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ABSTRACT: The solution structures of complexes between calcium-saturated calmodulin (Ca2+/CaM) and a
CaM-binding domain of the HIV-1 matrix protein p17 have been determined by small-angle X-ray scattering
with use of synchrotron radiation as an intense and stable X-ray source. We used three synthetic peptides of
residues 11-28, 26-47, and 11-47 of p17 to demonstrate the diversity of CaM-binding conformation.
Ca2+/CaM complexed with residues 11-28 of p17 adopts a dumbbell-like structure at a molar ratio of
1:2, suggesting that the two peptides bind each lobe of CaM, respectively. Ca2+/CaM complexed with
residues 26-47 of p17 at a molar ratio of 1:1 adopts a globular structure similar to the NMR structure of
Ca2+/CaM bound to M13, which adopted a compact globular structure. In contrast to these complexes,
Ca2+/CaM binds directly with both CaM-binding sites of residues 11-47 of p17 at a molar ratio of 1:1,
which induces a novel structure different from known structures previously reported between Ca2+/CaM
and peptide. A tertiary structural model of the novel structure was constructed using the biopolymer module
of Insight II 2000 on the basis of the scattering data. The two domains of CaM remain essentially unchanged
upon complexation. The hinge motions, however, occur in a highly flexible linker of CaM, in which the
electrostatic residues 74Arg, 78Asp, and 82Glu interact with N-terminal electrostatic residues of the peptide
(residues 12Glu, 15Arg, and 18Lys). The acidic residues in the N-terminal domain of CaM interact with
basic residues in a central part of the peptide, thereby enabling the central part to change the conformations,
while an acidic residue in the C-terminal domain interacts with two basic residues in the two helical sites
of the peptide. The overall structure of the complex adopts an extended structure with the radius of gyration
of 20.5 Å and the interdomain distance of 34.2 Å. Thus, the complex is principally stabilized by electrostatic
interactions. The hydrophobic patches of Ca2+/CaM are not responsible for the binding with the hydrophobic
residues in the peptide, suggesting that CaM plays a role to sequester the myristic acid moiety of p17.

Calmodulin (CaM)1 is a ubiquitous Ca2+-binding protein
of 148 residues that regulates a variety of physiological
processes in a Ca2+-dependent manner (1). The regulation
is achieved through the interaction of Ca2+-saturated CaM
(Ca2+/CaM) with a large number of target proteins that are
functionally and structurally diverse (2, 3). The structure of
Ca2+/CaM adopts an extended structure (4) in which the two
domains are connected by a highly flexible linker (5–7),
whereas the structures of Ca2+/CaM complexed with a
peptide from target proteins adopt a compact globular
structure caused by the bending of the flexible linker (8, 9).
Recently, however, an extended 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 (10).

It has been reported that CaM binds the structural proteins
of human immunodeficiency virus type 1 (HIV-1), Gag and
the matrix protein (p17), in a Ca2+-dependent manner and
that there are two nearly contiguous CaM-binding sites
contained in residues 11-46 of p17 (11). The p17 of HIV-1
is produced by proteolytic processing of the precursor Gag
polyprotein (12, 13). The mature p17 performs important
functions in early stages of the viral cycle. Two major
functions for p17 have been clearly established. (i) p17 is
critical to the targeting of the Gag precursor to the plasma
membrane. Mutation of the N-terminal Gly abolishes virus
assembly in most systems (14–16). Mutation of a highly basic
domain near the N terminus of p17 (residues 17-31) disrupts
proper Gag targeting and virus assembly (17–19). (ii) p17
is required for efficient incorporation of the envelope
glycoproteins into virions. Deletions and multiple amino acid
substitutions throughout the majority of p17 impair the
envelope incorporation (20, 21), and single amino acid
substitutions near the amino terminus of p17 (e.g., at residues
10, 12, 30, and 34) abolish or significantly reduce the
envelope incorporation (22–24). Thus, the mutation studies
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produce results consistent with the possibilities that CaM
might be involved in the targeting process and also in
modulation of myristoylation effects. However, little is
known about the role of CaM binding to Gag. In order to
reveal the role, the structural and modeling studies on the
complexes are crucial.

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 mea-
surable structural changes of CaM. We used three synthetic
peptides of residues 11-28, 26-47, and 11-47 from p17
as a target for CaM to demonstrate the diversity of CaM-
binding conformation. The main SAXS results indicate that
Ca2+/CaM binds directly with two CaM binding sites of
p17(11-47) and induces a novel structure different from that
previously reported between Ca2+/CaM and peptides. A
tertiary structural modeling of the complex predicts that the
overall structure of the complex of Ca2+/CaM and p17(11-47)
adopts an extended structure and is principally stabilized by
electrostatic interactions, suggesting that the hydrophobic
patches of Ca2+/CaM interact with the myristic acid moiety
of p17, if the present model mimics the corresponding part
of a Ca2+/CaM/p17 complex.

MATERIALS AND METHODS

Materials. The recombinant CaM based on the sequence
of rat CaM was expressed as described in ref 25. CaM
fraction was obtained as described in ref 26. The peptides
were synthesized and purified as described in ref 27. Table
1 summarizes the primary sequences of three synthetic
peptides of p17. These peptides correspond to residues
11-28, 26-47, and 11-47 of p17, which are denoted
hereafter by p17(11-28), p17(26-47), and p17(11-47),
respectively.

SR-SAXS Measurements. The basic medium used for the
SAXS measurements was 50 mM Tris-HCl, pH 7.6, and 120
mM NaCl. A complex of Ca2+/CaM with each peptide of
p17 was prepared by mixing the protein with both a 4.4-
fold molar excess of Ca2+ and 1.1 or 2.2 mol of the peptide.
The molar ratios of the peptide were prepared according to
a previous intrinsic tryptophan fluorometry (11). The protein
concentrations for both Ca2+/CaM/p17(11-28) and Ca2+/
CaM/p17(26-47) were 7.5, 10.0, 12.5, 15.0, 17.5, and 20.0
mg/mL, while those for Ca2+/CaM/p17(11-47) were 5.0,
7.5, 10.0, 12.5, and 15.0 mg/mL. The concentrations of
proteins were determined by the method described in ref 28.

The SAXS profiles for all samples were acquired using
the instrument for SAXS installed at BL-10C of Photon
Factory, KEK, Tsukuba. The details of the optics and

instruments are given elsewhere (29). An X-ray wavelength
of 1.488 Å was selected. The samples were contained in a
mica cell with a volume of 70 µL, and the temperature was
kept at 25.0 ( 0.1 °C by circulating water through the cell
holder. The reciprocal parameter, s, equal to (2 sin θ)/λ, was
calibrated by the observation of a chicken collagen, where
2θ is the scattering angle and λ is the X-ray wavelength.
Scattering data were collected for 300 s at various concentra-
tions. Irradiation of all samples for periods up to 1800 s
produced no change in the scattering profiles.

Scattering Data Analysis. Three methods of data analysis
were used. The first method was that of Guinier and Fournet
(30). The scattering intensity of I(s,c) measured as a function
of s at a finite protein concentration, c, is given by

I(s,c)) I(0,c) exp{-(4π2/3)Rg(c)2s2} (1)

Here I(0,c) is the scattering intensity at s ) 0 and Rg(c) is
the radius of gyration as a concentration c. In the dilute limit,
I(0,c) is given by

Kc/I(0,c)) 1/M+ 2A2c+ ... (2)

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 a Ca2+/CaM or Ca2+/CaM/MLCK
peptide complex as a standard sample. In the dilute limit,
Rg(c) is given by

Rg(c)2 )R0
2 -Bifc+ ... (3)

where R0 is the radius of gyration at infinite dilution and Bif

is the parameter of interparticle interference (31). Bif can be
related to A2for particles with spherical symmetry (30).2 For
particles without spherical symmetry, it contains another term
different from that of A2, because the square of the average
of the structure factor is not equal to the average of the square
of the structure factor any more. Therefore, Bif has been used
as another interaction parameter different from A2 (31). Using
eqs 2 and 3, we evaluated the four parameters M, A2, R0,
and Bif. For the analysis, the range of s2 (Å-2) for each
complex was determined by using a Guinier condition of
(4π2/3)Rg(c)2s2 < 1.

The second method was that of that of Kratky, which is
defined by the plot of s2I(s) versus s (the Kratky plot) (32).
The Kratky plots provide the structural characteristics (e.g.,
molecular shape) of a chain polymer and a biopolymer. The
Kratky plot from a mixture of states 1 and 2 was calculated
by

s2I(s)mixture/I(0)mixture ) s2[p1I1(s)+ p2I2(s)]/[p1I1(0)+
p2I2(0)] (4)

where p1 and p2 are the probability of states 1 and 2,
respectively (30).

The third method was that of Svergun (33), in which
GNOM and DAMMIN were used to evaluate the distance
distribution function (P(r)) and the molecular shape for a
complex, respectively.3 For the analysis, all data to s ) 0.06
Å-1 were used.

2 Reference 30 is available via UMI Books on demand, UMI, a Bell
& Howell Co., 300 North Zeeb Road, P.O. Box 1346, Ann Arbor, MI
48106-1346 (800-521-0600, 313-761-4700).

3 GNOM and DAMMIN are available free of charge via the Internet
at http://www.ill.fr/lss/data_treatment/SAS_analysis.html.

Table 1: Primary Sequences of Three Peptides of p17 Synthesized in
This Work

peptide name primary sequence AAa

p17(11-28) GELDRWEKIRLRPGGKKK 18
p17(26-47) KKKYKLKHIVWASRELERFAVN 22
p17(11-47) GELDRWEKIRLRPGGKKKY

KLKHIVWASRELERFAVN
37

a AA represents the number of amino acid residues; underlined
sequences denote helices, which are referred from the Protein Data Bank
code of p17 (1tam).
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The error bars are usually denoted in the case where the
experimental errors are larger than the symbols.

Tertiary Structural Prediction. A predicted tertiary struc-
tural model of the Ca2+/CaM/p17(11-47) complex was
constructed using the biopolymer module of Insight II 2000
(Accerlys). Sequential morphs of CaM were obtained from
prediction of movement accompanying with conformational
change between the Ca2+/CaM/RS20 complex (ff0 form
(PDB: 1cdl)) and Ca2+/CaM (ff17 form (PDB: 1cll)) (34).
Three conformations of CaM (ff11, ff13, and ff15) were
finally selected and probed with reference of experimental
data to their calculated Rg, the shape of the SAXS profile,
and that of the Kratky plot. An initial conformation of p17
was extracted from the coordinate of Gag protein (PDB:
1tam) and was placed on an initial position using arrangement
of M13 (the CaM-binding site of skeletal muscle myosin
light chain kinase (skMLCK) (residues 577-602)) in the
complex with CaM as reference (PDB: 2bbn). The geometry
of the initial models was optimized using CVFF force field
(35). Then, to search the most stable arrangement of p17
complexed with CaM, the systems were equilibrated through
5 ps of NVT-molecular dynamics at 298 K, in which only
residues of p17 were allowed to move while conformations
of CaM were fixed. The program Discover 3 module of
Insight II 2000 (Accerlys) was used for energy minimization
and the molecular dynamic calculations. Thus, each set of
coordinates for three candidates was obtained, and the model
best fitted to the SAXS data (ff15) was presented in the text.

Calculation of SAXS Profile of Known Tertiary Structures.
To compute I(s) for each candidate, the Debye’s formula
has been extended taking into account the solvent-inacces-
sible volume, as described in ref 36, and normalized:

I(s)/I(0)) {Ia-a(s)- 2Ia-b(s)+ Ib-b(s)}/{Ia-a(0)-
2Ia-b(0)+ Ib-b(0)} (5)

where

Ia-b(s))∑
N

∑
N

fm
afn

b sin (2πsRmn)/(2πsRmn) (6)

Ia-b(0))∑
N

∑
N

fm
afn

b (7)

Here, N is the number of discrete scattering elements, and
the superscripts “a” and “b” refer to the protein molecule
and the solvent, respectively. fm and fn are the number of
electrons for the mth element and the nth element, respec-
tively. Rmn is the distance between the elements m and n.
The double summation encompasses all scattering elements
in the assemblage. The normalized Kratky plot (s2Ia-b(s)/
Ia-b(0) versus s) was calculated from the corresponding
normalized SAXS profile. The Vax Fortran program written
originally in ref 36 was properly rewritten using Fortran 77,
and all computations were performed on a Fujitsu PC
(Windows XP) using Cygwin.

RESULTS

Guinier Region of the Scattering Profile. An example of
Guinier plots (ln I(s) versus s2) for a complex of Ca2+/CaM/
p17 peptide 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 (2) 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 all
samples, are shown in Figure 2A as a function of protein
concentration. The plots are linear over the entire concentra-
tion range, and the value of [Kc/I(0,c)]c)0 extrapolated to
infinite dilution for each complex has the inverse molecular
weight appropriate for the soluble monomer.

The molecular weights M and the second virial coefficients
A2 were compiled in Table 2. The experimental values of M
for all complexes almost agree well with the calculated values

FIGURE 1: Guinier plots for a complex of Ca2+/CaM/p17 peptide
at a molar ratio of 1:1 at various protein concentrations. The straight
lines were obtained with the data points between the arrows in the
figure by the least-squares method. (A) CaM/p17(11-28) and (B)
CaM/p17(26-47): (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; (6) 20.0 mg/mL. (C) CaM/
p17(11-47): (1) 5.0 mg/mL; (2) 7.5 mg/mL; (3) 10.0 mg/mL; (4)
12.5 mg/mL; (5) 15.0 mg/mL.
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denoted in parentheses within the experimental error of about
10%, except that for the complex of Ca2+/CaM/p17(11-47)
at a molar ratio of 1:1. The latter value obtained experimen-
tally is 12% larger than the calculated value of monomer
(M1) and seems to be slightly over the experimental error.
We believe this slight difference is not due to aggregations
but experimental uncertainties. If this increment is due to
aggregation, the molecular weight represents the weight
average molecular weight (Mw). As no upturn was observed
at the lowest s2 region, as seen from Figure 1C, the size of
aggregates is not so large, and probably the contribution from
dimers (M2) would be predominant. The molar fraction of
dimers (x2) was estimated to be 0.064, whose value is small
compared with that of monomers (x1 ) 0.936), even if the
solution could contain dimers. Here x2 ()1 - x1) was
calculated by Mw/M1 ) {x1M1

2 + x2M2
2}/{x1M1

2 + x2M1M2}
) 1.12. In this point, a previous intrinsic tryptophan
fluorometry (11) has showed that Ca2+/CaM binds p17(11-25)
with a 1:2 stoichiometry and a dissociation constant of
approximately 10-9 M2 and that it also binds p17(31-46)
with a 1:1 stoichiometry and a dissociation constant of
approximately 10-9 M. Therefore, it is reasonable to conclude
that Ca2+/CaM binds each peptide with the molar ratio
described in Table 2.

Radii of gyration at infinite dilution were calculated from
the slopes of the Guinier plots and are shown in Figure 2B.
The linear increase with decreasing protein concentration was

observed in the complexes for Ca2+/CaM/p17(11-28) and
Ca2+/CaM/p17(26-47), while the linear decrease was ob-
served in the Ca2+/CaM/p17(11-47) complex at a molar
ratio of 1:2, but no protein concentration dependence was
observed in the Ca2+/CaM/p17(11-47) complex at a molar
ratio of 1:1. The slopes of these lines, which arise from
interparticle interference effects, represent a virial coefficient
(30). Table 2 also compiles the values of R0 and Bif.

The R0 value for the Ca2+/CaM/p17(11-28) complex with
2 mol of p17(11-28) and without p17(11-28) is 21.8 (
0.3 Å, a value typical of the dumbbell-shaped structure (4,
5, 27, 37). The R0 value does not almost change by the
binding of 2 mol of the peptide, suggesting that the molecular
shape still adopts a dumbbell-shaped structure. However, the
tendencies of A2 and Bif are totally different: the value of A2

of the complex with 2 mol of p17(11-28) and without
p17(11-28) is smaller than that at a molar ratio of 1:2, while
that of Bif is reversed each other.

The R0 value for the Ca2+/CaM/p17(26-47) complex is
18.7 ( 0.3 Å at a molar ratio of 1:1, whose value is close to
a typical value of the globular structure (38–40), and it
increases by 1.1 ( 0.3 Å by the binding of 2 mol of the
peptide. However, their tendencies for the interactions almost
do not change by the binding of 2 mol of the peptide.

The R0 value for the Ca2+/CaM/p17(11-47) complex is
20.5 ( 0.3 Å at a molar ratio of 1:1, and it increases by 0.5
Å by the binding of 2 mol of the peptide. If the R0 value of
20.5 Å corresponds to a mixture, the R0 value represents a
z-averaged radius of gyration (Rz). The Rz value is given by
Rz

2 ) {p1I1(0)R1
2 + p2I2(0)R2

2}/{p1I1(0) + p2I2(0)} (30). For
a mixture of the Ca2+/CaM/p17(11-28) complex with 2 mol
of p17(11-28) and without p17(11-28) and the Ca2+/CaM/
p17(26-47) complex at a molar ratio of 1:1, the Rz value
was estimated at 20.2 Å. As this value is close to the R0

value (20.5 ( 0.3 Å) for the Ca2+/CaM/p17(11-47) complex
at a molar ratio of 1:1, the Ca2+/CaM/p17(11-47) complex
might be interpreted as the mixture. The interpretation is,
however, evidently contrary to the results of the interaction
parameters. That is, the value of A2 for the Ca2+/CaM/
p17(11-47) complex at a molar ratio of 1:1 is positive, while
the value of Bif for the same complex is almost zero. The
values of A2 and Bif for the Ca2+/CaM/p17(11-28) complex
are both positive. The corresponding values for the Ca2+/
CaM/p17(26-47) complex are also both positive. As a result,
both A2 and Bif for the predicted mixture would be expected
to be positive, although the quantitative evaluation is quite
complicated. Thus, their interactions for the Ca2+/CaM/
p17(11-47) at a molar ratio of 1:1 could not be interpreted
as the mixture of above states would be expected to be,
allowing them to conclude that the 1:1 binding of CaM to
the peptide is induced by a specific interaction. In addition,
the drastic decrease of the interaction parameters associated
with the binding of 2 mol of peptide was observed,
suggesting a decrease in the net charge of the complex.

Kratky Region of the Scattering Profile. Figure 3A shows
the Kratky plot for the Ca2+/CaM/p17(11-28) complex
which is characterized by the presence of a broad peak near
s ) 0.012-0.023 Å-1, indicating that the complex adopts a
dumbbell-shaped structure, which is close to a dumbbell-
like structure denoted by a green solid line for Ca2+/CaM
(41). The shape does not almost change by the binding of 2
mol of the peptide, which is consistent with the result of the

FIGURE 2: (A) Zimm plots for a complex of Ca2+/CaM/p17 peptide.
(B) The square of the radius of gyration, Rg

2, for a complex of
Ca2+/CaM/p17 peptide as a function of the protein concentration:
(2, 4) Ca2+/CaM/p17(11-28); (1, 3) Ca2+/CaM/p17(26-47); (b,
O) Ca2+/CaM/p17(11-47). Filled symbols denote a molar ratio of
1:1, while open symbols denote a molar ratio of 1:2.
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radius of gyration. Figure 3B shows the Kratky plot for the
Ca2+/CaM/p17(26-47) complex which is characterized by
the presence of a sharp peak near s ) 0.015 Å-1, indicating
that the complex adopts a globular structure, as it is close to
a compact globular structure denoted by a blue solid line
for a Ca2+/CaM/MLCK22 complex (41, 42). The globular
structure somewhat expands by the binding of 2 mol of the
peptide, as the corresponding peak in the Kratky plot
evidently decreases by the binding of 2 mol of the peptide.
In contrast to the results for these complexes, Figure 3C
shows the Kratky plot for the Ca2+/CaM/p17(11-47)
complex, which is characterized by the presence of an
asymmetric peak near s ) 0.014 Å-1, suggesting that the
molecular states resemble neither the dumbbell-shaped
structure for the Ca2+/CaM (green line) nor the compact
globular structure for the Ca2+/CaM/MLCK22 complex (blue
line). Moreover, the Kratky plot for a mixture of Ca2+/CaM
(green line) and the Ca2+/CaM/p17(11-47) complex (open
circles in Figure 3C) and that for a mixture of the Ca2+/
CaM/p17(11-28) complex (filled triangles in Figure 3A) and
the Ca2+/CaM/p17(26-47) complex (filled triangles in Figure
3B) have been calculated according to eq 4. The former is
denoted by a red solid line and the latter by a red dotted
line in Figure 3C, respectively, in which both plots were
calculated at a molar ratio of 1:1. Thus, neither of these
mixtures will reproduce the Kratky plot of the Ca2+/CaM/
p17(11-47) complex at a molar ratio of 1:1. On the other
hand, the molecular weight and the radius of gyration have
been calculated as 22.3 × 103 g/mol and 21.2 Å for the
former and 18.8 × 103 g/mol and 20.2 Å for the latter,
respectively. The corresponding experimental values for the
Ca2+/CaM/p17(11-47) complex at a molar ratio of 1:1 are
(24.0 ( 2.2) × 103 g/mol and 20.5 ( 0.3 Å, respectively.
Thus, every one of these mixtures does not satisfy the
experimental results. Other possible mixtures have been
tested, but none of these can reproduce the plot. Taken
together, it is reasonable to suggest that the Ca2+/CaM/
p17(11-47) complex at a molar ratio of 1:1 adopts a novel
structure. The structure somewhat expands by the binding
of 2 mol of the peptide, as the corresponding peak in the
Kratky plot evidently decreases by the binding of 2 mol of
the peptide, suggesting that the Ca2+/CaM/p17(11-47)
complex at a molar ratio of 1:2 also adopts a novel structure.

Figure 4A shows a comparison among three P(r) curves
for the Ca2+/CaM/p17(11-28) complex at a molar ratio of
1:2 (green curve), Ca2+/CaM/p17(26-47) complex at a molar
ratio of 1:1 (blue line), and Ca2+/CaM/p17(11-47) complex
at a molar ratio of 1:1 (red line), which were derived from
the corresponding scattering curves by GNOM (33). The P(r)
curve of Ca2+/CaM/p17(26-47) shows only one maximum,
which is consistent with a globular structure. The maximum
dimension of the complex is around 55.0 Å. In contrast, both

complexes of Ca2+/CaM/p17(11-28) and Ca2+/CaM/
p17(11-47) adopt an extended structure. The maximum P(r)
value, the shoulder, and the maximum dimension for the
former fall near 20.4, 32.0, and 67.4 Å, respectively, while
those for the latter fall near 21.5, 32.7, and 67.4 Å,
respectively. Although these values are similar to each other,
it should be noted that the overall shapes of the P(r) curve
differ obviously from each other. Figure 4B shows the
molecular shapes corresponding to three complexes shown
in Figure 4A, which were derived from the corresponding
GNOM data by DAMMIN (33). It is easily seen that the
Ca2+/CaM/p17(26-47) complex is a globular structure, while
both complexes of Ca2+/CaM/p17(11-28) and Ca2+/CaM/
p17(11-47) are different types of extended structures. The
Ca2+/CaM/p17(11-28) complex adopts a straight dumbbell-
shaped structure, while the Ca2+/CaM/p17(11-47) complex
adopts a bent one.

DISCUSSION

This work verifies the diversity of CaM-binding confor-
mation. Although there is no canonical CaM-binding motif
in the sequence of p17(11-28), Ca2+/CaM binds the peptide.
As the deletion of 16Trp17Glu18Lys reduces gp160 incor-
poration (19), it has been suggested that these three residues
are involved in the CaM binding. The straight dumbbell-
shaped structure for the Ca2+/CaM/p17(11-28) complex
could be originated from that one peptide binds one domain
of Ca2+/CaM, while the other does another domain. On the
other hand, the Ca2+/CaM/p17(26-47) complex at a molar
ratio of 1:1 adopts a globular structure, and the X-ray
crystallographic structure of p17 shows the secondary
structural assignment of this region to be a helix. Although
the recognition motif has not been confirmed, it is suggested
that Ca2+/CaM recognizes a motif of residues 31Leu, 35Val,
and 44Phe with the exception of 38Ser at the eighth position,
which fits a 1-5-8-14 motif of hydrophobic residues shown
in the NMR structure of a M13 bound to Ca2+/CaM (8).
The exception at the eighth position could explain a slightly
larger value of R0 for the complex, because this residue is
required for binding both domains of CaM (8). The Ca2+/
CaM/p17(26-47) complex at a molar ratio of 1:2 adopts a
somewhat relaxed globular structure, suggesting that the
second p17(26-47) also participates in the interaction
between two domains of CaM. These structural studies
suggest that the flexibility of the central linker and the two
hydrophobic patches in Ca2+/CaM play an important role in
target recognition.

In contrast to these complexes, Ca2+/CaM binds directly
with both CaM-binding sites of residues 11-47 of p17 at a
molar ratio of 1:1, which induces a novel structure different
from known structures previously reported between Ca2+/

Table 2: Molecular Weight (M) and Second Virial Coefficient (A2), Radius of Gyration at Infinite Dilution (R0), and Parameter of Interparticle
Interference (Bif) for a Complex of Ca2+/CaM/p17 Peptide

CaM/p17 peptide (molar ratio) 10-3M (g/mol) (calcd value)a 104A2 (mol · cm3/g2) R0 (Å) 1013Bif (cm5/g)

CaM/p17(11-28) (1:0 + 1:2) 16.9 ( 1.5 (18.0) 0.3 ( 0.2 21.8 ( 0.3 2.3 ( 0.2
CaM/p17(11-28) (1:2) 23.1 ( 2.1 (21.2) 2.5 ( 0.2 21.9 ( 0.3 1.0 ( 0.1
CaM/p17(26-47) (1:1) 18.5 ( 1.7 (19.6) 1.9 ( 0.2 18.7 ( 0.3 2.1 ( 0.2
CaM/2p17(26-47) (1:2) 24.5 ( 2.2 (22.4) 2.3 ( 0.2 19.8 ( 0.3 1.8 ( 0.2
CaM/p17(11-47) (1:1) 24.0 ( 2.2 (21.4) 1.8 ( 0.2 20.5 ( 0.3 -0.1 ( 0.1
CaM/p17(11-47) (1:2) 28.1 ( 2.5 (25.9) 0.0 ( 0.1 21.0 ( 0.3 -3.5 ( 0.2

a M for a complex of CaM/p17 peptide was calculated.
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CaM and peptide. Therefore, we tried more detailed tertiary
structural prediction from the SAXS profile. Taking into
account that the dissociation constants of the two peptides
for Ca2+/CaM are almost the same order (11), the most

straightforward interpretation for the result of the Ca2+/CaM/
p17(11-47) complex is that the two domains of Ca2+/CaM
interact directly with residues 11-25 and 31-46 of
p17(11-47). As the overall structure of p17(11-47) has not
been known, the total structure of p17 (PDB: 1tam) evaluated

FIGURE 3: Kratky plots for a complex of Ca2+/CaM/p17 peptide at
the protein concentration of 15.0 mg/mL: (A) Ca2+/CaM/
p17(11-28); (B) Ca2+/CaM/p17(26-47); (C) Ca2+/CaM/p17(11-
47). Filled symbols denote a molar ratio of 1:1, while open symbols
denote a molar ratio of 1:2. The green and blue lines correspond
to the Kratky plots for Ca2+/CaM with a dumbbell-like structure
and Ca2+/CaM/MLCK22 with a compact globular structure,
respectively (41, 42); also see Materials and Methods. These
standard samples have been measured in parallel with the samples
investigated in this work. The red solid and dotted lines in panel C
denote a combined curve of the Kratky plot of Ca2+/CaM/
p17(11-47) (open circles in panel C) and that of Ca2+/CaM and a
combined curve of the Kratky plot of Ca2+/CaM/p17(11-28) (filled
triangles in panel A) and that of Ca2+/CaM/p17(26-47) (filled
triangles in panel B), respectively. Here, each combined curve was
calculated according to eq 4, in which p1 ) p2 ) 0.5.

FIGURE 4: (A) Comparison of P(r) curves for three complexes: Ca2+/
CaM/p17(11-28) complex at a molar ratio of 1:2 (green curve),
Ca2+/CaM/p17(26-47) complex at a molar ratio of 1:1 (blue line),
and Ca2+/CaM/p17(11-47) complex at a molar ratio of 1:1 (red
line), which were calculated by GNOM (33). (B) The molecular
shapes corresponding to the three complexes shown in (A), which
were obtained by DAMMIN (33). The top corresponds to the Ca2+/
CaM/p17(11-28) complex, the middle to the Ca2+/CaM/
p17(26-47) complex, and the bottom to the Ca2+/CaM/p17(11-47)
complex, in which the corresponding maximum dimensions are
around 67.4, 55.0, and 67.4 Å, respectively.
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by NMR was referred. It shows that residues 11-18 are a
helix, as are residues 30-45 (43, 44). With regard to the
arrangement of the two helices, the NMR structure was
selected as a reasonable arrangement. In the NMR structure
selected, there are two groups of bulky hydrophobic residues:
the first consists of 13Leu, 16Trp, 31Leu, and 35Val, while
the second consists of 36Trp, 41Ile, and 44Phe. It is noted
that 13Leu and 16Trp are located close to 31Leu and 35Val,
suggesting that these residues might interact with one domain
of CaM. On the other hand, it is suggested that 36Trp, 41Ile,
and 44Phe might interact with the other domain. Thus, it is
suggested that the direct binding of CaM with these two
CaM-binding sites of p17(11-47) induces a novel dumbbell-
shaped structure. As these hydrophobic residues are located
inside p17, the CaM-binding might request a drastic con-
formational change of p17. However, the NMR structure of
p17 is equivalent with that of the crystal structure, suggesting
that the whole structure of p17 is still preserved upon binding
of CaM (43, 44). Therefore, it has been required to estimate
directly the residue pairs interacting between CaM and
p17(11-47) based on a tertiary structural model predicted
by the SAXS data.

The tertiary structural prediction for Ca2+/CaM complexed
with the CaM-binding domain of p17(11-47) has been
performed, as described in the Materials and Methods. There
are many combinations matched to CaM in morphs database
(http://molmovdb.org/cgi-bin/search.cgi). We selected a com-
bination (Morph ID: 814007-14919) of Ca2+/CaM/RS20
complex (PDB: 1cdl) and Ca2+/CaM (PDB: 1cll) as two
kinds of data sources, because only these two structures are
solved by the same group and accordingly the information
flow in the Flores’ method (34) will be processed without
ambiguity. Between these two structures, 18 sequential
predicted morphs of CaM (from ff0 form (PDB: 1cdl) to
ff17 form (PDB: 1cll) were obtained, and three conformations
of them (ff11, ff13, and ff15) were selected with reference
of experimental data (Rg, distances between their two
globular domains, and shapes of Kratky plot) to their
calculated ones. After placements of p17 to the three morphs
and energy minimizations of the complexes, their parameters
have calculated again, and a predicted model (ff15 derivative)
of the complex whose calculated parameters agreed with the
experimental data well selected as the final 3D model.

Figure 5 shows the stereoview of a tertiary structural model
predicted for the candidate, which best fits the SAXS data.
The two domains of CaM remain essentially unchanged upon
complexation. The hinge motions, however, occur in the
central linker region of CaM, in which the electrostatic
residues 74, 78, and 82 interact with N-terminal residues of
the peptide. The acidic residues in the N-terminal domain
interact with basic residues in a central part of the peptide,
thereby enabling the central part to change the conformation,
while an acidic residue in the C-terminal domain interacts
with two basic residues in the two helical sites of the peptide.
Figure 6 shows a close-up of the central helix region
(residues 66-92) in the ff15 derivative as well as the
corresponding regions in the ff0 and ff17 forms. The helix
of this region in the ff15 derivative is rather disentangled in
comparison with the initial forms, although the structure still
holds an almost straight one because of the binding of the
peptide. Thus, the central helix region of CaM could play
an important role as a hinge in the building up of the 3D

model of the complex. The overall structure of the complex
adopts an extended structure with the radius of gyration of
20.5 Å and the interdomain distance of 34.2 Å. It is noted
that the latter value is in good agreement with the corre-
sponding value of 32.7 Å evaluated from DAMMIN. Figure
7 shows a summary of residue pairs inferred purely from
the model shown in Figure 5. Ca2+/CaM interacts principally
with p17(11-47) via their electrostatic interactions. This
result is quite different from that expected in the previous

FIGURE 5: Stereoview of a tertiary structural model predicted for
the complex of Ca2+/CaM/p17(11-47). The yellow drawing denotes
Ca2+/CaM (yellow), and the green drawing denotes p17(11-47).
Acidic (red) and basic (blue) residues related to residue pairs
inferred purely from the model are shown by ball and stick. The
stereoview was obtained using RasWin (version 2.7.3).

FIGURE 6: Representation of a final structure of the central helix
region (residues 66-92) in the ff15 derivative (magenta); the
corresponding regions in the ff0 (PDB: 1cll, blue) and ff17 forms
(PDB: 1cdl, green) are also shown as a reference.

FIGURE 7: Summary of residue pairs inferred purely from the model
shown in Figure 5. Residues in p17(11-47) involved in electrostatic
interactions are boxed. Underlined sequences denote helices, which
were referred from the Protein Data Bank code of p17 (1tam).
Carboxy domain and amino domain denote two domains of CaM,
respectively. A number with one letter is the amino acid numbering
in a CaM sequence.
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section and does not accompany any drastic conformational
change of p17.

Figure 8 shows a comparison of the experimental scat-
tering data for the Ca2+/CaM/p17(11-47) complex and the
calculated curve for the present model. The experimental
value of R0 is 20.5 ( 0.3 Å, which is in good agreement
with the calculated value (20.5 Å) from the coordinates of
the model. Thus, the resultant coordinates of the complex
obtained from the present model show a reasonable fitting
of the SAXS data except the deviation beyond s ) 0.043
Å-1. Beyond s ) 0.043 Å-1, the calculated curves deviate
from the experimental data, suggesting the limits of the
present model prediction. The deviation might be improved
by taking correctly into account of the secondary structure,
which is highly sensitive to environmental effects (45, 46).
As the SAXS method is not especially suitable for obtaining
information on the secondary structure, other information
containing circular dichroism (CD) will be needed to improve
the calculated profile beyond s ) 0.043 Å-1. As such a
deviation was observed for both Ca2+/CaM and Ca2+/CaM/
skMLCK22 complex, however, this could not be in part an
instrumental bias. In addition, it should be noted that the
present analysis is free from any adjustable parameter, as
the present SAXS profile is normalized.

The present result suggests that the two groups of bulky
hydrophobic residues of p17(11-47) are not responsible for

the binding with two domains of CaM and that the
hydrophobic domains of Ca2+/CaM interact with the myristic
acid moiety of p17, if the model mimics the corresponding
part of a Ca2+/CaM/p17 complex. The present result also
suggests that Ca2+/CaM plays a role in a myristyl switch
model of Gag membrane targeting (47, 48). To study the
interaction of CaM with the whole structure of p17, we used
p17(11-47) as the model peptide in this report. This may
only imperfectly mimic the interaction of CaM with the
whole structure of p17. Further studies will be needed to
confirm this point.
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