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1. Introduction

Calmodulin (CaM) is probably the most widely used model
system for protein flexibility owing to its large-scale confor-
mational changes upon ligand binding. Its EF-hands are acti-
vated by calcium binding, and the recognition of a target
peptide leads to the collapse of the highly elongated
dumbbell-shaped CaM into a nearly globular complex, with
significant reductions in both the maximal molecular dimen-
sion and the radius of gyration. The first such ‘canonical’
CaM-peptide complexes were determined employing CaM-
binding peptides from CaM-dependent protein kinases
(CaMKs) using both X-ray crystallography and solution NMR
spectroscopy (Ikura et al., 1992; Meador et al., 1992, 1993), and
the observed collapsed conformation has ever since been
considered to be a general property of CaM-target protein
complexes. The collapse of CaM upon CaMK peptide recog-
nition involves disruption of the long central helix, allowing
the two lobes to come together and bury the target peptide
between them. It is likely that basic residues in the target
sequence are involved in the disruption of the CaM central
helix (Herring, 1991; Kuczera & Kursula, 2012).
The canonical conformation of ligand-free CaM contains
a long uninterrupted central helix, which collapses and bends
into two shorter helices upon target protein binding. However,
some CaM-peptide complexes have been described with a
non-collapsed central helix (Majava et al., 2008; Majava &
Kursula, 2009; Liu et al., 2012; Kumar, Chichili, Zhong et al.,
2013), and reports also exist of apo CaM conformations, in
which the central helix is significantly bent (Fallon & Quiocho,
2003; Yamada et al., 2012; Kumar, Chichili, Tang et al., 2013).
© 2014 International Union of Crystallography Several simulation studies have also been carried out to show
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that the central helix is unstable in the middle region, around
residue 80, and NMR studies in solution have come to similar
conclusions (Ikura et al., 1991; Spera et al., 1991; Barbato et al.,
1992; van der Spoel et al., 1996; Baber et al., 2001; Yang et al.,
2001). A small bend around Asp80 is indeed present in some
of the classical ‘reference’ crystal structures for the open CaM
conformation, and the side chain of Glu84 may be implicated
in this bending (Babu et al., 1988; Raghunathan et al., 1993;
Rao et al.,, 1993; Rupp et al., 1996). Few experimental crystal
structure data are available on the very first steps of central
helix collapse, i.e. the situation in which the continuity of the
central helix has just broken down and bending occurs.
Additional structural data would enable the exact point of
helix disruption to be pinpointed and would allow under-
standing of the factors that lead to structural collapse of
calmodulin.

In addition to Ca®" binding, the binding of other metal
cations by CaM has also been of interest (Mills & Johnson,
1985; Kursula & Majava, 2007; Shirran & Barran, 2009). In the
case of strontium, for example, the motivation has been
radioactive waste bioremediation (Rinaldo et al., 2004; Lepsik
& Field, 2007), while the binding of lead cations to CaM can
be related to neurotoxicity (Sandhir & Gill, 1994; Kursula &
Majava, 2007).

The structure of CaM was solved here from two crystals
with translational pseudosymmetry, in which one monomer
always has a continuous straight central helix while the second
one is bent to varying degrees. These structures may corre-
spond to the steps taking place when the open CaM structure
starts to collapse and the central helix is divided in half.

2. Methods

CaM was purified and crystallized as described previously
(Hayashi et al., 1998; Kursula & Majava, 2007). Briefly, crystals
were grown at 277 K using the hanging-drop method over a
well containing mother liquor consisting of 40-50% MPD,
0.1 M sodium acetate pH 4. Drops were prepared by mixing
the CaM stock solution (30 mg ml~" in 50 mM HEPES pH 7.5,
20 mM CaCl,) and the well solution in a 1:1 ratio, giving a
starting concentration of 10 mM for Ca”** ions. Crystals
suitable for diffraction studies appeared within a few days.
For further studies on metal binding by CaM in the crys-
talline state, soaking experiments were carried out in the well
solution supplemented with either 15 mM SrCl, or 10 mM
EDTA, as described previously for the barium and lead
complexes (Kursula & Majava, 2007). Thereafter, the crystals
were flash-cooled in a stream of gaseous nitrogen at 100 K
without additional cryoprotection. Diffraction data were
collected on the I911-2 synchrotron radiation beamline at
MAX-lab (Lund, Sweden) using a wavelength of 1.04 A and
were processed using XDS (Kabsch, 2010) and XDSi
(Kursula, 2004). The data were further analyzed using
phenix.xtriage (Zwart et al., 2005) to detect possible twinning
and pseudotranslation. Structure solution was carried out
using Phaser (McCoy et al., 2007) with the crystal structure of
chicken Ca**~CaM (PDB entry lup5; Rupp et al., 1996) as a

Table 1

Crystallographic data collection and structure refinement.

Values in parentheses are for the outer shell.

Crystal form 1
(EDTA-soaked)

Crystal form 2
(SrCl,-soaked)

Unit-cell parameters (A, °)

Space group
Resolution range (A)
Rmcrgc (%)

Rincas (%)

(Ilo(I))
Completeness (%)
Multiplicity

CCyip (%) .
Wilson B factor (A?)
Rcryst (%)

Rfree (%)

R.m.s.d., bond lengths (A)
R.ms.d., bond angles (°)
Average B factor (A?)

Opverall
Protein
Solvent

MolProbity score [percentile]
Ramachandran plot (%)

Favoured
Outliers
PDB code

Pseudotranslation (%)

a=244,b=1539,
¢ =594, a=288.5,
B=283.0,y=2_864

Pl

20-1.80 (1.85-1.80)

5.7 (43.8)

7.7 (60.1)

10.8 (1.9)

92.4 (84.5)

2.1 (1.8)

99.5 (62.8)

23

23.6

27.9

0.017

1.6

242
245
18.8
1.76 [81st]

100

0
4bw8
45

a=243,b=539,
c=59.4,a=885,
B =966,y =940

Pl

20-1.81 (1.86-1.81)

49 (26.5)

6.9 (36.8)

10.8 (2.4)

93.9 (82.1)

2.0 (1.6)

99.5 (80.3)

2

20.6
25.1
0.020
1.7

20.0
19.5
25.8
1.53 [93rd]

99.3
0
4bw7
26

model. To find the second monomer in these crystal forms, it
was necessary to cut the search model in half in the middle of
the long linker helix. Model building was performed in Coot
(Emsley et al, 2010) and refinement was performed using
phenix.refine (Adams et al, 2010), applying TLS para-
meterization as well as torsion-angle noncrystallographic
symmetry (NCS) restraints. For structure validation and
analysis, the programs MolProbity (Chen et al., 2010), Coot,
SSM (Krissinel & Henrick, 2004) and PyMOL (Schrodinger)
were used. Data collection and refinement statistics are given
in Table 1.

3. Results

The original aim of the current experiments was to follow
metal binding by CaM in the crystalline state (Kursula &
Majava, 2007). The experiments included the soaking of Ca**-
loaded CaM crystals in either EDTA (crystal form 1) or
strontium (crystal form 2). Sr** had replaced all of the Ca®*
ions in the crystal, as judged from the electron density after
refinement (Fig. 1a). A simultaneous occupancy refinement of
both Sr** and Ca®* in all of the sites showed that in the first
CaM monomer 73-100% of each site contained Sr** and in the
bent monomer (see below) the Sr** content in the EF-hands
was 45-52%. Hence, despite reports of low affinity of CaM
towards Sr** (Shirran & Barran, 2009), Ca** could be replaced
by Sr** relatively easily even in the crystalline state. EDTA did
not remove Ca** from CaM in the crystalline state, except
perhaps in the C-terminal lobe of one monomer, which was
rather disordered. This is not surprising, since the affinity of
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Figure 1

Overall structures of the observed conformations of CaM. (a) Electron
density at EF-hand 2 of the non-bent monomer of crystal form 2. The Sr
atom is shown in green and the 2F, — F, electron density is shown in cyan
at a contour level of 1o. The F, — F, electron density at 4.00 when Ca was
refined at the position of the Sr atom is shown in magenta. (b) The two
monomers in crystal form 2 coloured by temperature factor. (¢) The
canonical monomer, with a straight central helix, from crystal form 2 is
shown in light blue, the bent monomer from crystal form 1 in shown in
green and the bent monomer from crystal form 2 is shown in magenta.
The structures were superimposed based on the residue range 68-78, i.e.
between the N-terminal lobe and the site of bending. (d) A temperature-
factor plot of the four CaM molecules in the current crystal forms.
Straight and bent conformations of crystal form 1 are shown in black and
green, respectively, and straight and bent conformations of crystal form 2
are shown in blue and magenta, respectively. (¢) A comparison of the
conformation of the straight helix (light blue), the bent monomer from
crystal form 1 (green) and the original CaM structure with a small bend at
Asp80 (yellow). It is clear that the bending is more pronounced in crystal
form 1 than in the original CaM structure. For clarity, the view is rotated
180° about the y axis compared with that in (c).

CaM for Ca®* is high and its loss would lead to conformational
changes, which are limited in the crystal as the EF-hands are
heavily involved in crystal contacts.

During analysis of the structures, an interesting observation
on the conformation of the CaM molecules in the crystal was
made. Compared with earlier crystals from the same batch of
protein and the very same crystallization experiment (Kursula
& Majava, 2007), the P1 unit cell in the current cases was twice
the size, containing two CaM monomers instead of one. This
type of arrangement was also previously observed for chicken
CaM (Rupp et al., 1996). In the current case, this arrangement
is coupled to significant pseudotranslational symmetry with
the operator (0, 0, 0.5): 26% in the Sr-soaked crystal and 45%
in the EDTA-soaked crystal (Fig. 1b). Notably, a breakdown
of NCS was further observed in both of the refined crystal
structures. A closer look at the respective crystal structures
revealed small but intriguing differences between the NCS-
related CaM monomers that may provide information on the
first steps of CaM central helix collapse.

In both crystal forms, one of the CaM monomers has a
continuous, straight central helix, being in the ‘classical’ un-
liganded CaM conformation, while the second monomer
shows the presence of a bent helix. The degree of bending is
different between the crystal forms, with a small bend in the
EDTA-soaked crystal and a larger bend in the Sr** complex
(Fig. 1c). Significant effects on the temperature factors are
only apparent for the bent conformation in the EDTA-treated
crystal (Fig. 1d). The hinge for this bending is located at
residues 80-81. In both crystal forms, a nearby side chain
inserts at the point of bending and disrupts regular o-helical
hydrogen bonding (see below). The two benchmark structures
of Ca®*~CaM are also not identical. While rat CaM (PDB
entry 3clm) has a slight bend around Asp80 (Babu et al., 1988;
Fig. 1le), chicken CaM (PDB entry 1lup5; Rupp et al., 1996)
has two molecules in the unit cell, one of which has a
small bend and the other of which has a straight central
helix.

The current structures reveal a possible direct role for
nearby polar side chains, either in CaM or in the target
protein, in bending the CaM central helix. In crystal form 1,
the Glu84 side chain has turned towards the helix backbone;
through making a hydrogen bond to the backbone carbonyl of
Asp80 it prevents Asp80 from making the characteristic helix
hydrogen bond to the NH group of Glu84, and the helix is
slightly bent (Fig. 2). The region with most disorder in the
disrupted helix spans residues 76-83. In this crystal form, the
fourth EF-hand of the bent monomer is poorly ordered, which
may indicate partial stripping of Ca®* from the EF-hand by
EDTA. A similar bend was observed in some of the earlier
structures (Babu et al., 1988; Rupp et al., 1996). The other
monomer in crystal form 1 has Glu84 pointing away from the
helix.

In crystal form 2, the second CaM monomer is bent at the
same location and to the same direction, but the bending angle
is much larger at approximately 40° (Figs. 1 and 1¢). Hence, it
can be assumed that the conformation observed in crystal
form 1 is intermediate between the intact straight central helix
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Figure 2

Central helix bending in crystal form 1. (a) Conformational change of Glu84 is linked to the loss (yellow) of
a hydrogen bond between Asp80 and Glu84 (blue). The straight conformation is shown in cyan and the
bent conformation is shown in green. (b) 2F, — F, density for Glu84 in the bent chain contoured at lo.

(@) (%)

Figure 3

In crystal form 2, the central helix is bent by 40°, and the side chain of Arg86 flips inwards to distort
hydrogen bonding in the helix backbone. () In the monomer with a straight central helix (cyan), Arg86 is
stacked against Tyr138, but it hydrogen-bonds to the backbone amide of Thr79 in the bent conformation
(magenta). (b) 2F, — F, density for Arg86 in the bent chain contoured at 1o.

The bending in crystal form 2 is
accompanied by a conformational
change of Arg86 (Fig. 3). In the
canonical CaM monomer in the
same crystal, Arg86 is well
defined and forms a m-stacking
interaction with Tyr138 from the
same chain. In the bent monomer,
it has flipped over and makes a
hydrogen bond to the backbone
carbonyl of Thr79, -effectively
breaking the helix (Fig. 3a). A salt
bridge between Arg86 and Glu82
has previously been detected in
the extended-helix conformation
(Babu et al., 1988; van der Spoel
et al., 1996); in this case, Glu82 is
also hydrogen-bonded to Tyr138.
Such a salt bridge is not present in
our structures; rather, GIlu82
forms a hydrogen bond to Tyr138
only when Arg86 has flipped over
to break the helix. In this struc-
ture, Arg86 may mimic a posi-
tively charged residue from a
CaM target protein.

4. Discussion

CaM is a 17 kDa, highly acidic,
bilobal, «-helical protein con-
taining a total of four EF-hands
that bind calcium. Ca®* binding
results in conformational changes
crucial to target protein recogni-
tion. The extended structure of
Ca®*—CaM is supported by the
presence of a long central helix
(Babu et al, 1988); however,
collapsed conformations have
also been detected (Fallon &
Quiocho, 2003; Johnson, 2006;
Gsponer et al., 2008; Yamada et
al., 2012), suggesting an equi-
librium between different con-
formational states in solution.
Several studies have been
carried out on various mutant
variants of the CaM central helix,
including mutation or deletion of
the acidic residues (Craig et al.,
1987; Persechini et al., 1989, 1991;
Gulati et al., 1990; VanBerkum et
al., 1990; Raghunathan et al,

and the conformation in crystal form 2. The region around the 1993; Medvedeva et al., 1995, 1999; Tabernero et al., 1997). In
bending hinge is very well defined in electron density and all general, the outcome has been CaM that has been functional
residues could be built with high confidence. but with a lower affinity towards target proteins. Both fully
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extended and bent conformations have been described for
these mutants (Kataoka et al., 1991; Raghunathan et al., 1993),
and the consensus remains that the consecutive acidic residues
in the middle of the central helix promote helix destabilization
through their mutual electrostatic repulsion.

With regard to Glu84, both deletion mutants as well as the

that fails to complement the endogenous gene when imported
into CaM-deficient yeast (Harris et al., 1994). des84-CaM was
crystallized as a bent molecule (Raghunathan et al, 1993),
while it has been shown that it has a more open conformation
similar to wild-type CaM in solution (Kataoka et al., 1996). In
any case, structural results from deletion mutants should be

point mutant E84K have been described. E84K is a variant

Table 2
Comparison to existing reference structures of CaM.

R.m.s.d. values (in A) for C* atoms between the different chains in the current structures and reference structures
from the PDB are shown as defined by PDBeFold (Krissinel & Henrick, 2004). While the bent conformation of
crystal form 1 is similar to the A chain of chicken CaM (PDB entry 1up5), the bent conformation in crystal form 2
is unique. Two structures of open CaM with bound peptides are also included for comparison. The numbers in
parentheses correspond to the distance between the carbonyl O atom of Asp80 and the backbone N atom of Glug4
(in A).

Crystal form 1:  Crystal form 1:  Crystal form 2:  Crystal form 2:

PDB entry straight (3.2) bent (3.8) straight (3.0) bent (5.1)
3cln (3.8) (Babu e al., 1988) 0.70 1.30 0.65 1.92
lup5 chain A (3.2) (Rupp et al., 1996)  1.35 0.58 1.36 1.09
lup5 chain B (3.0) (Rupp et al., 1996)  0.45 1.43 0.51 1.85
4ehq (Liu er al., 2012) 0.71 1.39 0.63 191
2w73 (Majava & Kursula, 2009) 1.96 1.97 1.90 2.62

Glus4

Figure 4

The relative positions of Glu84 and Arg86 of CaM and an arginine from a ligand peptide. (a) When
swinging in to interact with the backbone, the two residues in the two crystal forms reach towards the same
position: the helical groove between residues 79-80 and 83-84. (b) The complex between CaM and a
peptide from DAP kinase (de Diego et al., 2010; PDB entry lyr5) shows an interaction between the
backbone of the disrupted helix, including Thr79, and the side chain of Arg317 from the peptide. A salt
bridge is also present between Glu84 and this arginine residue, while Arg86 is far away from the peptide
and in fact interacts with Tyr138. (¢) A comparison between the bent conformation (grey; central linker in
orange) and the fully collapsed peptide complex (green; central linker in pink) shows that the bending
region corresponds to that required for complex formation. In both structures, an arginine residue interacts
with the unfolded central helix backbone.

handled with caution as, for example in the case of the CaM

central helix, they will signifi-
cantly affect the relative orienta-
tions of separate domains to one
another by default even in the
case where the helical conforma-
tion is not disrupted (Tabernero
et al, 1997). For Arg86, few
examples of mutations are avail-
able, but the consensus from such
experiments and simulations is
that mutations have little effect
on CaM structure and function
(Weinstein & Mehler, 1994; Kong
Au & Chow Leung, 1998).

Recently, a bent conformation
of unliganded CaM was reported
(Kumar, Chichili, Tang et al,
2013), but in this case, the central
helix had a bending angle of 90°,
which does not correspond to an
initial state of helix deformation.
On the other hand, in recent
years, a number of reports
have documented CaM-peptide
complexes, in which CaM does
not collapse at all (Majava et al.,
2008; Majava & Kursula, 2009;
Liu et al, 2012; Kumar, Chichili,
Zhong et al., 2013). It could be
that these peptides lack a
correctly positioned basic residue
that can trigger helix bending,
and the affinity in these cases is
likely to be lower than in the
classical collapsed complexes,
which have K, values in the
nanomolar range.

A search of CaM conforma-
tions in the PDB confirms the
above findings. The closest
matches for the straight central
helix conformations are distinct
from the bent conformations.
Specifically, the bent conforma-
tion of crystal form 2 is clearly
distinct from other structures in
the PDB (Table 2). A character-
istic measure of the disruption of
the central helix is the distance
between the carbonyl O atom of
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Asp80 and the peptide N atom of Glu84, which was originally
noted to be 3.8 A in the extended but slightly bent confor-
mation (Babu et al., 1988). These values (Table 2) also support
the observations on the degree of helix bending, with a
straight helix having a hydrogen-bonding distance of 3.0 A at
this location. Another measure used in single-molecule and
NMR experiments (Johnson, 2006; Gsponer et al., 2008) is the
distance between residues 34 and 110. Even in the most bent
structure here, this distance is 51 A, clearly classifying it as an
‘open’ conformation, while the collapsed conformations have
a value of around 30 A. Hence, much greater conformational
flexibility has been observed in solution than is observed here
in the crystal state; this is as expected and further highlights
the fact that an intermediate structure of a highly dynamic
molecule has been trapped in 50% of the molecules in crystal
form 2.

The structural data presented here confirm the presence of
a hot spot in the close vicinity of Asp80 in the CaM central
helix backbone, which can be broken by the approach of a
suitable side chain. In the cases described here, the side chain
was Glu84 or Arg86, which both interact with the same helical
turn in the bent conformation (Fig. 4a). Upon ligand peptide
or target protein binding, it is likely that a basic side chain
from the binding partner can perform similarly, leading to full
CaM collapse. Such interactions can be observed in collapsed
CaM-peptide complexes: a very good example is the complex
between CaM and a peptide from DAP kinase (de Diego et al.,
2010), in which the disrupted segment of the central helix is
also fully defined in the crystal structure (Fig. 4b). This
structure, for example, shows an interaction between Arg317
of the peptide and CaM residue 79. Superposing the peptide
complex on the bent conformation highlights a common
location for these interactions in both cases (Fig. 4c),
supporting the view that Arg86 in the bent structure from
crystal form 2 mimics a positive ligand residue. Thus, the
formation of a CaM-peptide complex may in the initial stages
resemble the bent CaM structures presented in this work.
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