide

CaM/CKB-peptide Leu19 Phe308 Phe93 Phe308
Phe20 Val311 Leu106 Val311
Leu33 Leu312 Met125 Leu312
Val36 Leu315 Phe142 Leu315
Met37
Met52
Val56
Phe69
Met72

CaM/CKM-peptide Ala16 Phe308 Ile86 Phe308
Leu19 Ile311 Ala89 Ile311
Phe20 Leu315 Val92 Leu315
Val36 Phe93
Met37 Leu106
Leu40 Met110
Met52 Leu113
Ile64 Met125

Ala129

Table 3
Short-range contacts between polar and charged residues in CaM and CKB/CKM
peptide.

Complex N-lobe contacts C-lobe contacts

CaM/CKB-
peptide

Gln42 (NH2): Arg314
(N)

Ser82(OH): Arg316(N)

Thr80 (OH): Arg314 (N) Glu115(COO): Arg314(N)
Glu120(COO): His305(N3)
Glu128(COO): Phe308(NH)
Met146(CO): Arg316(N)

CaM/CKM-
peptide

Glu55 (COO): Lys307 (N) Glu85 (COO): Arg316 (N2)
Ser39 (OH): Gln318
(NH2)

Glu115(COO): Arg314(N)

Leu40 (CO): Gln318
(NH2)

Thr147 (NH): Glu309 (COO)

Glu128 (COO): Pro306 (backbone
N)
Gly114 (OH): Arg314 (N)
Glu115 (COO): Arg314 (N)

N ¼ primary amine nitrogen, N2 ¼ secondary amine nitrogen, NH2 ¼ side chain
amide nitrogen, NH ¼ back bone amide nitrogen, N3 ¼ side-chain ring nitrogen,
COO ¼ Side chain carboxyl oxygen, CO ¼ backbone carbonyl, OH ¼ side chain
hydroxyl oxygen.
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peptide:CaM binding observed in the crystal structures. The data are
furthermore well fitted without invoking any cooperativity in agreement
with none or minor interactions between the N- and C-lobe in the crystal
structures. The higher affinity of the CKB peptide for the C-lobe
compared to N-lobe coincides with the higher occupancy of the peptide
in the C-lobe in the crystal structure.

A broad range of binding modes have been found for CaM in complex
with target proteins, revealing considerable structural flexibility of CaM
in target engagement (Tidow and Nissen, 2013). The here observed
binding mode of CaM in an extended conformation with one peptide
bound to each lobe is relatively unique and has only been seen in one
previous case, i.e., CaM in complex with two identical peptides from a
NADPH oxidase (PDB ID: 6SZ5) (Fa~nan�as et al., 2020). More commonly,
crystal structures that show CaM in an extended conformation contain
only one bound peptide to the C-lobe of CaM, as exemplified by a peptide
from the voltage-gated Naþ channel NaV1.5 (PDB ID: 4DJC) (Sarhan
et al., 2012) and reviewed by Tidow and Nissen (2013). Other examples
show the two CaM domains independently binding two different target
peptides, e.g., the CaM-regulated NaV1.4 and NaV1.5 channels (Fig. 7B).
These have been intensively studied in order to shed light on the
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underlying mechanism of Ca2þ-dependent regulation, and a mechanism
was proposed in which each domain is differently affected by Ca2þ

binding (Yoder et al., 2019). Other examples of extended CaM-peptide
structures include CaM in complex with a 62-residue fragment,
comprising two α-helices, from the Naþ/Hþ exchanger NHE1, with each
helix interacting with a separate CaM-lobe (PDB ID: 2YGG) (K€oster et al.,
2011). The structure of a complex of CaM bound to a splice variant of the
small conductance Kþ channel protein 2 (SK) similarly displays an
extended conformation of CaMwith a 73-residue fragment bound to both
lobes (PDB ID: 3SJQ) (Zhang et al., 2012). This binding mode includes a
2:2 CaM:peptide complex (Zhang et al., 2012).

A notable feature in the structures reported here is the reverse
orientation of the CKB and CKM peptides in the N-lobe of CaM, although
their affinities are highly similar (KD values are within a factor of 1.5),
suggesting that there may be a small energetic difference between the
two orientations which can be controlled by amino acid substitutions in
the CaM-binding region of CK. Six residues differ between the two pep-
tides: Asn301 in CKB versus His301 in CKM, Gly303 vs. Ser303, Glu306
vs. Pro306, Ser309 vs. Glu309, Val311 vs. Ile311, Lys 313 vs. Thr313. Of
these substitutions, Glu306 vs. Pro306 is the least conservative and may
Fig. 7. A,B. Comparison of CaM-peptide
structures in extended binding modes.
Overlay of structures of CaM with bounds
hNOX5 peptide (PDB ID: 6SZ5) with CaM in
orange cartoon and peptide in yellow
cartoon with sticks and CaM/CKB-peptide
with CaM as gray cartoon and peptide in
green cartoon with sticks (A). Examples of
various extended Ca2þ-CaM structures in
extended conformation with bound peptides.
CaM is represented as cartoon and bound
calcium as red balls (B): 3SJQ, CaM in com-
plex with a potassium channel splice variant
in blue cartoon; 6MUE CaM with peptide
from sodium channel NaV 1.4 as yellow
cartoon; 4DJC, CaM with peptide of the
NaV1.5 in green; 6SZ5, CaM in complex with
peptide from NADPH oxidase 5 as orange
cartoon; 2YGG, CaM with peptide from Naþ/
Hþ Exchanger Nhe1 as pink cartoon; The
gray cartoon represents CaM in complex with
CKB peptide. The peptides are shown as
cartoon with rainbow colouring from N-ter-
nimus (blue) to C-terminus (red).
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play a role in the altered peptide binding pattern of the CKM peptide
compared to the CKB peptide. The CKM peptide has an extended non-
helical segment including Pro306, which displays contacts with the N-
lobe of CaM not observed in the CaM/CKB-peptide structure. Intrigu-
ingly, the CaM-binding segments of CKM and CKB (67% sequence
identity) are less conserved than intact CK (80% sequence identity). This
is also true when comparing CK from different vertebrae (SI, Fig. 1) and
may reflect adaptations for differential CaM regulation of CK.

The ITC data and crystal structures provide important information
towards understanding the complex formation of CaM with CK and its
role in regulation of enzymatic activity. In a previous study, Herling et al.
(2016) identified mitochondrial CK, CKM and CKB as CaM targets and
characterized the interaction of CaM with CKB, suggesting that one CaM
molecule binds each CKB monomer within the CKB dimer (2:2 binding
stoichiometry) with a dissociation constant in the low μM range. In this
work we find using ITC that one peptide interacts with each lobe and that
the affinities in the low μM range are ca. ten-fold higher for the C- relative
to N-lobe. This does not necessarily translate to any difference in affinity
for the segments in the intact CKB or CKM, and the concentrations used in
the crystallization were high enough for both lobes to be occupied by
peptide.

The current finding that CaM may interact simultaneously with two
CK peptides, i.e., a 1:2 stoichiometry, is not in conflict with the reported
2:2 stoichiometry for intact CaM and CKB in solution (Herling et al.,
2016). One resolution would be a model that includes two CaM mono-
mers bound to two CKB monomers in a CK homodimer where only one
CaM lobe is involved in binding to the target segment (corresponding to
the CKB peptide sequence) in CKB. The results of the MD simulations
suggest that binding of the C-lobe to CKB can be achieved with smaller
deviations from the starting model (based on PDB ID: 3DRE and this
work), compared to the N-lobe. Binding of the N-lobe involves large
movements of both CaM and the target segment in CKB, although we
cannot exclude the possibility of large conformational changes of the
lobes with respect to each other, which is facilitated by the flexible loop
connecting them. Based on the observation of the modeling and the ca.
10 times higher affinity of the CKB peptide for the C-lobe compared to the
N-lobe, it is possible that two CKB-C-lobe interactions are involved in a
2:2 complex, i.e., two CaMmolecules are bound with their C-lobes to one
CKB dimer. The modeling further suggests that due to the reverse binding
position of the CKM peptide in the N-lobe compared to the CKB peptide,
both lobes of CaM may form similar complexes with full length CKM,
resembling the C-lobe-CKB complex. In this case, the ITC data show
similar affinities of either CaM-lobe for the CKM peptide. Hence, it is
possible that CaM binds with either lobe to CKM. It cannot be excluded
either that CaM may bridge CKM monomers in separate CKM homo-
dimers, which could lead to polymerization/formation of larger
assemblies.

The simulation of the C-lobe/CKB complex (Fig. 5A) suggests that
CaM binding likely induces structural changes in the CKB active site; the
301–318 segment is ‘pulled away’ from the active site (Fig. 6B), which
likely affects the adjacent nucleotide binding pocket (Fig. 6B). This is an
intriguing observation in the light of the 7-fold increase in ATP produc-
tion upon Ca4-CaM binding to CKB at physiological creatine phosphate
and ADP concentrations (Herling et al., 2016). The allosterically regu-
lated kinetics of the CK reaction, with a typical sigmoidal response of the
activity vs. substrate concentration (Wallimann et al., 2011; Basson et al.,
1985), is abolished upon Ca4-CaM binding, causing increased ATP pro-
duction within a physiological substrate range (Herling et al., 2016). This
mode of regulation is observed for other allosteric enzymes involved in
ATP generation, such as phophofructokinase in glycolysis, which
switches from a sigmoidal activity at high ATP to a hyperbolic one in the
presence of 2,6-bisphosphate or at low ATP concentration (Van Schaf-
tingen et al., 1981). Enzyme activity studies after substitution of residues
at the CaM-CK interface may shed light on the molecular determinants of
this switch from allosteric CK to an enzyme following classical
Michaelis-Menten-type kinetics.
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3.1. Concluding remarks

The identification of calmodulin-binding sites in creatine kinase and
the high-resolution structures of the complexes between calmodulin and
creatine kinase peptides may provide novel insights into the regulation of
energy metabolism and its linkage to Ca2þ signaling in the cell. Such
linkage may stimulate further research with an aim of understanding of
how cells overcome the spatial and temporal energy shortages during
muscle work and brain activity. The results presented here may also
stimulate the development of therapeutic strategies for diseases that
originate from altered energy regulation at the cellular level.

4. Materials and methods

4.1. Peptide synthesis

For initial experiments, peptides were made using solid phase
methodology employing Fmoc-chemistry (Supplementary methods and
materials, SI, 1.1 and 1.2.) of CKB segment with following sequences:
AcNH-LKRLRLQKRGTGGVDTAA-CONH2 (CKB residues 312–329, pep-
tide 1) and AcNH-NLGKHEKFSEVLKRLRLQ-CONH2 (CKB residues
301–318, peptide 2). For crystal screening and ITC measurements, the
CKB peptide 2 (referred to as CKB peptide) was custom-made and pur-
chased from Genscript including amino-acid analysis for precise analysis
of the peptide content of the dried peptide product. Similarily, the ho-
mologous peptide sequence of CKB peptide (peptide 2) but from CKM
was purchased with the sequence: [AcNH]-HLSKHPKFEEILTRLRLQ-
[CONH2] (CKM residues 301–318). For crystallization studies, the CKB
and CKM peptides were dissolve to a concentration of 30 mM in MQ
water.

4.2. Protein purification

Human wild-type CaM (Uniprot ID: P0DP23, MW 16 828 g/mol) was
purified as described in (O'Connell et al., 2010; Waltersson et al., 1993).
Prior to crystallization trials, a final size exclusion chromatography step
was performed using a Superdex 75 10/300 GL in with buffer containing
10 mM HEPES pH 7 and 5 mM CaCl2. The fractions containing CaM were
pooled and concentrated to 20 mg/ml using Amincon Ultra 3K centri-
fugation devices. The CKB and CKM peptides were dissolved to a con-
centration of 30 mM in MQ water. The individual CaM domains
containing the sequence 1–75 (N-lobe fragment) and 76–146 (C-lobe
fragment) were recombinantly expressed in E. coli and purified as
described previously (Andersson et al., 1983).

4.3. Isothermal titration calorimetry (ITC)

The purified, lyophilized full length CaM or CaM-lobe fragments after
gelfiltration with miliQ-water were dissolved in 10 mM TRIS-HCl, 150
mM KCl, pH 7.5 with 1 mM CaCl2 or 1 mM EDTA, or in 10 mM HEPES-
KOH, 150 mMKCl, pH 7.5 with 1 mMCaCl2). The CaM-lobe fragments or
full-length CaM were introduced into the cell of the ITC instrument
(MicoCal VP-ITC) at 40 μM for the individual lobes or 25 μM for CaM.
The peptides were dissolved directly into the same buffer as used in the
cell, pH checked, and introduced at 500 μM in the syringe. The ITC ex-
periments included 30 additions of 10 μl peptide solution into the cell
under constant stirring (300 rpm).

4.4. Crystallization

For crystallization, 10–15 mg/ml CaM in 10 mM HEPES, 5 mM CaCl2
pH 7.0 was incubated for 30 min at room temperature with the CKB
peptide in ratios of 1:2, 1:3 and 1:4 CaM:CKB peptide. Initial trials were
set up at the crystallization facility in Lund (LP3), Sweden using the
commercial screens Structure 1 þ 2, Stura Footprint, PACT premier and
JCSGþ (all from Molecular Dimensions) in a sitting drop setup and a 1:1
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reservoir protein sample ratio with total drop volume of 300 nl. The
crystal screens resulted in>40 crystal hits after 2 weeks. All crystals were
harvested and tested for diffraction at DESY, Hamburg, beamline P14.
The only conditions resulting in protein diffraction (otherwise salt) were
25% PEG 1500, 0.1 M SPG buffer pH 4–5 (from the PACT screen), with
CaM:CKB peptide molar ratios 1:3–1:4 (15 mg/ml Ca-CaM). The crystals
were reproduced by a 2D hanging-drop grid screen with varying PEG
concentrations between 22.5 and 30% with 0.1 M SPG buffer (25% PEG
1500, 12.5 mM succinic acid, 44 mM sodium phosphate, 44 mM glycine)
at pH 4 and 5. Crystals grew after 2–3 days as needle or plate clusters for
CaM/CKB-peptide ratios of 1:4. These conditions were reproduced also
for the complex of CaM with the CKM peptide with same concentrations
and CaM:peptide ratios resulting in same crystal forms (needle/plate
clusters, as shown in SI, Fig. 3). For either complex the plates and needles
with length of 0.05–0.5 mm were separated and soaked for ~30 s in
reservoir solution containing 25% glycerol as cryoprotectant before cryo-
cooling with liquid N2 and subsequent data collection.

4.5. Data collection and structure solving

Data sets were collected from single crystals at ESRF, beamline ID23-1
(crystals of CaM/CKB-peptide) and ID30B (crystals of CaM/CKM-
peptide). Processing of the datasets was done using XDS (Kabsch,
2010) and autoproc. A resolution cut-off using CC1/2 of >0.45 was used
(Karplus and Diederichs, 2012). The data were merged and scaled using
Aimless (Evans and Murshudov, 2013). The structures were solved by
molecular replacement using MOLREP withing the CCP4 package (Vagin
and Teplyakov, 2010; Winn et al., 2011). Several deposited structures of
full-length CaM with similar cell dimensions have been tested for search
(PDB IDs: 1UP4, 4HEX, 4E50, 4DJC, 1CM1) individually but did not
provide a successful solution also testing all deposited structures of CaM
in the PDB using Mr.BUMP was not successful. A successful solution for
the CaM-CKB structure was obtained when using the N-terminal domain
of the NMR structure of CaM in complex with a binding from the
calmodulin kinase I (PDB ID: 2L7L, residues 3–79) as search model. The
initial solution contained two CaM N-teminal domains. One was identi-
fied as the C-terminal domain and manually substituted in the electron
density (from same search model PDB ID: 2L7L) using the program COOT
(Emsley and Cowtan, 2004). After several rounds of restrained refine-
ment with REFMAC5 (Murshudov et al., 2011), additional connected
electron density at each lobe was clearly visible as short alpha helix from
the peptide. The peptide was built in COOT (Emsley and Cowtan, 2004)
by first placing a backbone and also with the help of the corresponding
peptide structure in the full-length CKB structure (PDB ID: 3DRE)
assigning the peptide residues. The structure was further refined using
>100 cycles of restrained refinement including hydrogens with aniso-
tropic B-factor for non-hydrogen atoms in REFMAC5 (Murshudov et al.,
2011). The CaM-CKM structure was solved by MR using the CaM struc-
ture including Ca2þ from the CaM/CKB-peptide complex with removed
peptides as search model and manual model building and refinement of
the peptide residues as described for the CaM-CKB structure, except that
isotropic B-factor refinement was used as anisotropic B-factor refinement
did not improve the model or map. Final model validation was done
using the validation tool of the PDB.

4.6. Structural modeling

The dimeric CKB structure without active site ligands (PDB ID: 3DRE
(Bong et al., 2008)) was generated by choosing symmetry mates that
resemble the biological dimer. Missing loops (residues 320–330) from
one monomer (chain B) were rebuilt based on chain A using MOE (Mo-
lecular Operating Environment (MOE), 2020). The peptide bound to the
C-lobe of CaM in the CaM-CK crystal structure was aligned to the cor-
responding residues in the CKB monomer and placed in an approximate
position for binding using VMD (Visual Molecular Dynamics) (Humphrey
et al., 1996). These overlaid structures with minimal clashes were taken
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as a starting point for further modeling using a hybrid crystal-NMR
structure for the CaM of the complex to take into account the flexibility
of CaM in solution. A common helix from the crystal and NMR structures
of the C-terminal lobe of CaM was aligned and a hybrid structure was
formed by combining residues 4–73 of CaM NMR structure (PDB ID:
1DMO) (Zhang et al., 1995) and residues 74–148 from the CKB
peptide-bound crystal structure for the tentative C-lobe-CKB-peptide
bound structure. The procedure was repeated for binding of the N-lobe to
CKB and residues 4–74 originating from the CK peptide-bound CaM
crystal structure, and residues 75–148 from the NMR structure (PDB ID:
1DMO).

The PSFGEN plugin of VMD (Humphrey et al., 1996) was used to
build the protein systems. They were solvated using the SOLVATE plugin
of VMD and then neutralized with Naþ and Cl� ions for a concentration of
150 mM NaCl using AUTOIONIZE. All simulations were performed using
NAMD (Phillips et al., 2005), TIP3Pwater and CHARMM36 force field for
proteins (Best et al., 2012). Langevin thermostat with γ¼ 0.5 ps�1 at 310
K was used. The particle mesh Ewald (PME) method (Essmann et al.,
1995) was used to calculate long-range electrostatic forces. A cutoff of 12
Å and a switching distance of 10 Å were used to calculate non-bonded
forces. The system was minimized for 3000 steps after which an equili-
bration of 250 ns for each system was performed during which EXTRA-
BONDS (a feature in NAMD) was used to enforce contacting distances
between the helix from CKB and CaM according to the position observed
in the CaM-bound crystal structure. An initial spring constant of 0.02
kcal/mol/Å2 was used, which was later increased to 5.0 kcal/mol/Å2.
The secondary structure of the CKB helix was kept constant using re-
straints of 200 kcal/mol/rad (Watt et al., 2010) for the dihedral angles.

Accession numbers

Protein sequences: Human calmodulin (Uniprot ID: P0DP23); Human
creatine kinase brain type (Uniprot ID: P12277 sequence 312–329 and
sequence 300–318 are used in this study); Human creatine kinase
muscle-type (Uniprot ID: P06732; sequence 300–318 is used in this
study). Protein structures: Calmodulin in complex with a peptide from
brain-type creatine kinase, PDB ID: 7BF1; Calmodulin in complex with a
peptide from muscle-type creatine kinase, PDB ID: 7BF2.
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