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Abstract Small-angle X-ray scattering was used to investigate
the role of acid region contiguous to the calmodulin-binding
domain (391–414) of calcineurin in the target recognition by
calmodulin. Three synthetic peptides with the residues 385–414,
380–414 and 374–414 of calcineurin A were used for this aim.
The X-ray data are consistent with the fact that calmodulin binds
all three peptides with or without Ca2þ. Without Ca2þ, the whole
peptide including acid residues interacts with dumbbell shaped
calmodulin, while the acid region is extruded from globular
shaped calmodulin with Ca2þ. Consequently, a conformation of
sequence 374–414 in calcineurin might be changed by Ca2þ-
signal via calmodulin, suggesting the consequence of this region
with acid residues in the full activation mechanism of calcineurin
by Ca2þ-bound calmodulin.
� 2004 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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1. Introduction

Calmodulin (CaM) is a ubiquitous Ca2þ-binding protein of

148 residues that regulates a variety of physiological processes

in a Ca2þ-dependent manner [1]. The regulation is achieved

through the interaction of Ca2þ-bound CaM (Ca2þ/CaM) with

a large number of target enzymes [2–4]. The structures of Ca2þ/
CaM complexed with a CaM-binding domain from target

enzymes adopt a compact globular structure caused by the

bending of the central linker [5–7]. Recently, however, an ex-

tended but not collapsed structure of CaM found in the

complexes with a model peptide and the crystal of CaM-

regulated adenylate cyclase suggests that CaM should regulate

target proteins with versatile ways [8,9]. Moreover, the struc-

ture of Ca2þ-free CaM (apoCaM) remains unchanged upon

binding the CaM-binding domain, except for the decrease of

the flexibility of the central linker [10].

The function of calcineurin (Cn) is regulated with Ca2þ by

dual ways, one is Ca2þ-binding to CnB and the other is Ca2þ/
CaM binding to CnA. A biochemical approach suggested that

the Ca2þ-binding to CnB caused to release the CaM-binding
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domain of CnA from its catalytic domain to open the active

site partially [11,12]. The following binding of Ca2þ/CaM to

CnA might open up the active site fully. One of the charac-

teristic features of Ca2þ/CaM binding domain of CnA (391–

414) [13], which has been classified as 1-5-8-14 motif [14], is

that it has a cluster of acidic amino acids at upstream con-

tiguous to the domain. Since there is no evidence for a solution

structure of CaM with the CaM-binding domain of CnA so

far, we study the structure by small-angle X-ray scattering

(SAXS) that is a powerful technique for such measurements.

We used three synthetic peptides of residues 385–414, 380–414,

and 374–414 of CnA. The present results suggest that the acid

region does its share to fully activate Cn by Ca2þ-signal via
CaM.
2. Materials and methods

2.1. Materials
Table 1 summarizes the primary sequences of three synthetic pep-

tides of CnA (CnAp). These peptides correspond to the residues 385–
414, 380–414, and 374–414 of CnA and are denoted hereafter by
CnAp385, CnAp380, and CnAp374, respectively. These peptides were
synthesized on an Applied Biosystems Model 431A Peptide synthesizer
using the general procedure and purified by reverse phase high-
performance liquid chromatography [10]. The recombinant CaM
based on the sequence of rat CaM was expressed by the method of
Hayashi et al. [15]. CaM fraction was obtained according to the tri-
chloroacetic acid (TCA) method of Yazawa et al. [16]. The TCA
method provided us Ca2þ-free, apoCaM as proved in the previous
reports [17,18]. For all experiments, ultrapure water (milli-Q appara-
tus, Millipore Inc.) and plasticware washed in 1 N HCl were used to
minimize calcium contamination.

2.2. SAXS measurements
The basic medium used for the SAXS measurements was 50 mM

Tris–HCl, pH 7.6, and 120 mM NaCl. The complexes of apoCaM/
CnAp were placed in 1 mM EDTA, while those of Ca2þ/CaM/CnAp
were prepared by mixing the protein with both a 4.4-fold molar excess
of Ca2þ and a 1.1-fold molar excess of each peptide. The protein
concentrations were 7.5, 10.0, 12.5, 15.0, and 17.5 mg/ml. The con-
centration of proteins was determined by the method of Lowry et al.
[19].
The measurements were performed using synchrotron orbital radi-

ation with an instrument for SAXS installed at BL-10C of Photon
Factory, Tsukuba. An X-ray wavelength of 1.488 �A was selected. The
temperature of the SAXS experiment was kept at 25.0 � 0.1 �C by
circulating water through the cell holder. The reciprocal parameter, s,
equal to ð2 sin hÞ=k, was calibrated by the observation of a chicken
collagen, where 2h is the scattering angle and k is the X-ray wave-
length. Scattering data were collected for 200 s at various concentra-
tions. The experimental details are described elsewhere [20].
blished by Elsevier B.V. All rights reserved.
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Table 1
Primary sequences of CnA peptides synthesized in this work

peptide name primary sequence AA M

CnAp385 30 3298

CnAp380 35 3876

CnAp374 41 4492

AA represents the number of amino acids.
M represents the molecular weight of CnA peptide.
The putative CaM binding region is underlined.
Acid residue in the acid region of CnA peptide is denoted by an asterisk (�).
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Two methods of data analysis were used. The first method was that
of Guinier–Fournet [21]. The scattering intensity Iðs; cÞ measured as a
function of s at a finite protein concentration, c, is given by:

Iðs; cÞ ¼ Ið0; cÞ expf�ð4p2=3ÞRgðcÞ2s2g ð1Þ
where Ið0; cÞ is the scattering intensity at s¼ 0 and RgðcÞ is the radius of
gyration at a concentration, c. In the dilute limit, Ið0; cÞ is given by:

Kc=Ið0; cÞ ¼ 1=M þ 2A2cþ � � � ð2Þ
where K is a constant,M is the molecular weight of the protein, and A2

is the second virial coefficient. The K value was determined using the
Ca2þ/CaM sample without peptide as a standard sample. In the dilute
limit, Rg is given by:

RgðcÞ2 ¼ R2
0 � Bifcþ � � � ð3Þ

where R0 is the radius of gyration at infinite dilution and Bif is the
parameter of interparticle interference [22]. Using Eqs. (2) and (3), we
estimated the four parameters M, A2, R0, and Bif . For the analysis, the
range of s2 (�A

�2
) was 2.6 � 10�5–2.0 � 10�4 for samples in the pres-

ence of Ca2þ, while it was 2.6 � 10�5–1.3 � 10�4 in the absence of
Ca2þ. The second method was the calculation of the distance distri-
bution function, PðrÞ, which provides the structural characteristics
such as molecular shape of a protein molecule. PðrÞ is given by:

P ðrÞ ¼ 8p
Z

IðsÞðsrÞ sinð2psrÞds: ð4Þ

The maximum length of the complex, dmax, was estimated from the
P ðrÞ analysis. Other details of data analysis were described elsewhere
[23].
The error bars are usually denoted in the case where the experi-

mental errors are larger than the symbols.
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Fig. 1. Guinier plots for Ca2þ/CaM/CnAp374-414 (A) and for apo-
CaM/CnAp374-414 (B) at various protein concentrations: (1) 7.5 mg/
ml; (2) 10 mg/ml; (3) 12.5 mg/ml; (4) 15 mg/ml; and (5) 17.5 mg/ml. The
straight lines were obtained with the data points between the arrows in
the figure by the least square method.
3. Results

3.1. Guinier region of the scattering profile in the presence and

absence of Ca2þ

An example of Guinier plots (ln IðsÞ versus s2) for the CaM/

CnAp374 complex in the presence and absence of Ca2þ over the

concentration series is shown in Fig. 1A and B. In all of the

samples studied here, there is no evidence of any upward cur-

vature at low s2 values in the Guinier plots, which indicates that

the data are free from the aggregation of the samples. The

values of Kc/I(0,c), evaluated from the intercepts of the Guinier

plots for three complexes, are shown in Fig. 2A as a function of

protein concentration. The plots are linear over the entire

concentration range and the value of ½Kc=Ið0; cÞ�c¼0 extrapo-

lated to infinite dilution for the complex in the presence and

absence of Ca2þ has the inverse molecular weight appropriate

for the soluble monomer. It is noted that the ordinate for the

Ca2þ/CaM/CnAp385 complex does not extrapolate the same

value at zero concentration for apoCaM/CnAp385 complex.

Since the ordinate represents the reciprocal of the molecular
weight, the corresponding molecular weight is slightly smaller

than the calculated value, suggesting that the system is at least

free from aggregation. At present, the origin for the smaller

value is not clear. The addition of Ca2þ to each complex leads

to a dramatic reversal of the sign of slopes. The molecular

weights M and the second virial coefficients A2 were calculated

using Eq. (2) and compiled in Table 2. The experimental value

ofM for each complex agrees with the calculated value denoted
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Fig. 2. Zimm plots (A) and the square of radius of gyration, Rg2, as a
function of the protein concentration (B) for complexes of Ca2þ/CaM/
CnAp and apoCaM/CnAp: Ca2þ/CaM/CnAp385 (filled square), Ca2þ/
CaM/CnAp380 (filled triangle), Ca2þ/CaM/CnAp374 (filled circle);
apoCaM/CnAp385 (open square), apoCaM/CnAp380 (open triangle),
apoCaM/CnAp374 (open circle).
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by a parenthesis within the experimental error. Neither of the

presence and absence of Ca2þ prevents the complex formation.

The complex formation is not also prevented by the induction

of the acid region. The addition of Ca2þ to each complex leads

to a dramatic reversal of the sign of A2.
Table 2
M and second virial coefficient (A2), radius of gyration at infinite dilution (
evaluated from the P ðrÞ analysis (dmax) for CaM/peptide complex in the pre

Protein 10�3 M (calculated value) 104A2 (mol cm3/g2)

Ca2þ/CaM/CnAp385 19.0� 1.0 2.5� 0.3
(20.2)

Ca2þ/CaM/CnAp380 20.3� 1.0 2.6� 0.3
(20.7)

Ca2þ/CaM/CnAp374 21.6� 1.1 2.3� 0.2
(21.4)

ApoCaM/CnAp385 20.6� 1.0 )0.6� 0.2
(20.0)

ApoCaM/CnAp380 20.6� 1.0 )0.7� 0.2
(20.6)

ApoCaM/CnAp374 21.6� 1.1 )0.6� 0.2
(21.2)
Radii of gyration at finite concentrations were calculated

from the slopes of the Guinier plots using Eq. (1) and are

shown in Fig. 2B. The linear increase with decreasing protein

concentration was observed in the presence of Ca2þ. The

slopes of these lines represent a virial coefficient [21]. On the

other hand, the slopes in the absence of Ca2þ change from

positive to small negative value depending on the size of the

acid region. Table 2 compiles the values of R0 and Bif .

The R0 values in the presence of Ca2þ are evidently larger

than that for the complex of Ca2þ/CaM/target peptide with the

1-5-8-14 motif (about 18 �A, which has been reported as a

typical value of the compact globular structure [23,24]). The

introduction of the acid region enables to increase the R0

values of the complexes. Besides, the values of R0 increase with

the size of the acid region. The Bif value for each complex is

positive and the sign remains unchanged by the size of the acid

region. On the other hand, the R0 value for the apoCaM/CnAp

complexes is about 23 �A, a typical value of the dumbbell-like

structure [10]. The R0 value remains almost unchanged by the

size of the acid region. The Bif value for each complex changes

from negative to small positive depending on the size of the

acid region.

3.2. Result of the P(r) analysis in the presence and absence of

Ca2þ

Fig. 3 shows scattering profiles normalized by the protein

concentration series for the CaM/CnAp complexes in the

presence and absence of Ca2þ. As shown in panel A of Fig. 3,

in the presence of Ca2þ, each scattering profile is a monoto-

nous curve which is characteristic of the compact globular

structure. As shown in panel B of Fig. 3, in the absence of

Ca2þ, however, the characteristic feature of each profile has a

hump at around s ¼ 0:03 �A
�1

which is characteristic of the

dumbbell-like structure. Using each black curve shown in

Fig. 3, the distance distribution function PðrÞ was calculated.
Fig. 4A shows a comparison among the P ðrÞ curves for the

Ca2þ/CaM/CnAp complexes. The maximal PðrÞ value for the

Ca2þ/CaM/CnAp385 falls near 24 �A and the dmax value is 51
�A, close to a compact globular structure [24]. The values of

maximal P ðrÞ and dmax are evidently shifted to a larger value of

r for the complex with a longer acid region. The difference

curves in Fig. 4B represent the P ðrÞ curves with a longer acid

region subtracted by the P ðrÞ curve for the Ca2þ/CaM/

CnAp385 complex. The minimum at around 20 �A decreases,

while the maximum at around 45 �A increases, as the acid

region lengthens. The increase of the maximum must be
R0) and parameter of interparticle interference (Bif ), maximum length
sence and absence of Ca2þ at pH 7.6

R0 (�A) 1013Bif (cm
5/g) dmax (�A)

19.1� 0.3 1.8� 0.2 51

19.8� 0.3 2.6� 0.3 53

20.3� 0.3 2.5� 0.3 56

23.0� 0.3 )1.5� 0.2 66

23.2� 0.3 )0.2� 0.2 66

23.4� 0.3 0.2� 0.2 67



Fig. 3. The SAXS profiles for the CaM/CnAp complexes normalized by the protein concentration series in the presence (A) and absence (B) of Ca2þ.
The numbers 1 to 3 represent Ca2þ/CaM/CnAp385, Ca2þ/CaM/CnAp380 and Ca2þ/CaM/CnAp374, respectively. Data points between the arrows in
the figure were used in the Guinier-Fournet analysis. The ordinate for each complex is shifted as to demonstrate the scattering profile clearly. The
scattering profiles for each complex are superimposed over the protein concentration series. The hue shown in the panel A corresponds to that from
7.5 mg/ml (yellow) to 17.5 mg/ml (red), while that in the panel B does that from 7.5 mg/ml (cyan) to 17.5 mg/mol (navy blue). The black curve for
each complex is free from the concentration effect and used for the calculation of P ðrÞ.
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principally connected to an increase in the size of the acid re-

gion separated from the compact globular domain.

Fig. 5 shows a comparison among the P ðrÞ curves for apo-
CaM/CnAp complexes. The PðrÞ curves remains almost un-

changed by the presence of the acid region. That is, the

maximal P ðrÞ value falls near 23 �A, the dmax value is about 66
�A and a shoulder is observed at around 45 �A, typical of a

dumbbell-like structure observed in the complex of apoCaM/

CaMKIVp peptide [10].
4. Discussion

The SAXS results presented here show that the R0 and dmax

values for the Ca2þ/CaM/CnAp complexes increase evidently

with the size of the acid region, while those for the apoCaM/

CaM/CnAp complexes remain almost unchanged. The most

straightforward interpretation of these results is that in the

Ca2þ-bound conformation, the acid region is extruded to sol-

vent, while in the Ca2þ-free conformation, it interacts with a

domain in calmodulin.

In developing a molecular explanation for the Ca2þ-in-
duced extrusion of the acid region, it is particularly useful to

note that even in the presence of any peptide among three,

Ca2þ/CaM binds to the same CaM-binding domain. As the

CnAp peptides with the CaM-binding domain have been

classified as the 1-5-8-14 motif, Ca2þ/CaM recognizes this

motif and adopts a compact globular structure. The R0 and

dmax values for the complexes with the acid region are,

however, larger than the corresponding values for the com-
pact globular structure. Besides, these values increase evi-

dently with the size of the acid region. The results show that

the long axis of the complex crossovers from the axis passing

through the two domains of CaM to that of the peptide. If

the overall structure of the Ca2þ/CaM complexed with the

CaM-binding domain of CnA is equivalent to that of the

Ca2þ/CaM/M13 complex, the long axis of the peptide is

about 37 �A [5]. As the acid region of CnAp, in particular,

CnAp380 or CnAp374 contains a mass of acid residues, the

shape usually adopts an extended conformation. If the ex-

tended conformation is described as a worm-like chain [25],

the length of the acid region is estimated as 10, 15, and 20 �A
for the CnAp385, CnAp380, and CnAp374, respectively. The

long axis passing through each peptide is, then, 47, 52, and 57
�A for the Ca2þ/CaM/CnAp385, Ca2þ/CaM/CnAp380, and

Ca2þ/CaM/CnAp374 complexes, respectively. These values

agree with the experimental values of dmax in Table 2. The

results provide the evidence that the acid region of the Ca2þ/
CaM/CnAp complex is extruded to solvent in the Ca2þ-bound
conformation.

The difference curves in Fig. 4B represent that the minimum

at around 20 �A decreases with the size of the acid region, while

the maximum at around 45 �A increases. As the maximum must

relate principally to the distance between the compact globular

domain and the acid region, the increase of the maximum is

connected to the increase of the size of the acid region. The

driving force for the extrusion of the acid region may be

principally derived from the electrostatic repulsion between

Ca2þ/CaM and the acid region of the peptide, which corre-

sponds to large positive values of A2 and Bif .



Fig. 6. Schematic model of Ca2þ-indueed extrusion of the acid region
of calcineurin. In the Ca2þ-free conformation (Left), both the acid
region and CaM-binding domain in calcineurin A directly interact with
a domain of CaM, which adopts a dumbbell-like structure. In the
Ca2þ-bound conformation (Right), CaM complexed with the CaM-
binding domain adopts a compact globular structure, while the acid
region is extruded from the compact structure to solvent. The symbols
N and C denote the N-and C-termini of CaM or CnAp, respectively.
The protein data bank code for the structures are 3CLN and 2BBM for
apoCaM alone and Ca2þ/CaM/CnAp complex, respectively.
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Fig. 4. Distance distribution functions, P ðrÞ, (A) and the difference
curves, DP(r), (B) for Ca2þ/CaM/CnAp complexes. The numbers 1 to 3
represent Ca2þ/CaM/CnAp385, Ca2þ/CaM/CnAp380 and Ca2þ/CaM/
CnAp374, respectively. The arrow at around 45 �A relates principally to
distances between the compact globular structure in the complex and
the acid region in the peptide. The decrease at around 20 �A in the P ðrÞ
curve is linked with the increase at around 45 �A, as the integrated value
of P ðrÞ curve is normalized.
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The apoCaM/CnAp complex adopts a dumbbell-like struc-

ture utilizing a binding motif as observed in the apoCaM/

CaMKIVp [10]. The R0 and dmax values for the complexes

remain almost unchanged by the size of acid region. Residues

380–384 of CnAp380 and 374–384 of CnAp374 do not cause

any increase in these values, suggesting that these residues
0
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Fig. 5. Distance distribution functions, PðrÞ, for apoCaM/CnAp
complexes. The numbers 1 to 3 represent apoCaM/CnAp385, apo-
CaM/CnAp380 and apoCaM/CnAp374, respectively. The arrow at
around 45 �A represents a shoulder characteristic of the dumbbell-like
structure.
interact directly with a domain of calmodulin. The shapes of

the P ðrÞ curves for these complexes shown in Fig. 5 are almost

superimposed with each other regardless of the difference of

acid residues, suggesting again that the whole peptides in-

cluding acid residues bind to a domain of apoCaM.

Fig. 6 presents a model to account for the SAXS results. In

the Ca2þ-free conformation (Left), almost disordered peptide

including both the acid region and CaM-binding domain di-

rectly interacts with a domain of CaM, which adopts a

dumbbell-like structure. On the other hand, in the Ca2þ-bound
conformation (Right), the CaM complexed with the CaM-

binding domain adopts a compact globular structure and the

acid region is extruded to solvent. Thus, Ca2þ signals induce a

conformational change of the peptides via CaM.

The region of 374–414 of CnA, which is located just

downstream of the binding site for CnB, might be a disordered

structure, because this region was invisible in the crystal

without CaM [26]. The crystal structure of calcineurin in the

presence of CaM has not been presented until now. Therefore,

a similar conformational change of 374–414 region shown in

Fig. 6 likely occurs even in CnA by Ca2þ signals via CaM ir-

respective of the binding of apoCaM to CnA. The conforma-

tional change described may cause to move the large segment

of residues from 374 to C-terminal end, allowing the full active

structure for Cn. Here, it should be emphasized that not only

the CaM binding domain in Cn (391–414) but also the acid

residues are functioning to fully activate Cn with Ca2þ signals

synergetically.

The Rg values of CaM with a model peptide corresponding

to the CaM binding domain in Cn decreased with an in-

creasing Ca2þ concentration up to 4-mol of Ca2þ/mol of CaM

(data not shown). The result is very similar to the Ca2þ-de-
pendent change of Rg obtained with mastoparan, which has

the same CaM binding motif as Cn [27]. Therefore, it should

be reasonable that the structure shown at right side in Fig. 6 is

complete when four Ca2þ-binding sites of CaM had been oc-

cupied. These considerations are consistent with early report

presented by Kincaid and Vaughan [28].

Since we have no evidence for the binding affinities of these

peptides to apoCaM so far, it is difficult to refer whether Cn

binds apoCaM or not in living cells. Recently, Mori et al.

showed a possible enrichment of local CaM in living cells [29].
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