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Abstract

The solution structures of complexes between apocalmodulin (apoCaM) and a binding domain of the IQ
motifs of myosin V have been determined by small-angle X-ray scattering (SAXS) with use of synchrotron
radiation as an intense and stable X-ray source. We used three synthetic peptides of residues 772-786 (IQ1),
795-810 (IQ2), and 772-810 (IQ(142)) of the myosin V to compare the solution structures with the
corresponding crystal structure (PDB: 2ix7). The radius of gyration of apoCaM bound to the IQ1 or IQ2 at
a molar ratio of 1:1 increased by 4.8+0.3A or 3.8+0.3A, respectively, as compared with the corresponding
crystal structure. The experimental Kratky plots indicated that apoCaM bound to the IQI or IQ2 adopts a
dumbbell-shaped structure. In contrast to these complexes, the solution of apoCaM/IQ (1+2) at a molar ratio
of 2:1 became turbid, indicating that the solution contains several types of aggregates. The turbid solution
was centrifuged and the supernatant was used for the SAXS measurements. The SAXS results suggested that
the supernatant is composed of a mixture of apoCaM/IQ(1+2) and apoCaM. The radius of gyration of
apoCaM/IQ (1+2) at a molar ratio of 1:2 increased by 0.8+0.6A, as compared with the corresponding crystal
structure. The experimental Kratky plot was compared with calculated curves of both solution structures

based on the dumbbell-shaped structure and the crystal structure.

Introduction

Myosins are a large family of molecular
motors that move along actin filaments. Myosin
II (conventional myosin) generates contraction
in muscle, while myosin V (unconventional
myosin) transports cargo as a monomer in non-
muscle cells. All myosins have a globular N-
terminal motor domain that contains the actin
and ATP-binding sites, followed by an
elongated «-helical lever arm (lever). The lever
is composed of special sequences called IQ
motifs  (IQxxxRGxxxR, where consensus
residues are underlined and x is any amino
acid), each of which stabilized by the binding
of calmodulin (CaM). Despite the prevalence of

this motif in myosin, there was previously no
atomic-resolution structure of a CaM-myosin
heavy chain complex until recently.

Recently reported 2.5 A resolution structure
of calcium free CaM (apoCaM) bound to the first
two IQ motifs of the murine myosin V heavy
chainhasrevealed anunusual CaM conformation”.
The C-terminal lobe of each CaM adopts a semi-
open conformation that grips the first part of the
1Q motif (IQxxxR), whereas the N-terminal lobe
adopts a closed conformation that interacts
more weakly with the second part of the motif
(GxxxR). It is important to know whether the
crystal structure is a stable structure even in

solution, because a solution structure is directly
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related to the function of myosin V.

In this report, we have investigated the
solution structure of the complexes by small-
angle X-ray scattering (SAXS) with use of
synchrotron radiation as an intense and stable
X-ray source, which is a useful method to
detect direct interaction between CaM and
target peptides through measurable structural
changes of CaM. We used three synthetic
peptides of residues 772-786 (IQ1), 795-810
(IQ2), and 772-810 (IQ(1+2)) of the myosin V to
compare the solution structure with the crystal
structure. The main SAXS results indicate that
the solution structure is different from the
corresponding  crystal structure and that
apoCaM bound to the IQ motif adopts a
dumbbell-shaped structure.

Experimental

Materials. The recombinant CaM based on
the sequence of rat CaM was expressed as
described in ref. 2. CaM fraction was obtained
as described in ref. 3. The peptides were
synthesized and purified as described in ref. 4.
Table 1 summarizes the primary sequences of
three synthetic peptides, IQ1, IQ2, and IQ(1+2).

SR-SAXS Measurements. The basic medium
used for the SAXS measurements was 50 mM
Tris-HCI, pH 7.6, and 120mM NaCl. A complex
of apoCaM with IQI or IQ2 was prepared by
mixing 1.0 mol of the protein with 1.1 mol of
the peptide and these solutions were clear. On
the other hand, a complex of apoCaM with
1Q(1+2) was prepared by mixing 1.0 mol of the

Table 1: Primary Sequences of Three Peptides of
IQ1, IQ2, and IQ(1+2) Synthesized in This Work

peptide name primary sequence AA?
1Q1 RIQKTIRGWLLRKRY 15
1Q2 TVOQRYVRGYQARCYAK 16

1Q(1+2)  RIQKTIRGWLLRKRYLCMQRAAITVQRYVRGYQARCYAK 39

* AA represents the number of amino acid residues; Consensus residues are underlined;
Abbreviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe;
G, Gly; H, His; I, Ile; K, Lys; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V,
Val; W, Trp; and Y, Tyr.

protein with 0.5 mol of the peptide and the
solution was turbid in the range of concentration
from 3to 10 mg/mL. The turbid solution was
centrifuged and the supernatant was used for
the measurements. Here the molar ratios of the
peptide to the protein were determined
according to ref. 1. The protein concentrations
for both apoCaM/IQ1 and apoCaM/IQ2 were 7.5,
10.0, 12.5, 15.0, and 17.5 mg/mL, while those
for apoCaM/IQ(1+2) were 2.26, 2.99, 5.6, and 8.7
mg/mL. The concentrations for both apoCaM/
IQ1 and apoCaM/IQ2 were determined by the
method described in ref. 5, while those for the
supernatants of apoCaM/IQ(1+2) were determined
spectroscopically.

The SAXS profiles for all samples were
acquired wusing the instrument for SAXS
installed at BL-10C of Photon Factory, KEK,
Tsukuba. The details of the optics and instruments
are given elsewhere”. An X-ray wavelength of
1.488 A was used. The samples were contained
in a mica cell with a volume of 70 L, and the
temperature was kept at 25.0£0.1°C by
circulating water through the cell holder. The
reciprocal parameter, s, equals to (2sin )/ ,
was calibrated by the observation of a chicken
collagen, where 20 is the scattering angle and A
is the X-ray wavelength. Scattering data were
collected for 300 s at various concentrations.
Irradiation of all samples for periods up to 1800
s produced no change in the scattering profiles.

Scattering Data Analysis. Two methods of data
analysis were used. The first method was that
of Guinier and Fournet”. In the case of a group
of identical particles, the scattering intensity of
I(s,c) measured as a function of s at a finite
concentration, ¢, is given by

I(s,¢) = 100,¢) expl- (47t°/3) R(c)’s”} (a)
Here 1(0,c) is the scattering intensity at s = 0
and R.(c) is the radius of gyration at a
concentration ¢. In the dilute limit, 7(0,c) and
R.(c) are given by

Kcll(0,¢) = 1/M + 24,¢+++ (b)
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Rc)’ =Ry - Byc ++, (c)
respectively. Here K is an optical constant, M
is the molecular weight of the protein, 4, is the
second virial coefficient, R,is the radius of
gyration at infinite dilution, and By is the
parameter of the interparticle interference®. The
intercept and the initial slope of the Guinier plot
(In I(s,c) versus s°) determine [(0,c) and R.(c),
respectively.  Using egs. b and c, the four
parameters M, 4,, R,, and B; are evaluated.

In the case of a group of several types of
particles, an extended method of Guinier and
Fournet was used”. In the dilute limit, I(s,c) is
given by

ILs,c) = Zpi L (s,c) (d)
Here the summation encompasses all types of
particles in the assemblage, p; is the probability
that one of the N particles is of the type k and I
(s,c) is the scattering intensity of the particle of
type k. L(s,c) is given by the same form as eq. a

I(s,¢) = 1(0,¢) exp{-(4 7°/3) Rule)s™, (')
By developing eq. a’ under the condition of (47t %3)
Ralc)’s® <<1 (the condition of Guinier), I(s,c) is
compiled into the same form as eq. a:

1(s,¢) = 1(0,¢) expf- (47°/3) R.(c)’s} (e)
But the intercept and the initial slope of the
Guinier plot give the weight-average molecular
weight (M,) and the z-average radius of
gyration (R,,), respectively. M, is obtained by

10,¢) = 2 pi 1(0,¢) = KeM,, (f)
where K is a optical constant and the total
concentration c is given by:

c= Xk (g)
R,, is given by

Ree)’ = pi 100,¢) Rae)” | = pi 1(0,¢) (h)

The second method was that of Kratky,
which is defined by the plot of s°I(s) versus s
(the Kratky plot) in the case of a group of
identical particles”. The Kratky plots provide
the structural characteristics (e.g., molecular
shape) of a chain polymer and a biopolymer.
The Kratky plot from a group of several types

of particles was calculated by

$’I(s,¢) [10,¢) = 8" 2 pe L(s, ) Z pe L(0,¢) Q)

Calculation of SAXS Profile of Known Tertiary
Structures. PDB:2ix7 was used as the coordinates
for the crystal structure. Coordinates for solution
structures were newly created by separating
the N-terminal lobe of apoCaM from the
original position on the crystal structure. In the
calculation of the scattering profiles, we fixed
the radius of gyration of new solution structure
to the value of 25.4 A, whose value corresponds
to that of apoCaM/IQ(1+2) at a molar ratio of
2:1. The scattering profiles were calculated by
using the extended Debye’s formula and

normalized, as described previously'”.

Results

Guinier Region of the Scattering Profile. Anexample
of Guinier plots for a complex of apoCaM/IQI,
apoCaM/IQ2, and apoCaM/IQ(1+2) over the
concentration series is shown in Figure 1A-C.
In all of the samples studied here, there is no
evidence of any upward curvature at low s
values in the Guinier plots, which indicates that
the data are free from the aggregation of
samples. The values of Kc/i0,c) evaluated
from the intercepts of the Guinier plots for all
samples are shown in Figure 2A as a function
of protein concentration. The plots are linear
over the entire concentration range, and the
value of [Kc/(0,c)]., extrapolated to infinite
dilution for each complex has the inverse
molecular weight appropriate for the soluble
particle. The slopes of these lines are positive
for all complexes, indicating that the values of
A, are positive, that is, the interaction between
complexes is repulsive® 'V

All values of molecular weight (M) in Table 2
agree well with the calculated values denoted
in parentheses within the experimental error of
about 7 %. Therefore, it is reasonable to conclude
that apoCaM binds each peptide with the molar
ratio described in Table 2.

Radii of gyration at infinite dilution (R,) were



4 I RZEME (T%) 55328 k2242 H
-2 T T -2 T T -2 T T
A B [¢
25 4
25 | 4 25 | i
° 3t -
- : 3
3 3 >3 s 3 % 3 S s :
= = =
£ . o 3 4l 1
35 | 2 35 2] )
>
45 L i
1 1 1
-4 1 1 4 1 1 5 I 1
0 0.5 1 15 0 0.5 1 15 0 0.5 1 15
10* (A7) 10* 2 A7) 10537

Figure 1: Guinier plots for a complex of apoCaM/IQ1 at a molar ratio of 1:1 (A), apoCaM/IQ2 at a molar ratio of
1:1 (B), and apoCaM/IQ(1+2) at a molar ratio of 2:1 (C) at various concentrations. The straight lines were
obtained with the data points satisfying the Guinier condition by the least-squared method. (A) and (B): (1)
7.5 mg/mL; (2) 10.0 mg/mL; (3) 12.5 mg/mL; (4) 15.0 mg/mL; (5) 17.5 mg/mL. (C): (1) 2.26 mg/mL; (2) 2.99

mg/mL; (3) 5.6 mg/mL; (4) 8.7 mg/mL.
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Figure 2: Zimm plots (A) and the square of the radius of gyration, R (B) for a complex of apoCaM/IQ1,
apoCaM/IQ2, and apoCaM/IQ(1+2). (A ) apoCaM/IQL at a molar ratio of 1:1; (V) apoCaM/IQ2 at a molar

ratio of 1:1; (O) apoCaM/IQ(1+2) at a molar ratio of 2:1.

calculated from the slopes of the Guinier plots
and are shown in Figure 2B. The linear increase
with decreasing protein concentration was
observed in all complexes. The slopes of these
lines, which arise from interparticle interference
. Table
2 also compiles the values of R,., The R, value
for apoCaM/IQI and that for apoCaM/IQ2 are

8, 10, 11)

effects, represent a virial coefficient

Table 2: Molecular Weight (M), Radius of Gyration
at Infinite Dilution (R, for a Complex of
apoCaM/IQ1, apoCaM/IQ2, and apoCaM/IQ(1+2).

System 10°M (g/mol) (calcd. value)® RO(A) Rc,y,m.(A)h
ApoCaM/IQ1 (1:1) 19.4+1.4 (18.7) 21.8+0.3 17.0
ApoCaM/IQ2 (1:1) 17.5£1.2(18.7) 21.3£0.3 17.5

ApoCaM/IQ(1+2)(2:1)  35.9%2.5(38.2) 252406 246

* M for a complex of apoCaM/IQ! and apoCaM/IQ2 at a molar ratio of 1:1, and
apoCaM/IQ(1+2) at a molar ratio of 2:1.

® Radius of gyration for the corresponding crystal structure.

21.84+0.3A and 21.3+0.3A, respectively, a value
typical of the dumbbell-shaped structure* '?.
In contrast, the R.,.. value for the crystal
structure of apoCaM/IQ1is 17.0A and that for
apoCaM/IQ2 is 17.5A. The R, value of apoCaM
bound to the 1Q1 or IQ2 at a molar ratio of 1:1
increased by 4.8 +0.3A or 3.8 +0.3A, respectively,
as compared with the corresponding structure,
indicating that the solution structure is different
from the crystal structure. In the crystal structure,
the C-terminal lobe of each CaM adopts a semi-
open conformation that grips the first part of the
IQ motif (IQxxxR), while the N-terminal lobe
adopts a closed conformation that interacts
more weakly with the second part of the motif
(GxxxR). The larger values of R, for apoCaM/IQ1
and apoCaM/IQ2 indicate that the N-terminal
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Figure 3: Kratky plots for a complex of of apoCaM/IQ1 at a molar ratio of 1:1 (A), apoCaM/IQ2 at a molar ratio
of 1:1 (B), and apoCaM/IQ(1+2) at a molar ratio of 2:1(C) at various concentrations. The numbers in the
frame of A-C denote concentrations of mg/mL. The black lines (cal/1) in A-C were calculated by using the
corresponding atomic coordinates from the PDB: 2iX7.

lobe is separated from the second part of the
motif in the solution. On the other hand, the R,
value for apoCaM/IQ(1+2) is 25.240.6 A, whose
value is slightly larger than the corresponding
value of the crystal structure (24.6 A).

Kratky Region of the Scattering Profile. Figures 3A
and 3B show the Kratky plots for apoCaM/IQ1
and apoCaM/IQ2, which
characterized by the presence of a broad peak

respectively, are
near s = 0.015A ", indicating that each complex
adopts a dumbbell-shaped structure which is
close to a dumbbell-shaped structure reported
19 All scattering profiles converge
On the

other hand, the scattering profile calculated

previously
to that at the highest concentration.
from the corresponding crystal structure is
shown by a black solid line in Figures 3A or
3B, which is characterized by the presence of a
sharp peak near s = 0.016 A™. From a comparison
between these profiles, it is reasonable to
conclude that the solution structure is obviously
different the

structure, suggesting that the N-terminal lobe of

from corresponding  crystal
CaM is separated from the second part of 1Q
motif in the solution.

Figure 3C shows the Kratky plot for apoCaM/
IQ(1+2), which is characterized by the presences
of a broad and asymmetric peak near s = 0.013

A" and a shoulder around s = 0.025A™". In contrast,

the calculated profile of the corresponding crystal
structure (a black solid line), is characterized by
the presences of a sharp peak near s = 0.011A"
and a shoulder around s = 0.025A". The results
show that the profile calculated from only the
crystal structure is not sufficient to reproduce
the

suggesting that other components are contained.

data points of the solution structure,

Discussion

The measurements of the molecular weights,
the radii of gyration and the Kratky plots for
apoCaM/IQ1 and
show that the solution structure adopts a

apoCaM/IQ2 presented here

dumbbell-shaped structure, whose structure is
totally different from the crystal structure’.
Combined with the results of the crystal
structure, the most straightforward interpretation
of the these SAXS results is that the N-terminal
lobe of apoCaM is separated from the second
part of the IQ motif in solution, while the C-
terminal lobe still grips the first part of the
motif.

In contrast, the scattering profiles calculated
from the crystal structure for apoCaM/IQ(1+2) is
not sufficient to reproduce the experimental
profile, though the experimental values of M
and R,are in good accordance with the
calculated values for the crystal structure. In

this point, we recall that an upward curvature
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Figure 4: Crystal and solution structures for a complex of apoCaM/IQ1, apoCaM/IQ2, and apoCaM/IQ(1+2). In
the crystal structure (PDB: 2ix7), the N-terminal lobe of apoCaM interacts with the second part (GxxxR) of
1Q motifs, while the C-terminal lobe interacts with the first part (IQxxxR). In Figure 4A, the crystal
structure was separated into two parts: apoCaM/IQ1 and apoCaM/IQ2. In Figure 4B, only the N-terminal
lobe of apoCaM is separated from the second part of the IQ1 (the solution structure 1). In the solution
structure 2, only the N-terminal lobe of apoCaM is separated from the second part of the IQ2. In the
solution structure 3, each N-terminal lobe of apoCaM is separated from the second part of the corresponding

IQ motif,

at low s°values in the Guinier plot was
observed in a simple solution of IQ(1+2) (data is
that the

A turbid solution

not shown), indicating solution
contains various associates.
was obtained by mixing the solution of 1Q(1+2)
with that of apoCaM. After the centrifugation,
the the

precipitates and used for the SAXS measurements.

supernatant was separated from
From the experimental values of M and R,, it is
that the the

supernatant is composed of the complex of

clear main component of
apoCaM/IQ(1+2) at a molar ratio of 2:1. Noting
that the wvalue of M is smaller than the
calculated value, other components with a
lower molecular weight might be contained.
Here, we assume that apoCaM is contained in
Then,

the radius of gyration and molecular weight for

the supernatant as a minor component.

apoCaM/IQ(1+2) are replaced by M, in eq. f and
R.. in eq. h, respectively. Using M, defined by
Y pM| ¥ pMi, the experimental value of M,
(35.9x10°) was reproduced by selecting p, = 0.8
for apoCaM/IQ(1+2) and p,= 0.2 for apoCaM,
respectively. Using these values of p, and ps,
the value for the radius of gyration of apoCaM/
IQ(1+2) at a molar ratio of 2:1 was evaluated as
25.4 A. The results indicate that the component

of apoCaM should be subtracted in advance
from the experimental data in Figure 3C.

Furthermore, the results of apoCaM/IQ1 and
apoCaM/IQ2 showed that the solution structure
is evidently different from the corresponding
crystal structure. Figure 4A shows a schematic
solution structure for apoCaM/IQ1 or apoCaM/
1Q2, in which the N-terminal lobe of apoCaM is
separated from the second part of the IQ motif.
Two types of solution structures are shown.
Figure 4B shows three types of solution
structures for apoCaM/IQ(1+2).

Figure 5 shows the calculated results of the
scattering profiles for three types of solution
structures as well as the crystal structure in
Figure 4B. The data points for apoCaM/IQ(1+2)
at a molar ratio of 1:2 are reproduced by these
calculated profiles. By wusing the solution
structures, a difference observed near s = 0.01 A™
is fairly improved. However, a difference in the
range of 0.01< s (A") <0.03 is not substantially
improved by the use of the solution structure.
A further

appropriate solution structure will be desired to

search of coordinates for an

improve this point. Research is in progress

along this line.
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Figure 5: Comparison among the scattering curves
corresponding to three types of structures
shown in Figure 4B. The data points (open
blue circles) were obtained by subtracting the
data points for apoCaM from those for apoCaM/
IQ(1+2), taking into account of the percentage.
The black solid line denotes the crystal
structure; the blue solid line denotes the
solution structure 1; the green solid line
denotes the solution structure 2; the red solid
line denotes the solution structure 3.
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