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Biological context

Calcium ions play important roles in the regulation of
cell growth (Heizmann and Cox, 1998). Calcium bind-
ing proteins control the amount of calcium required
at different stages of cell development. The S100 pro-
teins are small dimeric members of the EF-hand super-
family of Ca2+ binding proteins that mediate Ca2+
dependent signal transduction pathways involved in
cell growth and differentiation, cell cycle regulation
and metabolic control (Donato, 2001). S100 pro-
teins have frequently been associated with a number
of neurological diseases, neoplastic diseases, human
cardiac diseases and tumor development.

Over twenty S100 proteins have been identified
with distinct functions and tissue distribution (Donato,
2001). However, the three dimensional structures of
only several dimeric S100 proteins have been determ-
ined by NMR (S100B (Drohat et al., 1999), S100A1
(Rustandi et al., 2002), S100A6 (Mäler et al., 1999))
method. Human S100P, a 95 amino acid residue pro-
tein first isolated in 1992 (Emoto et al., 1992), has 50%
and 35% sequence identity with S100B and calcyclin
(S100A6), respectively (Gribenko and Makhatadze,
1998). Protein expression studies have shown that the
different amounts of S100P in androgen-dependent
and androgen-independent prostate cell lines might
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mediate different pathways of prostate cancer devel-
opment (Averboukh et al., 1996). Among the S100
family of proteins, S100P is the least studied protein
probably due to its unknown function and the absence
of a clear correlation with human diseases. Recently,
it has also been reported that S100P overexpression
is related with immortalization of human breast epi-
thelial cells in vitro and in the early stages of breast
cancer development in vivo (Guerreiro Da Silva et al.,
2000). Several recent studies report over-expression
S100P in several carcinoma, including pancreatic can-
cers (Jurcevic et al., 2003). These results suggest that
S100P could be a useful and significant biomarker.

Methods and results

Details of the cDNA cloning, over-expression and
isolation of the human S100P have been described pre-
viously (Gribenko et al., 1998). Briefly, the protein
was expressed using a T7 expression system in E. coli
strain BL21(DE3). A two-column purification scheme
using a Fast Flow Q-Sepharose column (2 × 10 cm)
and a Sephadex G-75 column (2.5 × 100 cm) was
used. The 15N-labeled and 15N/13C-labeled samples
for NMR experiments were prepared in a buffer con-
taining 20 mM Tris-d11 (pH 6.8), 100 mM KCl, and
0.01 mM NaN3 in 90% H2O and 10% or 100% D2O.
The final protein concentration was 2.5–3.0 mM.

All NMR spectra were collected at 25 ◦C on
Varian Unity Plus 750 or 600 MHz instruments pro-
cessed with FELIX (MSI-Biosym). Sequence-specific
backbone resonance assignments were determined
using 3D HNCACB, HNCA and CBCA(CO)NH
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Figure 1. Diagram of sequential and short-range NOEs and secondary structure for apo-S100P. The protein sequence is listed on the top using
the one-letter amino acid code. The height of the bar represents the intensity of NOE cross peaks classified as strong, medium and weak. 13Cα

and 1Hα chemical shift deviation from random coil values were shown in the row labeled in �Cα and �Hα . An index of 1 indicates α-helical
structure, an index of 0 indicates random coil structure and an index of −1 indicates β-sheet structure. The bar in the TALSO-predicted backbone
torsion angles, φ (�) and ϕ (♦), indicates the standard deviation from the average dihedral angles of the ten residues from the chemical shift
database.

experiments. The carbonyl carbon chemical shifts
were determined using data from the HNCO and
HN(CA)CO experiments. The side chain proton and
carbon spin systems were determined using the 3D
HCCH-TOCSY, C(CO)NH and HC(CO)NH experi-
ments (Sattler et al., 1995; Grzesiek and Bax, 1993).
The 1H chemical shifts were referenced relative to 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS). The 1H,
15N and 13C chemical shifts were referenced indir-
ectly using the 1H/X frequency ratios and have been
deposited in the BioMagResBank (accession code
BMRB-5103).

Randomized S100P subunit structures were gener-
ated using the program DIAMOD (Hanggi and Braun,
1994). These starting structures were refined using the
SANDER module of AMBER6 (Case et al., 1999).
NOE-based distances were determined from 15N and
13C-edited HSQC-NOESY experiments (Kay et al.,
1992). The NOE cross peaks were first manually
assigned. The NOE assignments were then further

refined in an iterative molecular dynamics process in-
corporating the program SANE (Duggan et al., 2001)
between MD calculations, with an S100P structure
initially based on the published S100B protein struc-
ture (Drohat et al., 1999). Dihedral angle (φ and
ψ) restraints were based on the chemical shift index
(CSI) of the 1Hα, 13Cα and 13Cβ chemical shifts (Potts
et al., 1996) or from the average values predicted by
the TALOS program (Cornilescu et al., 1999). As
the structure neared convergence, the X-ray structure
of Ca2+-bound S100P was released (Zhang et al.,
2003) and this model was also used to check the fi-
nal NOE assignments. A total 1552 distance restraints
per monomer including 588 intra-residue, 425 sequen-
tial, 328 medium-range, 174 long-range and 36 inter-
subunit NOE based restraints, as well as 122 CSI-
or 144 TALOS-based torsion angle constraints, were
used to refine the structure (Table 1). The dimer start-
ing structures were generated by placing two copies of
each monomer structure 60 to 130 Å apart and vary-
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Figure 2. (A) Stereoview of the NMR structure of apo-S100P. The
structures were superimposed using backbone atoms (N, Cα and C′)
of residues E3-S19, K30-E40, F44-G48, A53-A63 and E71-H86.
(B) A ribbon diagram of apo-S100P with sidechain heavy atoms in
the secondary structure is shown. View from the C-termini of the
monomer is rotated 90◦ about the vertical axis.

ing their relative orientation. The dimeric structures
were then refined using the same rMD protocol for
the monomer at a lower temperature. The inter-subunit
restraints were used in this simulation. The rmsd val-
ues of the ensemble structures (Figure 2) based on
residues 3–90 and 3–86 were 1.35 Å and 0.89 Å for the
backbone atoms and 2.01 Å and 1.39 Å for all heavy
atoms, respectively, calculated from the average struc-
ture. The regions of the secondary structures were well
defined with low rmsd values (0.69 Å for the backbone
and 1.20 Å for the heavy atoms) (Table 1). However,
the four Ca2+-binding loops are less well defined than
the helical regions (the rmsd of the ensemble relative
to the average structure for loop regions is ∼1.31 Å).
The rmsd value between the two mean monomers for
the backbone atoms is low (0.57 Å), indicating high
symmetry between these two monomers. Structural
figures of merit of 16 apo-S100P are summarized in
Table 1. The final structures have been deposited in
the Protein Data Bank (PDB ID 1OZO).

Discussion and conclusions

The secondary structure of apo-S100P was predicted
based on CSI and TALOS analysis, as shown in Fig-
ure 1. Both predictions indicate that S100P has a high
α-helix content with four regular α-helical segments,
E3-S19, K30-E40, A53-A63 and E71-H86 and one

Figure 3. The dimer interface of apo-S100P. (A) The residues in-
volved in the helix I/I′ interface, (B) the residues involved in the
helix IV/IV′ interface and (C) the residues in the helix I/IV′ interface
are shown.

Table 1. Statistics for the ensemble of the 16 Apo-S100P NMR
structures

Distance violations > 0.5 Å 4 ± 2d 4 ± 2e

Torsion angle violations > 50 0 ± 1 2 ± 2

rms deviation from mean structure (Å)

Secondary structurea (backbone) 0.69 0.88

Secondary structure (heavy) 1.20 1.58

Backboneb,c 1.35 (0.89) 1.38 (1.04)

Heavy atoms 2.01 (1.39) 2.10 (1.55)

Backbone dihedral angles

In most favored region 69% 70%

In additional allowed 22% 22%

In generously allowed region 5% 4%

Disallowed region 4% 4%

aResidues 3–19, 25–40, 44–46, 53–63, and 71–86.
bResidues 3–90.
cNumbers in parentheses calculated based on the backbone of
residues 3–86.
cStructures calculated based on CSI torsion angle constraints.
dStructures calculated based on TALOS torsion angle constraints.

additional α-helical segment (F44-G48) in the linker
region. The Ca2+-binding loop I connects helices I
(E3-S19) and II (K30-E40), forming the N-terminal
EF-hand, while helices III (A53-A63) and IV (F71-
H86) are joined by the Ca2+-binding loop II, forming
the C-terminal EF-hand. These two EF-hands are con-
nected by a loop, called the linker region (L41-V54).
Each Ca2+-binding loop contains a short β strand
(T25-T29 for strand I; Q68-D70 for strand II). The
orientation of helices I and II does not change signi-
ficantly with the addition of Ca2+ in S100 proteins
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(Smith and Shaw 1998). The most dramatic change
is the relative position of loop I to helices I and II.
This loop moves closer to both helices and coordin-
ates with Ca2+ in the bound state. This absence of a
conformational change suggests that the N-terminus
might not participate in the interaction with the tar-
get proteins (Webber et al., 2000). A short α-helix
(F44-G48) exists in the linkage (L41-D52) between
two Ca2+-binding domains not observed in the link-
age region of most S100 proteins except in bovine
apo-S100B (residues 41–45) (Kilby et al., 1996). In
the Ca2+-S100P X-ray structure, the coordinates of
residues 46–51 were not reported, which suggests that
these residues are very dynamic, even in the crystal
state, and that they are involved with target binding
(Zhang et al., 2003). The conformation of the second
helix-loop-helix Ca2+-binding domain of the S100
family has obvious differences in the apo-state for the
position of helix III relative to helices II and V (Mäler
et al., 2002), such as that observed for the rat S100B,
and has less homology compared to the N-terminal
domain in S100 proteins (Gribenko et al., 2002). But
these large changes were not observed in S100P. This
small interhelical angle change is also observed in
S100A6 and calbindin D9k (Mäler et al., 2002). Loop
II between helices III and IV adopts a wide range
to coordinate with Ca2+. Helix IV in S100P is six
residues longer in the Ca2+-bound state than that in the
free sate. This suggests that the extra segment of helix
IV is involved in target recognition. These changes in
the orientation of helix III and loop II and the hinge
region may participate in target protein binding.

Apo-S100P was found to exist as a homodimer
in solution containing two symmetric apo-S100P sub-
units. The dimer interface of apo-S100P is maintained
by packing helices I, I′, V and V′, as shown in
Figure 2B, which is evident from numerous NOEs
between helices I and I′, and V and V′ (Figure 3).
Residues (A7, I11, V14, F71, I75 and A79) in these
four helices (I, I′, IV and IV′) are involved in hydro-
phobic contacts (Figure 3). The interhelical angles of
helices I and I′, and IV and IV′ are similar to those of
apo-S100B and have no obvious change upon the ad-
dition of Ca2+. Other hydrophobic contacts were also
found between helix II′ to I (E40-L4). The charged
residues (E40 and K39) in helix II, have been found to
interact with residues in the N-terminus (E40-E5, E40-
T2 and K39-T2). No ion-pair interactions were found
in the dimer interface.

By comparison of the structures of the apo-S100P
to other S100 proteins, the conformation of the N-
terminal domain was not greatly changed in the ab-
sence and presence of the calcium ion. Few residues
in the C-terminal domain play an important role in the
conformation of apo-proteins. The structures of S100P
and S100B were shown to be similar in the Ca2+-
binding state even though the most obvious differences
in the apo-state were in the C-terminal domain. This
indicates that the C-terminal domain may have sim-
ilar functions for the S100P and S100B protein for
recognition of the target proteins.
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