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Withthewidespreaduseofyeast two-hybrid systems, many hetero-
dimeric forms of S100 proteins have been found, although
their biological significance is unknown. In the present study,
S100A1 was found to interact with another S100 protein, S100P,
by using the yeast two-hybrid system. The binding parameters
of the interaction were obtained using an optical biosensor and
show that S100P has a slightly higher affinity for S100A1 (Kd =
10–20 nM) when compared with that for self-association
(Kd = 40–120 nM). The physical interaction of S100A1 and
S100P was also demonstrated in living mammalian cells using a
fluorescence resonance energy transfer technique. Preincubation
of recombinant S100P with S100A1, before the biosensor assay,
reduced by up to 50 % the binding of S100P to a recombinant

C-terminal fragment of non-muscle myosin A, one of its target
molecules. Site-specific mutations of S100P and S100A1, com-
bined with homology modelling of an S100P/S100A1 hetero-
dimer using known S100P and S100A1 structures, allowed the
hydrophobic interactions at the dimeric interface of the hetero-
dimer to be defined and provide an explanation for the
heterodimerization of S100P and S100A1 at the molecular level.
These results have revealed the similarities and the differences
between the S100P homodimer and the S100A1/S100P hetero-
dimer.

Key words: dimeric interface, heterodimerization, non-muscle
myosin A, S100A1, S100P, yeast two-hybrid.

INTRODUCTION

Members of the S100 family of over 20 EF-hand type calcium-
binding proteins occur exclusively in vertebrates and are distri-
buted in a tissue-specific manner [1]. They are supposed to act
by interacting with a variety of protein targets, both inside and
outside the cells [1], and their increased levels have been asso-
ciated with a number of disease states [2]. Although often isolated
as homodimers [3,4], the diversity of their potential biological
functions may be further expanded because of the formation
of non-covalent heterodimers with subunits from other family
members, e.g. S100A1/S100B [5], S100A8/S100A9 [6], S100B/
S100A6 [7], S100A1/S100A4 [8,9] and S100B/S100A11 [7].
The S100A8/S100A9 heterodimer, rather than S100A8 or
S100A9 homodimers, is the preferred functional form within cells
[10]. Gribenko et al. [10a] report on the S1000P/S100Z heterodi-
mer formation: they note that S100Z has remarkable homology
with S100A1. Using the yeast-two hybrid system, we now report
that S100A1 can form a heterodimer with another S100 protein,
S100P. Human S100P and S100A1 are proteins of 95 and 93
amino acid residues respectively, and share approx. 50 % amino
acid sequence identity. From the available results, the two proteins
appear to be involved in different human diseases and have very
different functions, despite the similarities in their sequences and
overall structures. S100A1 has been reported to be important in
regulating cytoskeletal fibres, including microtubules, type III
intermediate filaments and actin [11]. S100A1 is highly expressed
in human heart and, as such, is an early marker for acute myocar-
dial ischaemia [12]. S100A1 is also up-regulated in chronic
pulmonary hypertension [13] and down-regulated in cardiomy-
opathy [14]. Overexpression of S100A1 in cardiomyocytes

enhances their contractility [15], whereas impaired contractility
of the heart in response to haemodynamic stress was observed in
S100A1-deficient mice [16].

S100P cDNA was isolated and cloned originally from human
placenta [17]. Increased levels of S100P mRNA have been re-
ported not only in immortalized and chemically transformed
epithelial cell lines [18], but also in doxorubicin-resistant colonic
carcinoma cell lines relative to their parental counterparts [19],
and in clinical specimens of invasive ductal breast carcinomas
and ductal hyperplasia in situ relative to the adjacent normal
breast tissues [18]. S100P is down-regulated following androgen
deprivation in an androgen-responsive, but not in androgen-
independent, prostatic cancer cell lines [20]. S100P is one of the
most overexpressed gene products in a microarray screen of
hormone-refractory prostatic cancer xenografts [21] and pancre-
atic carcinomas relative to normal tissues [22,23] and its levels
are significantly associated with disease progression of pro-
static and pancreatic carcinomas [24].

It is not known whether S100P is expressed in cardiomyocytes,
but S100A1 is not up-regulated in most tumours investigated
[2]. Unlike the S100A1/S100B heterodimer, where both subunits
have very similar functions [2], the S100P/S100A1 heterodimer
is composed of two subunits of potentially different functions and
thus presents an interesting combination of subunits. In the present
study, using an optical biosensor, it is now shown that S100P has
a slightly higher affinity for S100A1 than for self-association,
and with fluorescence resonance energy transfer technique, close
contact between S100A1 and S100P in living mammalian cells
is demonstrated, indicating that the heterodimeric form can occur
in vivo. More importantly, we found that S100A1 can reduce
the binding of S100P to MHC-IIA (non-muscle myosin A heavy

Abbreviations used: ECFP, enhanced cyan fluorescent protein; EYFP, enhanced yellow–green fluorescent protein; MHC IIA, non-muscle myosin A heavy
chain; rh, recombinant human; wt, wild-type; for brevity the one-letter system has been used for amino acids, e.g. H1069 means His-1069.
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chain) in a biosensor assay. This result suggests that the S100P/
S100A1 heterodimer and the S100P homodimer may behave
differently. Using site-directed mutations of S100A1 and S100P
combined with simulation of the dimeric interface of
S100A1/S100P, the structural similarity and difference between
the heterodimer and the S100P homodimer are now revealed
at the molecular level. The structural difference adjacent to the
C-terminal region may account for the difference in the target
binding properties between S100P homodimer and S100P/
S100A1 heterodimer. Thus the formation of heterodimers in vivo
may point to a regulatory mechanism among the S100 proteins.

EXPERIMENTAL

DNA constructs for the yeast two-hybrid system

To screen a human breast carcinoma-derived yeast two-
hybrid library constructed with pYESTrp2 vector (Invitrogen,
Groningen, The Netherlands), the Lex A bait vector with a LEU2-
selectable marker was used as described previously [8]. A 282 bp
cDNA corresponding to the coding region of human S100A1
mRNA was obtained by PCR of pYESTrp2 S100A1 [8] and
subcloned into the LexA vector to produce the LexA-S100A1 bait
construct. Nucleotide sequencing ensured correct insertion of the
constructs and the correct sequence of the cDNA. Selection for
this bait plasmid in yeast cells was on leucine-free plates or
medium. Screening of a breast carcinoma-derived two-hybrid
library was performed exactly as described previously [8]. The
β-galactosidase activity of each positive transformant yeast strain
was determined using a liquid β-galactosidase assay [25]. The
number of Miller Units of β-galactosidase activity was calculated
as described previously [8].

Fluorescence lifetime measurements

The pECFP-S100A1 (where ECFP stands for enhanced cyan
fluorescent protein), pS100A1-EYFP (where EYFP stands for
enhanced yellow–green fluorescent protein) and pS100P-EYFP
were constructed by inserting the PCR-amplified DNA fragments
containing the coding sequences of S100A1 and S100P into
pECFP-C1 and pEYFP-N1 vectors (ClonTech) at the HindIII and
BamHI sites. The primers for amplifying S100A1 were as fol-
lows: forward primer, 5′-GCTAAGCTTCGATGGGCTCTGAG-
CTGGAG (for constructing both pECFP-S100A1 and pS100A1-
EYFP); and reverse primers 1, 5′-TCCGGATCCTCAACTGTT-
CTCCCAGAAG (for constructing pECFP-S100A1) and 2, 5′-
TCCGGATCCAGACTGTTCTCCCAGAAG (for constructing
pS100A1-EYFP). The primers for amplifying S100P were as
follows: forward primer, 5′-TCGAAGCTTATGACGGAACTA-
GAGACAG; and reverse primer, 5′-TCCGGATCCGCTTTGA-
GTCCTGCCTTC. HeLa cells were co-transfected with pECFP-
S100A1 to express donor protein, and with pS100P-EYFP,
pEYFP-S100A1 or pEYFP-N1 vector to express acceptor protein.
The fluorescence lifetime of ECFP-S100A1 was collected using a
purpose-built scanning confocal microscope [26] from HeLa cells
that co-expressed (i) ECFP-S100A1 and S100P-EYFP, (ii) ECFP-
S100A1 and EYFP vectors (negative control), (iii) ECFP-S100A1
(negative control) or (iv) ECFP-S100A1 and S100A1-EYFP
(positive control). The data were recorded at room temperature
(20 ◦C), and FLIM (fluorescence lifetime imaging microscopy)
images in the time domain from single cells were collected using a
time-correlated single-photon counting [27] fluorescence lifetime
imaging module (SPC-730; Becker & Hickl, Berlin, Germany)
and a photomultiplier tube (PMH-100-1; Hamamatsu Photonics,
Bridgewater, NJ, U.S.A.). FLIM images were analysed using

SPCImage 2.0 (Becker & Hickl). The methods for calculation
of fluorescence lifetimes and statistical analysis are described
elsewhere (see [27a]).

Mutagenesis of S100A1 and S100P

The mutant constructs of S100A1 were generated using the PCR
overlap-extension method of site-directed mutagenesis [28]. The
two external primers used were the following: 5′-EcoRI primer
5′-CTGGAATTCATGGGCTCTGAGCTGGAG, and 3′-XhoI pri-
mer 5′-CGTCTCGAGAGGAAGGGCGCTGCCCAATG. The
inner primers for the F15A mutation were as follows: forward
primer, 5′-GTGGCACATGCACACTCGGGCAAAGAGG; and
reverse primer, 5′-GCATGTGCCACGTTGATGAGGGTCTC. A
multiple mutation (L11H + F15A + F71L) came by chance from
random mutations during PCRs. All the cDNAs with the point
mutations were digested with EcoRI and XhoI and inserted into the
LexA vector. DNA sequencing confirmed the nucleotide changes
and the coding frames for expression of fusion protein.

cDNAs encoding mutant S100P proteins, I11A + I12A, F15A,
F71A, F74G/V, I75G, V76G, I75G + V76G, were constructed
using the primers described previously [29].

Recombinant proteins

cDNAs encoding the 95 amino acids of human S100P protein or
the 93 amino acids of human S100A1 were obtained using PCR
from clones selected in the two-hybrid screen and were subcloned
into the expression vector pET11a (Novagen, Madison, WI,
U.S.A.). The recombinant human S100P (rhS100P) and S100A1
(rhS100A1) proteins were purified as described previously for
S100A4 [30]. For biosensor experiments, rhS100P and rhS100A1
were additionally purified by gel filtration on Superdex 75
(Amersham Biosciences) to eliminate possible aggregations.
Purified recombinant proteins were immediately frozen at − 80 ◦C
for storage. The rhC-MHC-IIA (recombinant C-terminal 149
amino acid fragment of human non-muscle myosin A heavy chain)
was produced as described previously [31].

Binding assays

Binding reactions were performed in an IAsys two-channel
resonant mirror biosensor (Thermo Electron, Basingstoke, U.K.),
as described previously [32]. rhS100P and rhS100A1 were im-
mobilized at low densities (between 150 and 250 arc s, where
600 arc s corresponds to 1 ng of protein/mm2 of sensor surface)
on aminosilane surfaces using bis(sulphosuccinimidyl) suberate
(Perbio, Chester, U.K.) according to the manufacturer’s instruc-
tions. For the calculation of kon, low concentrations of ligate
rhS100P (10 nM–3 µM) were used, whereas for the measurement
of koff , concentrations of ligate in the range 3–9 µM were used.
The binding parameters kon and koff were calculated from the as-
sociation and dissociation phases of the binding reactions respect-
ively using the non-linear curve-fitting FastFit software provided
with the instrument (Thermo Electron). The equilibrium dis-
sociation constant (Kd) was calculated both from the association
and dissociation rate constants and from the extents of binding
at equilibrium, as described previously [32]. To detect effects of
rhS100A1 on the interaction of S100P with immobilized rhC-
MHC-IIA, rhS100P (1 µM) was preincubated with various con-
centrations of rhS100A1 (from 0.1 to 20 µM) for 1 h or in
equimolar ratio (0.75 µM S100A1 and 0.75 µM S100P) for
various times (from 0 min to 48 h), and the mixtures were then
added to the rhC-MHC-IIA biosensor surface to detect changes
in the binding response.
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Cell culture and Western blotting

The human malignant breast carcinoma-derived cell lines, MCF-7
and MDA-MB-231, were cultured as described previously [33].
The human neuroblastoma cell lines, SH-SY 5Y, N-type (ECACC
no. 94030304), SH-EP1 S-type (kindly provided by Professor
M. Schwab, Deutches Krebsforschung-zentrum, Heidelberg,
Germany) and the SK-N-AS cell line (ECACC no. 94092302)
were routinely cultured as for the breast cell lines to 80 % con-
fluency. The human normal B-lymphocyte cell line, Colo
720 L (ECACC no. 93052623), was cultured in suspension and
harvested by centrifugation. For Western blotting, the cells were
lysed using SDS-sample buffer and the resultant cell lysates
were subjected to SDS/PAGE (15 % gel) and electroblotted on
to the Immobilon P membrane. S100A1 and S100P proteins
were detected using rabbit anti-S100A1 antibody (Dako,
Copenhagen, Denmark) and mouse anti-S100P antibody (BD
Science, San Jose, CA, U.S.A.). Bands of S100A1 and S100P
positivity from cell lines on Western blots were quantified relative
to the intensities of the signals of bands of recombinant S100A1
and S100P subjected to SDS/PAGE, using IMAGE Software
analysis of video images.

Homology modelling of an S100P/S100A1 heterodimer

The NMR structure of human apo-S100A1 (Protein Databank
code 1K2H) [35] and the X-ray structure of human S100P (Protein
Databank code 1J55) [29] at 2.0 Å (1 Å = 0.1 nm) resolution
were used for homology modelling. The heterodimeric structural
template of S100A1 and S100P was constructed by graphically
superimposing the structure of the apo-S100A1 monomer [35]
on to the X-ray structure of one of the monomers within the
calcium-bound S100P dimer. Molecular dynamic simulation of
the heterodimeric structure was processed using the CHARMM
(Chemistry at HARvard Macromolecular Mechanics) protein
structure modelling software [36,37]. First, all proton positions
were mapped on to the heterodimeric structural template of
the S100P/S100A1 heterodimer at pH 7.0. Secondly, this initial
structure was optimized by 500 steps of energy minimization
with a dielectric constant 1.0 (conditions of no water molecules).
Thirdly, the minimized structure was theoretically heated from
0 to 300 K in 10 ps by 10 000 steps. After every 100 steps, the
system temperature was increased by 3 K and the system trans-
lations and rotations were checked and adjusted. Finally, the
temperature of the heated structure was kept at 300 K for 30 ps
with 30 000 steps, to study the structure and energy fluctuations.
During molecular dynamics, the atomic velocities were distri-
buted in a Gaussian manner and the fluctuations in the system
temperature were controlled to be within 10 K.

RESULTS

Interactions of S100A1 with target proteins in yeast cells

More than 2 × 106 yeast cell transformants from a yeast two-
hybrid cDNA library, constructed from mRNA isolated from a hu-
man breast cancer specimen (see the Experimental section), were
co-transfected into L40 yeast cells with an S100A1 cDNA bait
vector. Target plasmids were recovered from six independently
isolated blue colonies, and the purified plasmid DNAs from
each colony were co-transfected into strain L40 yeast cells. Re-
isolation of plasmid DNA and co-transfection were repeated once
more, whereupon four colonies still showed a blue colour in lift
assays with 5-bromo-4-chloroindol-3-yl β-D-galactopyranoside.
Prey plasmid DNA was isolated from these four transformants and
the nucleotide sequences of two target plasmids were identical

Figure 1 Measurement of interactions between S100A1 bait and/or target
vectors isolated from the breast cancer two-hybrid library using the yeast
two-hybrid system

Clones of yeast strain L40 were transformed with the DNA constructs indicated below, grown
up, and β-galactosidase activity determined in Miller Units, as described in the Experimental
section. (A) LexA vector; YEStrp2-S100P-1; YEStrp2-S100P-2; LexA-S100A1; LexA-S100A1
(bait) + YES-S100P-1/2: recovered target plasmids 1 or 2 containing S100P cDNA;
LexA-S100A1 (bait) + YES A1-1/YES A1-2: recovered prey plasmids 1 or 2 with S100A1
cDNA; LexA-S100A1 (bait) + YES-S100P-coding sequence only and pYESTrp2-S100P-coding
sequence only. (B) wtS100P, wtS100A1, wtS100A2 and wtS100A4 as a bait or a prey.

with that of human S100A1 cDNA and the other two were
identical with that of human S100P cDNA. The two colonies
containing both the S100A1 bait and S100P prey plasmids
exhibited β-galactosidase activities that were 20–40-fold higher
than colonies containing only bait plasmid or only prey plasmid
(Figure 1A). The above experiments show that, at least in yeast
cells, S100A1 can interact in a heterologous manner with S100P.

The yeast two-hybrid system was also used to test for self-
association of S100P and for association between S100P and
other S100 proteins, S100A1, S100A2 and S100A4 (Figure 1B).
A much higher level of β-galactosidase activity was obtained for
the interaction of S100P with S100A1 when compared with that
for S100P with S100A2 (P = 0.001, Student’s t test) or S100P with
S100A4 (P = 0.01). Furthermore, the level of β-galactosidase
activity for the interaction between S100P and S100A1 was more
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Figure 2 Self-association of S100P and association of S100P with S100A1 in vitro using an optical biosensor

Recombinant S100P (A–D) and S100A1 (E–H) were immobilized on an aminosilane surface as described in the Experimental section. Various concentrations of recombinant S100P were added in
the presence (A, B, E, F) or in the absence (C, D, G, H) of calcium ions, and the extents of binding were observed for 300–400 s (A, C, E, G). The concentrations of added S100P were plotted
against k on using FastPlot software (B, D, F, H) and yielded a straight line (regression coefficient, r = 0.95–0.98) in each case.

Table 1 Kinetics of binding of soluble S100P to immobilized S100P or S100A1 in the presence of 0.5 mM Ca2+ or in the absence of Ca2+ (50 µM EGTA)

Immobilized protein Ca2+or EGTA k ass (M−1 · s−1)* r† k diss (s−1)‡ Kinetic K d (nM)§ Equilibrium K d (nM)‖

S100A1 Ca2+ 2.2 +− 0.3 × 105 0.96 3 +− 1 × 10−3 14 +− 5 15 +− 2.9
S100A1 EGTA 4.7 +− 0.1 × 103 0.98 5 +− 0.7 × 10−3 1100 +− 300 1800 +− 600
S100P¶ Ca2+ 1.5 +− 0.1 × 105 0.98 9 +− 1 × 10−3 64 +− 24 94 +− 32
S100P¶ EGTA 4.5 +− 0.5 × 103 0.95 11 +− 1 × 10−3 2500 +− 800 1900 +− 500

* S.E.M. of each determination of k ass is derived from the deviation of the data sets from a one-site binding model, calculated by matrix inversion using the FastFit software provided with the
instrument (see the Experimental section). No evidence was found for a two-site model of association. Two independent sets of k on were determined and their errors combined.

† Correlation coefficient of the linear regression through the k on values used for obtaining k ass.
‡ k diss is the means +− S.E.M. for at least six values, obtained at different concentrations of S100P. No evidence was found for a two-site model of dissociation.
§ Kinetic K d was calculated from the ratio of k diss/k ass, and the S.E.M. is the combined S.E.M. of the two kinetic parameters.
‖ Equilibrium K d was calculated from the extent of binding observed at or near equilibrium at six or more different concentrations of ligate in two independent experiments. S.E.M. is the combined

error for the two experiments.
¶ From Zhang et al. [29].

than twice that for the self-association of S100P (P = 0.012)
(Figure 1B) and was similar to that of the homodimer of S100A1
(P = 0.5).

Characterization of S100P interactions in vitro using
an optical biosensor

The levels of β-galactosidase activities in the yeast two-hybrid
system indicate only approximately the relative binding pre-
ferences of S100A1 and S100P; thus the binding kinetics were
studied using an optical biosensor. The association of rhS100P
with rhS100A1 was characterized by faster association kinetics
in calcium-containing (0.5 mM) than in calcium-free (50 µM
EGTA) buffers. In all conditions, the association and the dis-
sociation binding reactions were monophasic. For example, a one-
site model described the binding reactions at least as closely as a
two-site model (result not shown), and plots of kon against the con-
centration of ligate were always linear (Figure 2). Consequently,
a one-site model was used to calculate all the binding parameters.

In the presence of Ca2+, the association rate constant for the
interaction between rhS100P and rhS100A1 [kass = (2.2 +− 0.3) ×
105 M−1 · s−1] (Table 1) was similar to that previously determined
for the self-association of rhS100P [kass = (1.5 +− 0.1) × 105 M−1 ·
s−1] [29]. In the absence of Ca2+, the association rate con-
stant for the interaction between rhS100P and rhS100A1 was
30−50-fold slower [kass = (4.7 +− 0.1)× 103 M−1 · s−1; Table 1]
than that observed in the presence of Ca2+. Similar dependence on
Ca2+ has been observed for the self-association of S100P [29]. The
dissociation rate constant (kdiss) of rhS100A1 from immobilized
rhS100P was slightly slower than that of rhS100P from
immobilized rhS100P (Table 1), although there was no effect
of Ca2+ on either of the dissociation rate constants. In the pre-
sence of calcium ions, the interaction between rhS100P and
rhS100A1 had a slightly higher affinity (Kd = 0–20 nM), com-
pared with that found previously for the self-association of
rhS100P (Kd = 40−120 nM) [29]. In the absence of Ca2+, the two
interactions had similar affinities, 20–50-fold lower than those
detected in the presence of 0.5 mM Ca2+. The Kd values for the
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Figure 3 Western blotting for S100A1 and S100P proteins in extracts of cell
lines

(A, B) Protein (60 µg) of each cell lysate of neuroblastoma cell lines SH-EP (lane 1), SH-SY-5Y
(lane 2), SK-N-AS (lane 3), breast carcinoma cell lines, MDA MB-231 (lane 4), MCF-7 (lane 5)
and the human normal B lymphocyte cell line, Colo 720 L (lane 6) and recombinant proteins,
S100A1 (1 µg in lane 7 of A; 0.3, 1.0 and 3 µg in lanes 8, 9 and 10 of B), His-tagged S100P
(1.0 µg in lane 7 of B; 0.3, 1.0 and 3 µg in lanes 8, 9 and 10 of A) were separated by SDS/PAGE
(15 % gel) and transferred on to Immobilon membranes. For semi-quantification, His-tagged
S100P (C), 10, 20, 40, 80, 160, 320, 640 and 1280 ng were loaded in lanes 1, 2, 3, 4, 5, 8,
9 and 10 respectively; S100A1 (D), 10, 20, 40, 80, 160, 320, 640 and 1280 ng were loaded
in lanes 1, 2, 3, 4, 7, 8, 9 and 10 respectively. MCF7 cell lysate (60 µg) was loaded in lane 6
(C) and lane 5 (D). MDA MB-231 cell lysate (60 µg) was loaded in lane 7 (C) and lane 6 (D).
The membranes were incubated with either mouse anti-S100P (A, C) or rabbit anti-S100A1
(B, D) and bound antibody detected as described in the Experimental section. m, monomer; n,
SDS-resistant multimers of the recombinant proteins, His-S100P (A, C) and S100A1 (B, D).
The higher-molecular-mass bands in lanes 4 and 5 of (A), lanes 6 and 7 of (C) are the multimers
of endogenous non-His-tagged S100P.

interaction of rhS100A1 with rhS100P calculated from the extents
of binding observed at equilibrium were very similar to those
calculated from the kinetic constants (Table 1), indicating that the
binding parameters probably reflect the intrinsic values.

S100A1 and S100P are co-expressed in breast carcinoma cells

To explore the possibility of the interaction of S100A1 and S100P
in mammalian cells, the co-expression of S100A1 and S100P pro-
teins was sought in extracts from a number of benign and
malignant tumour cell lines using Western-blotting procedures.
Both S100A1 and S100P were co-expressed in cell lines MCF-7
and MDA-MB-231 (Figure 3). Semi-quantification of the Western
blots using co-electrophoresed recombinant proteins as standards
(see the Experimental section) showed that the S100A1/S100P
ratio was 14–21:10 and 8–12:1 for the MDA-MB-231 and MCF-7
cells respectively.

MCF-7 cells were co-transfected with vectors encoding ECFP-
S100A1 and S100P-EYFP fusion proteins, and the transfected
cells were examined by confocal microscopy. Although there
was some variability in the nuclear/cytoplasmic location of the
fluorescent fusion proteins, the EGFP and EYFP fluorescence is
distributed in the same regions in the transfected cells observed
(Figure 4).

Interaction of S100A1 with S100P in mammalian cells revealed
by fluorescent lifetime imaging

The cells expressing both ECFP-S100A1 and S100P-EYFP
showed significantly reduced fluorescence lifetimes when com-
pared with the cells that expressed ECFP-S100A1 only (P =
0.001, Student’s t test) or that co-expressed ECFP-S100A1 and

Figure 4 Co-localization of pECFP-S100P and pEYFP-S100A1

MCF-7 cells were routinely cultured and co-transfected with expression plasmids encoding
ECFP-S100A1 and S100P-EYFP. After 24 h, the images were taken under a confocal microscope.
(A–D) Show the same field. S100P-EYFP, shown in pseudocolour green (A) is present in both
nucleus and cytoplasm, but in some cells S100P-EYFP is present either in the nucleus or in
the cytoplasm. In one of the cells shown, S100P-EYFP is concentrated around the peri-nuclear
region (arrow). ECFP-S100A1, shown in pseudocolour red (B), distributes in an almost identical
pattern with that of S100P-EYFP, irrespective of the overall pattern of localization in the cell.
The images in (A, B) are superimposed (D), the yellow colour confirming the co-localization of
S100P-EYFP and ECFP-S100A1. (C) Phase-contrast image of the same field.

Table 2 Measurement of fluorescence lifetime by fluorescent lifetime
imaging

Donor* Acceptor* Fluorescence lifetime (ns) (means +− S.D.)†

ECFP-S100A1 S100P-EYFP 1.55 +− 0.33
ECFP-S100A1 EYFP 2.63 +− 0.25
ECFP-S100A1 None 2.47 +− 0.11
ECFP-S100A1 S100A1-EYFP 1.44 +− 0.36

* HeLa cells that co-express donor and acceptor proteins were used for the measurement of
fluorescence lifetime.

† Means +− S.D. from 7 to 12 cells for two independent transfections. The fluorescent life-
times measured from the cells co-expressing ECFP-S100A1 and S100P-EYFP and from the cells
co-expressing ECFP-S100A1 and S100A1-EYFP are similar (P = 0.374, Student’s t test) but
significantly shorter than that of the cells co-expressing ECFP-S100A1 and EYFP (P = 0.001 and
P = 0.003 respectively) or the cells expressing ECFP-S100A1 only (P = 0.001 and P = 0.002
respectively). The fluorescent lifetimes measured of the cells co-expressing ECFP-S100A1 and
EYFP and the cells expressing ECFP-S100A1 only are similar (P = 0.231).

EYFP (P = 0.001) (Table 2). The reductions in fluorescence
lifetimes observed in cells with ECFP-S100A1 and S100P-EYFP
were similar to that for cells co-expressing both ECFP-S100A1
and S100A1-EYFP (P = 0.37), which in turn was significantly
different from cells expressing ECFP-S100A1 only (P = 0.002) or
ECFP-S100A1 and EYFP (P = 0.003) (Table 2). The reductions
of lifetime resulted from energy transfer from donor to acceptor,
and thus indicated a close association between S100A1 and S100P
or S100A1 and S100A1 in vivo.
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Figure 5 Effect of S100A1 on the binding of S100P to immobilized rhC-
MHC-IIA

Purified rhC-MHC-IIA was immobilized on an aminosilane surface as described in the
Experimental section. S100P and S100A1 were preincubated for various times at an equimolar
ratio at room temperature or at 4 ◦C (A) or at various ratios for 60 min at room temperature (B).
To detect the binding response, 2 µl of each mixture was added to rhC-MHC-IIA surface in a
total volume of 30 µl [the final concentration of S100P protein in (A) was 25 nM and in (B) was
33 nM]. The extent of binding of each binding reaction was calculated using the Fastfit software.
The means +− S.E.M. was determined from at least four individual binding experiments. C (in
A), 25 mM S100P only as a positive control.

Influence of S100A1 on the binding of S100P to immobilized
rhC-MHC-IIA in an optical biosensor

In the biosensor experiments, rhS100A1 showed a very low
response of binding to rhC-MHC-IIA in the presence of 0.5 mM
CaCl2, whereas, under the same conditions, rhS100P showed
a strong response (G. Wang, D. G. Fernig, P. S. Rudland and
R. Barraclough, unpublished work), which was 10-fold greater
than that for S100A1 (P = 0.001, Student’s t test) at the concen-
trations used (results not shown). To determine whether rhS100A1
affected the interaction between rhS100P and rhC-MHC-IIA,
rhS100A1 and rhS100P were preincubated at an equimolar
ratio for various times before measuring the interactions of the
mixture with immobilized rhC-MHC-IIA (Figure 5A). When
rhS100A1 and rhS100P were mixed and immediately added to
a rhC-MHC-IIA surface only a small reduction in binding to rhC-
MHC-IIA was observed relative to that with S100P alone (P =

Figure 6 Effect of mutations on S100P homodimerization and hetero-
dimerization in the yeast two-hybrid system

The yeast strain L40 was co-transformed with the DNA constructs in pairs (bait + prey)
and the transformants were grown in selected agar plates. A total of six clones were randomly
chosen from each of two independent transformations of each pair of DNA constructs and
their β-galactosidase activities were determined as described in the Experimental section.
The relative binding affinities of bait, S100A1wt (Lex A1wt) (white) or S100Pwt (Lex Pwt)
(black) to preys, S100Pwt (YES Pwt) or S100P mutants (P: = S100P) I11A + I12A, F15A,
F71A, F74G, F74V, I75G, V76G, I75G + V76G or S100A1 mutants (A1: = S100A1), F15A and
3M: L11H + F15A + F71L triple mutations are expressed as the percentages of the
β-galactosidase activities of Lex A1wt + YES Pwt for heterodimerization or Lex Pwt + YES
Pwt for homodimerization. S100P self-association data are taken from Zhang et al. [29].

0.11). However, there was a significant reduction in the binding
following a 10 min preincubation at room temperature of S100P
with rhS100A1 (P = 0.02) (Figure 5A). Longer incubation peri-
ods, at room temperature or at 4 ◦C, did not significantly reduce
binding any further. The incubation of rhS100P or rhS100A1,
separately, for up to 3 h at room temperature and for up to 48 h
at 4 ◦C had no obvious effect on their binding to rhC-MHC-
IIA surface (results not shown). When rhS100P (1 µM) was
preincubated for 1 h at room temperature with various concen-
trations of rhS100A1 (from 0.1 to 20 µM) to obtain molar
ratios (S100A1/S100P) ranging from 1:10 to 20:1, the binding
response to rhC-MHC-IIA was reduced in a dose-dependent
manner (Figure 5B). When the molar ratio of S100A1/S100P was
increased to or above 3:1, the binding response to rhC-MHC-IIA
was significantly reduced to approx. 50% of that observed in
the absence of rhS100A1 (P = 0.001). These results suggest that
rhS100A1 has an inhibitory effect on the binding of rhS100P to the
immobilized rhC-MHC-IIA, particularly at low molar excesses of
S100A1 over S100P.

Analysis of the binding interface of S100A1 and S100P using
site-directed mutagenesis

To examine in more detail the regions of S100P that can interact
with another S100P or S100A1 molecule, mutations were made
to residues in the dimer interface of S100A1 or S100P and these
mutated molecules were tested for interaction with wtS100A1
(wild-type S100A1) or wtS100P, using the yeast two-hybrid
system. A mutation, which resulted in the conversion of F15
of S100A1 into an alanine residue (termed F15A) (Figure 6), and
multiple mutations, S100A1L11H + F15A + F71L (named 3M),
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Figure 7 Comparison of the S100P homodimeric interface and modelled heterodimeric interface with S100A1

Ball-and-stick ribbon models of interacting helices were generated by MOLSCRIPT software for the interaction between self-associated S100P (A–C) and for dimerization with S100A1 (D–G)
modelled using CHARMM software, as described in the Experimental section. Interacting amino acid residues are shown as ball and stick molecular representations. Interactions are shown between
helices 1 of the interacting partners (A, D), between helices 4 of the interacting partners (B, E), and between helix 4 and helix 1 of S100P for the self-association (C), and between helix 4 of S100P
and helix 1 of S100A1 (F) and between helix 1 of S100P and helix 4 of S100A1 (G) for the heterodimeric interaction. The indicated amino acids are supposed to contribute to the stability of the dimer
interface.

which disrupted the interaction between the mutant and wild-
type S100A1 in the yeast two-hybrid system, also disrupted
the interaction between S100A1 and wtS100P (Figure 6).
S100P mutants, I11A + I12A, F15A, F71A, F74G, F74V, I75G,
abolished almost completely the interaction of S100P with
wtS100P, and also almost completely abolished the interaction
with wtS100A1 (Figure 6). These results broadly suggest that the
same amino acid residues associated with homodimerization of
S100A1 or S100P are involved in the S100P/S100A1 interaction
and further suggest that this interaction is heterodimerization.
However, the S100P mutant V76G abolished its interaction almost
completely with wtS100P molecules, but did not interrupt its inter-
action with S100A1, an effect that was evident even when
combined with the I75G mutant that on its own almost completely
abolished interaction with S100A1 (Figure 6). These results sug-
gest that, although the interface for the S100P/S100A1 interaction
is similar to that of the S100P homodimer, it is not identical.

Modelling of the S100P/S100A1 heterodimer

To reveal the similarities and differences between S100P/S100A1
heterodimer and S100P homodimer, a model of the structure of
holo-S100P/S100A1 heterodimer was generated by homology
with known S100 protein structures [29,35] using CHARMM
software. The interfaces of the S100P/S100A1 heterodimer from
the modelling as well as the interfaces of the S100P homodimer
from X-ray crystallography are shown in Figure 7. The modelling
results suggest that the basic structure and dimer interface of
the S100P/S100A1 heterodimer are very similar on the whole
to that of the S100P homodimer (Figures 7A and 7D, 7B and
7E, 7C and 7F); however, there are some important differences.
Compared with the S100P homodimer, the heterodimer interface
consists of three additional hydrophobic residues provided by the
S100A1 molecule, namely W90, V83 (cf. Figures 7B and 7E)
and H16 (Figure 7F) (since histidine is uncharged at pH 7.0, its
imidazole ring contributes to the hydrophobic interaction). These
residues contribute to the interface between helices 4 and 4′ and
the interface between helix 1 of S100A1 and helix 4 of S100P,
and between helix 1 of S100P and helix 4 of S100A1 (Figure 7G),

Table 3 Areas of interacting helical surfaces for the self-association of
S100P and its interaction with S100A1

Area (Å2)*

Helical interfaces S100P/S100A1 S100P/S100P

Helix1/helix1 797 835
Helix4/helix4 791 707
Helix1/helix4 1016 905
Other contacts 519 455
Total contact area 3123† 2902†

* Areas were calculated using the computer program GRASP.
† The total contact area of the heterodimer is slightly larger (nearly 8 %) than that of the

homodimer, suggesting that the heterodimer may be more stable than the homodimer.

thus increasing the binding energy between the heterodimeric
subunits. In the interfaces between helices 4 and 4′ or 1 and 4′

or 1′ and 4, the twisting of the two subunits of the heterodimer
is more than that in the homodimer, due to closer interactions of
residues W90, N86 and V83 in helix 4′ of S100A1 with F71 in
helix 4 of S100P (Figure 7E) and F15 in helix 1 of S100P (Fig-
ure 7G). There are also closer interactions of H86 of S100P with
F71 (cf. Figures 7E and 7B), H16 and F15 of S100A1 (Figure 7F).
The distances between W90 of S100A1 and F71 or F15 of S100P
are below 3.5 Å, and as a result, the total contact area in these
interfaces in the heterodimer becomes 8% larger than that in the
S100P homodimer (Table 3).

DISCUSSION

Using the yeast two-hybrid system in vivo and an optical biosensor
in vitro, a novel heterodimer, S100P/S100A1, has been identified,
which is of interest because its two subunits are from two
S100 members that are associated with different human diseases
[13,23] and potentially have different functions [15,16,38,39].
It is shown that the average extent of binding of S100P to
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rhC-MHC-IIA, measured in the biosensor experiments, was
reduced by 50% when S100P was preincubated with an S100A1/
S100P molar ratio of approx. 3, suggesting that the dimerization
may have potential biological effects.

On the basis of the β-galactosidase liquid assay of binding
activity in the yeast two-hybrid system, it was found that the
interaction between S100P and S100A1 in the yeast cells was
similar at stimulating reporter gene activity to self-association
of S100A1, but more effective than self-association of S100P in
the same system. The interaction between S100P and S100A1
in vitro using an optical biosensor exhibited a slightly higher
affinity when compared with that for the S100P self-association
(Table 1), consistent with the results obtained in the yeast two-
hybrid system. Using the fluorescence resonance energy transfer
technique, evidence for physical interaction of S100A1 and S100P
in HeLa cells has been observed. These results suggest that the
heterodimerization may occur in living cells, such as certain
breast cancer cells, which contain both S100A1 and S100P
(Table 2). Thus these results suggest that heterodimerization of
S100 proteins may be a simple regulatory mechanism and such
heterodimerization may have potential biological consequences.

Although calcium binding has been shown to affect the
conformation of S100 proteins and their binding properties to
their targets [2], Ca2+ ions are neither essential for the S100P
self-association nor for its interaction with S100A1. In a calcium-
free buffer, the interaction of S100P with immobilized S100P or
S100A1 can be detected in an optical biosensor, and the Kd for
the S100P self-association and for the S100P–S100A1 interaction
is in a range 0.8−3.3 µM (Table 1), which is within the biological
range. Therefore it is not surprising that S100P can interact
with itself or S100A1 in yeast cells. Although Ca2+ ions are
not essential for either self-association of S100P or interaction
with S100A1, the binding affinities are increased 20–130-fold
by adding Ca2+ ions to 0.5 mM in the biosensor assay. This
increase is solely due to Ca2+ ions increasing the association rate
constant of these interactions. The present results suggest that the
conformational changes caused by Ca2+ favour both homodimeri-
zation and heterodimerization of S100 proteins.

The heterodimeric interface of S100A1/S100P has been studied
by site-directed mutagenesis and structural homology modelling.
S100P with a single mutation, F15A, does not interact with
wtS100P [40], nor with wtS100A1 (Figure 6). The corresponding
F15A mutation in S100A1 also prevents both S100A1 homo-
dimerization and S100A1–S100P interaction. These results show
that F15 (which is in the dimeric interface of S100P [29]) is a
key residue for both homodimerization and heterodimerization.
Single mutation of I11A or I12A of S100P was shown to be
not sufficient to abolish its interaction with wtS100P [40]. In
the present study, the double mutation of S100P, I11A + I12A
in helix 1, only partially interrupted its association with wtS100P
and wtS100A1 (Figure 6), indicating that I11 and I12 contribute
much less than F15 to the dimer interface of S100P. The single
mutations of S100P in helix 4, F71A, F74G/V, I75G and V76G,
almost completely abolished its association with wtS100P. These
mutants, except V76G, also interrupted the S100P–S100A1
interaction (Figure 6). Since the residues, I11, F15, F71 and
I75, are in the dimeric interface of the S100P homodimer [29],
these results indicate that the interface of the S100P/S100A1
heterodimer is similar to that of the S100P homodimer. In the
modelling of the three-dimensional holo-S100P/S100A1 hetero-
dimer, the overall structure of the heterodimer has been shown to
be very similar to that of the S100P homodimer (results not
shown). This result is consistent with the results from mutagenesis.

However, the self-association of wtS100P was interrupted
by V76G and I75G + V76G mutants, whereas these mutations

had little effect on the interaction of S100P with wtS100A1
(Figure 6). The side chain of V76 is not involved in the dimeric
interface of S100P or in the heterodimer. The V76G mutation
may affect the stability of helix 4 of S100P and is sufficient to
abolish the homodimerization but not heterodimerization. This
result illustrates a structural difference between the S100P homo-
dimer and the heterodimer with S100A1. In the model of holo-
S100A1/S100P, some differences can be seen mainly in helix 4.
First, more hydrophobic residues from helix 4 of both subunits
are involved in the interface of the heterodimer (F71, V75, V83,
A79 and W90 from S100A1, and F71, I75, and A79, H86 from
S100P) (Figure 7E) compared with that in the S100P homodimer
(F71, I75 and A79) (Figure 7B). Thus the heterodimer should be
more stable when compared with the S100P homodimer in this
region. The total contact area in the heterodimer is larger than that
in the S100P homodimer (Table 3). This provides an explanation
for the stronger interaction of S100P with S100A1 than S100P
self-association, as shown in the yeast two-hybrid system and
in the biosensor assays. This point is supported by mutation
S83I of S100P, which enhanced the homodimeric interaction by
adding the hydrophobic residue, isoleucine, to the interface [40].
Secondly, the stronger hydrophobic interactions at both ends of
the helix 4 interfaces in the heterodimer tend to twist a helix 4
close to the partner helix 4′. The mutation V76G may enable the
helix 4 of the S100P subunit to come into closer contact with
the helix 4 of the S100A1 subunit in the heterodimer. Therefore the
overall effect of V76G mutation of S100P on the heterodimer was
not significant, although it was sufficient to interrupt the S100P
homodimer. This could also be the explanation for the lower
effect of the double mutation of I75G + V76G of S100P on hetero-
dimerization when compared with that of the single mutation of
I75G.

It is not clear how the homodimer or heterodimer of S100
proteins interacts with other target proteins. The differences in
the dimeric interface, particularly in helix 4/4 (4′), between the
S100P homodimer and the S100P/S100A1 heterodimer might be
sufficient to alter the conformation of the adjacent C-terminal
regions. These adjacent regions have been shown to be important
both for target protein binding [41] and for sarcoplasmic Ca2+

release [42] by S100A1, and for target binding and metastasis
induction by S100A4 (S. Zhang, G. Wang, D. Liu, D. G. Fernig,
P. S. Rudland and R. Barraclough, unpublished work). Thus
heterodimerization might be a mechanism that modulates target
binding and the function of S100 proteins when more than one
such protein is made by an individual cell.
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