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Abstract

S100A4, a member of the Ca2+-activated S100 protein family, regulates the motility and
invasiveness of cancer cells. Moreover, high S100A4 expression levels correlate with poor patient
survival in several cancers. Although biochemical, biophysical, and structural data indicate that
S100A4 is a noncovalent dimer, it is unknown if two functional S100A4 monomers are required
for the productive recognition of protein targets and the promotion of cell invasion. To address
this question, we created covalently linked S100A4 dimers using a glycine rich flexible linker.
The single-chain S100A4 (sc-S100A4) proteins exhibited wild-type affinities for calcium and
nonmuscle myosin-IIA, retained the ability to regulate nonmuscle myosin-IIA assembly, and
promoted tumor cell invasion when expressed in S100A4-deficient colon carcinoma cells.
Mutation of the two calcium-binding EF-hands in one monomer, while leaving the other monomer
intact, caused a 30–60-fold reduction in binding affinity for nonmuscle myosin-IIA concomitant
with a weakened ability to regulate the monomer–polymer equilibrium of nonmuscle myosin-IIA.
Moreover, sc-S100A4 proteins with one monomer deficient in calcium responsiveness did not
support S100A4-mediated colon carcinoma cell invasion. Cross-linking and titration data indicate
that the S100A4 dimer binds a single myosin-IIA target peptide. These data are consistent with a
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model in which a single peptide forms interactions in the vicinity of the canonical target binding
cleft of each monomer in such a manner that both target binding sites are required for the efficient
interaction with myosin-IIA.

S100A4 is a member of the S100 Ca2+-binding family of proteins. The S100 designation is
derived from the observation that these proteins are soluble in 100% saturated ammonium
sulfate at neutral pH.1 At present, there are 21 identified human S100 family members,2,3

which make up a subclass of the larger EF-hand-containing family of proteins represented
by calmodulin and troponin C.4,5 The S100 proteins are 25–65% identical with one another
in terms of amino acid sequence and are expressed solely in vertebrates in a cell and tissue
specific manner.2,6,7 This family of proteins is involved in diverse cellular processes and
contributes to various disease states such as neurodegeneration, inflammation, and
cancer.2,8,9

The S100 proteins are primarily α-helical, and most family members form noncovalent
antiparallel dimers.10–15 The dimerization interface is composed of an X-type four-helix
bundle that is comprised of helices 1 and 4 from each monomer.10–15 Each S100 monomer
contains two helix–loop–helix (EF-hand) Ca2+-binding motifs connected by a hinge region:
a 14-residue N-terminal pseudo-EF-hand and a 12-residue C-terminal canonical EF-
hand.10–15 The canonical EF-hand (EF2) uses several side chain oxygen atoms, an oxygen
from a water molecule, and two oxygen atoms from a glutamate side chain to coordinate the
Ca2+ ion, whereas the N-terminal EF-hand (EF1) coordinates Ca2+ via several backbone
carbonyl oxygens, an oxygen from water, and two oxygen atoms from a glutamate side
chain.16 Consistent with these structural data, the reported Ca2+ equilibrium dissociation
constants (KD) for S100A4 indicate that EF1 has a weak affinity for calcium (KD > 500 μM),
whereas EF2 has a relatively high affinity for Ca2+ (KD = 2.6 ± 1.0 μM).17 Most S100
proteins, including S100A4, undergo a significant conformational rearrangement following
binding of Ca2+ to the C-terminal EF-hand. This conformational rearrangement increases the
interhelical angle between helices 3 and 4 and exposes a hydrophobic target binding cleft
comprised of residues from helix 3, helix 4, and the hinge region.

The biological function of S100A4 has been characterized most extensively in the context of
cancer. S100A4 overexpression in benign rat mammary tumor cells confers a metastatic
phenotype with no apparent effect on tumor proliferation.18 In addition, overexpression of
S100A4 in the mammary epithelium of MMTV-neu mice, which normally have a low
incidence of metastasis, increased the incidence of metastasis by 72%.19 Conversely, the
loss of S100A4 expression in highly metastatic MMTV-PyMT mice resulted in a 60%
decrease in the number of metastatic lesions in the lungs.20 Consistent with these animal
studies, S100A4 expression in breast cancer patients correlates with patient death.21

Intracellular S100A4 targets include the p53 homologues p63 and p73, nonmuscle
tropomyosin, liprin β1, and nonmuscle myosin-IIA.22–25 For the S100A4–myosin-IIA
interaction, S100A4 binding disrupts the monomer–polymer equilibrium of myosin-IIA by
promoting the disassembly of preexisting filaments or by inhibiting the assembly of
monomers into filaments.26–28 Moreover, S100A4 modulates the polarization and motility
of mammary tumor cells through a direct interaction with myosin-IIA.29 Given the
importance of myosin-II in modulating cell migration, the regulation of myosin-IIA
assembly by S100A4 likely contributes to the ability of S100A4 to promote tumor invasion
and metastasis.30

Although there has been some examination of the molecular determinants involved in
S100A4 dimerization,31–33 it is not known whether both monomers of the S100A4
homodimer are required for the recognition of its protein targets and the promotion of cell
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invasion. Using covalently linked S100A4 monomers or single-chain S100A4 proteins (sc-
S100A4), we demonstrate that two functional S100A4 monomers are necessary for the
efficient interaction of S100A4 with myosin-IIA and for the promotion of tumor cell
invasion.

EXPERIMENTAL PROCEDURES
Creation of sc-S100A4 Constructs

To create the sc-S100A4 constructs, the S100A4 cDNA was amplified using a primer to the
3′ end that contained the DNA sequence for the linker and a BamHI restriction site
(monomer 1). The S100A4 polymerase chain reaction (PCR) product containing the linker
sequence was cloned into pET23a using the NdeI and BamHI sites, and monomer 2 was
cloned into the BamHI and HindIII sites. The resulting sc-S100A4 constructs were
subcloned into pET26b using the NdeI and HindIII sites. The final linker sequence between
the two S100A4 monomers was (GGGGS)nGS.

The EF-hand substitutions were created in the wild-type S100A4–ET23a construct using the
QuikChange site-directed mutagenesis kit (Stratagene). Reverse primers contained either the
E33A or E74A substitution. Single-EF-hand substitutions were introduced first, and the
E33A/E74A double-EF-hand substitutions were introduced by subcloning the E33A mutant
into the E74A mutant S100A4 construct using the NdeI and XmaI sites. To incorporate the
EF-hand substitutions into the sc-S100A4 constructs, we amplified E33A/E74A S100A4
with primer sets containing the appropriate linker addition and subcloned it as described
above. The sc-S100A4-GFP constructs were created by ligation-independent cloning.34,35

The pEGFP-N3 vector and S100A4 primers were as follows: vector forward primer,
5′TCTGTGCTGTCGTCGGTACCGCGGGCCC3′; vector reverse primer,
5′TGGTGCTGCTTCCGTCCGGTAGCGC-TAGCGGAT3′; S100A4 forward primer,
5′ACCGGACGGAAG-CAGCACCATGGCGTGCCCTCTG3′; and S100A4 reverse primer,
5′ACCGACGACAGCAACAGATTTCTTCCTGGG3′. pEGFP-N3 was amplified using
KOD polymerase (Novagen), and S100A4 was amplified using a standard PCR protocol.
The resulting PCR products were treated with T4 polymerase in separate reaction mixtures
containing either 2.5 mM dATP (pEGFP-N3) or 2.5 mM dTTP (S100A4). For ligation-
independent cloning, the reaction mixture contained equimolar amounts of T4-digested
S100A4 and pEGFP-N3 and the reaction was performed at 22 °C for 25 min. The reaction
was quenched by the addition of 10 mM EDTA (pH 8.0) and incubation at 22 °C for 5 min.

Cloning of the S100A4–GFP Fusion Protein
GFP was fused to the C-terminus of S100A4 using primer pairs that removed the S100A4
stop codon and added a 5′ HindIII site and a 3′ SacII site. The resulting PCR product was
subcloned into the pEGFP-N3 (Clontech) vector using these sites.

Peptides
Myosin-IIA peptides [FITC-Ahx-DAMNR-EVSSLKNKLRR-CONH2 (FITC-
MIIA1908–1923) and FITC-Ahx-TETADAMNREVSSLKNKLRRGDLP-CONH2 (FITC-
MIIA1904–1927)] were synthesized by Biosynthesis Inc. (Lewisville, TX). The molecular
weight and purity (>95%) of all peptides were verified using mass spectrometry and high-
performance liquid chromatography (HPLC), respectively. The concentration of all peptide
solutions was determined using the FITC moiety.

Protein Purification
MIIA1851–1960 and MIIA1338–1960 were expressed and purified as described previously.16,27

The wild-type sc-S100A4 constructs and S100A4–GFP fusion protein were expressed and
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purified as described for the native S100A4 dimer.14 The masses of the sc-S100A4 proteins
and S100A4–GFP fusion protein were confirmed by mass spectrometry.

For purification of the EF-hand substitutions, BL21(DE3)* cells were transformed and
grown in autoinduction TB medium for 20 h at 37 °C.36 The cells were pelleted and
resuspended in 10 mL of lysis buffer [50 mM Tris (pH 7.5), 10% glycerol, 300 mM KCl, 2
mM DTT, 1 mM EDTA, 1 mM PMSF, and chymostatin, leupeptin, and pepstatin (5 μg/mL
each)] per gram of cell pellet. Resuspended cell pellets were sonicated and then centrifuged
at 16000g for 30 min. Ammonium sulfate was added to the supernatant to 30% saturation,
and the sample was centrifuged at 16000g for 10 min. CaCl2 (2 mM) was added to the
supernatant, and the sample was applied to a Phenyl-Sepharose (GE Healthcare) column
equilibrated with buffer 1 [20 mM Tris (pH 7.5), 2 mM CaCl2, 300 mM KCl, 1 mM DTT, 1
mM EDTA, 16.4 g/100 mL ammonium sulfate, and 0.02% NaN3]. The column was washed
with 3 column volumes of buffer 1 and washed with 3 column volumes of buffer 2 (buffer 1
without ammonium sulfate). sc-S100A4 EF-hand mutant proteins were eluted using buffer 3
[20 mM Tris (pH 7.5), 5 mM EGTA, 1 mM DTT, 1 mM EDTA, and 0.02% NaN3].
Collected protein fractions were dialyzed against 20 mM PIPES (pH 6.8), 20 mM KCl, 0.5
mM DTT, and 0.02% NaN3, centrifuged at 16000g for 15 min, and applied to a Mono S
column (GE Healthcare) equilibrated with dialysis buffer. The column was washed with 10
column volumes of dialysis buffer, and sc-S100A4 EF-hand mutant proteins were eluted
using a 0 to 0.5 M KCl gradient. Pooled protein fractions were dialyzed against 20 mM Tris
(pH 7.5), 20 mM KCl, 1.5 mM DTT, and 0.02% NaN3. The dialyzed protein was
centrifuged for 15 min at 16000g and concentrated using a Vivaspin 3 kDa cutoff
concentrator (Sartorius). Concentrated sc-S100A4 EF-hand mutant proteins were applied to
a Superdex 75 gel filtration column (GE Healthcare) equilibrated with dialysis buffer. On
the basis of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE), pure
protein fractions were pooled and concentrated as described above. All protein
concentrations were determined using the Bio-Rad Protein Assay (Bio-Rad) and a S100A4
standard at a known concentration.

Analytical Size Exclusion Chromatography
Wild-type S100A4 (0.7–15 μM), 15 μM sc-S100A4 proteins, or 1 mg/mL protein standards
[BSA (67 kDa), ovalbumin (43 kDa), chymotrypsin (27 kDa), and ribonuclease A (13 kDa)]
were injected onto a Superdex 75HR 10/30 column (GE Health-care) equilibrated with 20
mM Tris (pH 7.5), 150 mM KCl, 2 mM CaCl2, 1 mM DTT, and 0.02% NaN3. For studies
examining the elution of apo-S100A4, the calcium was replaced with 2 mM EGTA.
Absorbance at 280 nm was used to monitor protein elution.

Chemical Denaturation
Guanidine hydrochloride (GdnHCl) stocks (7 M) were made using EGTA buffer [20 mM
Tris (pH 7.5), 20 mM KCl, 2 mM EGTA, and 0.02% NaN3] or calcium buffer in which the
EGTA was replaced with 2 mM CaCl2. S100A4 proteins were dialyzed into either EGTA or
calcium buffer, and 5 μM S100A4 dimer was used per 200 μL reaction mixture with fresh
DTT (1 mM) added the day of the experiment. Reaction mixtures contained GdnHCl
concentrations ranging from 0 to 6.5 M. Individual reaction mixtures were incubated for 22
h at 22 °C. The intrinsic fluorescence of the two S100A4 tyrosine residues was monitored
using a Fluoromax-3 spectrofluorometer (Jobin Yvon Inc.). The data were fit to a sigmoidal
dose–response curve using GraphPad Prism version 5.0a (GraphPad Software Inc.), and the
fraction unfolded and D1/2 were calculated using formulas described previously.37
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Circular Dichroism
S100A4 proteins were dialyzed into 20 mM Tris (pH 7.5), 20 mM KC1, 1 mM DTT, and
0.02% NaN3. Either 0.3 mM CaCl2 or 2 mM EGTA was added to each reaction mixture
containing 6.8 μM S100A4 dimer and the mixture incubated for 1 h prior to the acquisition
of spectra. Samples were placed into a 0.1 cm cuvette, and spectra from 190 to 250 nm were
obtained at 22 °C using a Jasco (Easton, MD) J-18 spectrometer. Molar ellipticity values
were calculated using the formula θmolar = (θ× MW × 100)/(lc), where θis the measured
ellipticity in degrees, MW is the molecular weight of the S100A4 dimer, 100 is the
conversion of molar concentration to decimoles per cubic centimeter, l is the path length of
the cuvette in centimeters, and c is the protein concentration in milligrams per milliliter.38

Calcium Binding
Calcium affinities were determined as described previously.17,39 Briefly, S100A4 and
MIIA1851–1960 were dialyzed into calcium free buffer [20 mM Tris (pH 7.5), 150 mM KCl,
1 mM DTT, and 0.02% NaN3] that had been pretreated with Chelex 100 resin. Calcium was
titrated into reaction mixtures containing 12.5 μM S100A4 dimer and 25 μM 5,5′Br2-
BAPTA alone or in the presence 100 μM MIIA1851–1960 monomer, and the absorbance was
monitored at 263 nm. Using Caligator, macroscopic binding affinities were obtained by
fitting the resulting titration curves to two Ca2+-binding sites using a stepwise macroscopic
binding equation in the presence of chelator.40

Myosin-IIA Binding Assay
Binding affinities of S100A4 for myosin-IIA were determined using a fluorescence
anisotropy assay as described previously.17 FITC-MIIA1908–1923, which comprises the
minimal S100A4 binding site, was used to monitor the interaction of the wild-type and sc-
S100A4 proteins and myosin-IIA. Reaction mixtures (200 μL) contained 100 nM FITC-
MIIA1908–1923 and 0–20 μM wild-type or sc-S100A4 dimer, or 0–500 μM EF-hand mutant
sc-S100A4 in 20 mM Tris (pH 7.5), 150 mM KCl, 1 mM DTT, 0.02% NaN3, and 0.5 mM
CaCl2. Anisotropy was measured with excitation at 494 nm and emission at 516 nm.
Dissociation constants were obtained by fitting to a single-site saturation binding equation
with a floating Ymin value using GraphPad Prism.

For fluorescence anisotropy titrations, 1 μM FITC-MIIA1904–1927 was titrated with 0–8 μM
S100A4 dimer in 20 mM Tris (pH 7.5), 150 mM KCl, 1 mM DTT, 0.02% NaN3, and 0.5
mM CaCl2. Linear regression was used to determine the intersecting points of the titration
curve.

Promotion of Disassembly
The ability of wild-type S100A4, sc-S100A4–5, sc-S100A4–10, and sc-S100A4 EF-hand
mutant proteins to regulate myosin-IIA disassembly was assessed as described previously.27

Briefly, reaction mixtures containing 1.5 μM MIIA1338–1960 dimer and 0–15 μM S100A4
dimer in 20 mM Tris (pH 7.5), 300 μM CaCl2, 1.5 mM MgCl2, 150 mM NaCl, 1 mM DTT,
and 0.02% NaN3 were incubated for 1 h at 22 °C and centrifuged at 80000 rpm for 15 min
using an Optima TLX ultracentrifuge (Beckman). A sample of the mixture was obtained by
removing a 10 μL aliquot after incubation for 10 min. The 5× sample buffer was added to
aliquots of the mix and the supernatant, and they were loaded onto a 12% Tris-Tricine gel.
The amount of myosin-IIA in the supernatant was quantified by densitometric analysis of
the Coomassie-stained protein bands.
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Cross-Linking Experiments
Wild-type S100A4 and MIIA1851–1960 were dialyzed into 20 mM HEPES (pH 7.5), 150 mM
KCl, 1 mM DTT, and 0.02% NaN3. Reaction mixtures containing equimolar concentrations
of S100A4 monomer and MIIA1851–1960 monomer (either 25 or 50 μM of each) were
incubated with either 0.5 mM CaCl2 or 4 mM EGTA for 60 min at 22 °C. Disuccinimidyl
tartrate (DST) was added to a final concentration of 1.2 mM, and the reaction mixture was
incubated for an additional 60 min. Cross-linking reactions with S100A4 alone or
MIIA1851–1960 alone were performed in the presence of 0.5 mM CaCl2. Reactions were
quenched by the addition of 5× Laemmli gel loading dye or 50 mM Tris-HCl (pH 7.5).
Samples were run on a 12% Tris-Tricine gel and stained with Coomassie brilliant blue. For
immunoblot analysis, the 12% Tris-Tricine gel was transferred to a polyvinyl difluoride
(PVDF) membrane (Millipore) and reacted with antibodies against S100A4 or the myosin-
IIA C-terminus.41,42

Cross-linked S100A4–myosin-IIA complexes were evaluated by LC-ESI MS. Seventeen
micrograms of the protein complexes was separated on a 1.0 mm × 50 mm C3 column
(MicroTech Scientific) attached to an LC Packings Ultimate Plus HPLC system. The
column was equilibrated in buffer A (2% acetonitrile and 0.1% formic acid). After a 5 min
desalt, protein complexes were separated using a 15 min gradient from 15 to 60% buffer B
(90% acetonitrile and 0.1% formic acid) with a flow rate of 75 μL/min. The effluent was
directly delivered into an LTQ Linear Ion Trap (Thermo) for mass analysis, which has an
error of ±5 Da for samples in this mass range.

Cell Culture
HCT116 parental and S100A4μ/μ cells, which will be described elsewhere, were maintained
in McCoys 5A medium (Cellgro) supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. BAC1.2F5 macrophages were maintained in αMEM medium
supplemented with L-asparagine, L-glutamine, 10% FBS, and 3000 units/mL human
recombinant CSF-1.

Transfection
HCT116 cells were plated in a 10 cm dish 24 h prior to transfection at a cell density that
yielded approximately 40% cell confluence the next day. Cells were transfected with
S100A4 plasmid DNA using the HeLaMON-STER reagent (Mirus). Maximal expression
was observed 48 h post-transfection.

Immunoblots
Whole cell lysates were prepared from HCT116 cell lines at a cell density of 70–80%
confluence. Cells were lysed in RIPA buffer [50 mM Tris, 150 mM NaCl, 0.5%
deoxycholate, 0.1% SDS, and leupeptin, chymostatin, and pepstatin (5 μg/mL each)], and
total protein was quantified using the Dc Bio-Rad protein assay. Whole cell lysates (20 μg)
were separated on a 12% Tris-Tricine gel, transferred to a PVDF membrane, and
immunoblotted for β-actin and S100A4. Immunoreactive proteins were imaged using the
West Pico chemiluminescence substrate (Pierce).

3D Invasion Assays
Invasion assays were conducted as described previously.43 Briefly, 80000 HCT116 cells
labeled with Cell Tracker Green CMFDA and 200000 BAC1.2F5 cells labeled with
CellTracker Red CMPTX were plated on 35 mm glass-bottom dishes in macrophage
medium. After 18–24 h, the cells were overlaid with a ~1100 μm thick layer of 5.8 mg/mL
collagen I (BD Biosciences). After 24 h, the cells were fixed with 4% formaldehyde for 30
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min and analyzed by confocal microscopy on a Bio-Rad Radiance 2000 Laser Scanning
Confocal Microscope. Optical z-sections were taken every 5 μm, beginning at the base of
the dish to 70 μm into the collagen gel. The percent cell invasion was calculated by dividing
the fluorescence from z-sections 20–70 μm by the sum of the fluorescence from all sections.
Experiments were performed in duplicate, and three different fields from each dish were
imaged. For S100A4–GFP or sc-S100A4–GFP protein rescue experiments, transfected
HCT116 cells were used 48 h post-transfection in the 3D invasion assay. The GFP
fluorescence was used to monitor the invasion of the collagen gel by tumor cells.

RESULTS
Development of the Single-Chain S100A4 Proteins

With the exception of S100G (also known as calbindin D9k), the S100 proteins form
noncovalent dimers.44 Because each monomer is comprised of two EF-hands and a target
binding site, the presumed functional unit of these proteins consists of four EF-hands and
two target binding sites.2,10,14–16 To investigate whether both monomers in the S100A4
dimer are necessary for biochemical and biological function, we created an obligate S100A4
dimer. The two S100A4 chains were connected with a flexible linker comprised of four
glycines and one serine, thus allowing S100A4 to fold properly even though it is encoded by
a single polypeptide chain. Glycine residues were used to promote a flexible linker between
the two S100A4 chains, and a serine residue was added to aid in the solubility and stability
of the resulting single-chain S100A4 protein (sc-S100A4) (Figure 1).45,46 The linker
sequence (GGGGS) was repeated one, two, and three times, and the proteins were
designated sc-S100A4–5, sc-S100A4–10, and sc-S100A4–15, respectively. Both sc-
S100A4–5 and sc-S100A4–10 expressed well in bacteria, whereas expression of sc-
S100A4–15 was not detected in whole cell lysates (data not shown). On SDS–PAGE, the
purified native S100A4 (wt-S100A4) migrated at approximately 11 kDa, consistent with a
noncovalent dimer. Consistent with the mass spectrometry data, purified sc-S100A4–5 and
sc-S100A4–10 migrated above 21 kDa as expected for two native S100A4 chains covalently
attached via a linker sequence (Figure 2A).

Size-Exclusion Chromatography of the sc-S100A4 Proteins
To confirm that the proteins were properly folded in solution, they were examined by
analytical size-exclusion chromatography. In the presence of EGTA or Ca2+, the elution
profile of wt-S100A4 showed one major peak, which was coincident with the 27 kDa
marker (Figure 2B). The apparent molecular mass of the native S100A4 dimer agreed well
with the calculated mass (Table 1). Notably, at loading concentrations of 0.7 μM, we
observed a single peak for wt-S100A4, demonstrating that the native S100A4 forms a dimer
at submicromolar concentrations. Both sc-S100A4–5 and sc-S100A4–10 had elution profiles
comparable to that of wt-S100A4, indicating that in solution both sc-S100A4 constructs
adopted an overall organization similar to that of the noncovalent dimer of the wild-type
protein (Figure 2C,D). In the presence of calcium, all three proteins eluted as more compact
proteins (Table 1), consistent with other Ca2+-bound S100 proteins.47

Chemical Denaturation of S100A4 Proteins
Previous studies demonstrated that some S100 family members are more stable to
denaturation in the presence of calcium.48,49 To determine if S100A4 shares this
characteristic and to establish if the flexible linker affected the stability of the single-chain
proteins, we monitored unfolding in the presence of guanidine hydrochloride. In the absence
of calcium, wt-S100A4, sc-S100A4–5, and sc-S100A4–10 had similar midpoints of
denaturation, 1.71 ± 0.03, 1.84 ± 0.05, and 1.81 ± 0.06 M guanidine hydrochloride,
respectively (Figure 3A). Consistent with other S100 proteins, the wt-S100A4, sc-S100A4–
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5, and sc-S100A4–10 proteins were more resistant to denaturant in the presence of
calcium.48,50 Interestingly, the sc-S100A4 proteins were more stable than the wt-S100A4
protein with midpoints of denaturation of 3.95 ± 0.02 and 3.76 ± 0.06 M for sc-S100A4–5
and sc-S100A4–10, respectively, compared to 3.10 ± 0.04 M for wt-S100A4 (Figure 3B).
These observations suggest that the addition of the flexible linker between the two S100A4
monomers has a stabilizing effect on the protein.

Secondary Structural Analysis of S100A4 Proteins
Structural studies of wt-S100A4 showed that it is primarily composed of α-helices.14,16,51,52

Circular dichroism spectroscopy of sc-S100A4–5 and sc-S100A4–10 demonstrated that
these proteins are mostly α-helical (Figure 4B,C). As for wt-S100A4, we observed a small
increase in the helical content of sc-S100A4–5 and sc-S100A4–10 in the presence of
calcium (Figure 4A). These data confirm that the addition of the linker has not grossly
perturbed the secondary structure of S100A4 in either the apo or Ca2+-bound state.

Biochemical Evaluation of sc-S100A4 Proteins
The ability of the sc-S100A4 proteins to bind myosin-IIA was assessed in an anisotropy
assay using FITC-labeled MIIA1908–1923, which comprises the minimal binding site for
S100A4.16,17 The measured dissociation constant for wt-S100A4 (1.8 ± 0.2 μM) was
comparable to previously reported values.16,17 Both sc-S100A4-5 (1.0 ± 0.1 μM) and sc-
S100A4–10 (1.3 ± 0.2 μM) demonstrated binding affinities for FITC-MIIA1908–1923

comparable to that of wt-S100A4 (Figure 5A). Moreover, binding was not observed in the
presence of EGTA, demonstrating that the sc-S100A4 proteins exhibit Ca2+-dependent
binding to myosin-IIA.

Biochemical studies have shown that S100A4 regulates the monomer–polymer equilibrium
of myosin-IIA by promoting the monomeric state.26,27 Using an assembly competent
myosin-IIA construct, MIIA1338–1960, we monitored the ability of the sc-S100A4 proteins to
promote the disassembly of preexisting myosin-IIA filaments. Similar to that of wt-S100A4,
maximal promotion of myosin-IIA disassembly occurred at a ratio of 1 mol of sc-S100A4
protein dimer to 1 mol of MIIA1338–1960 dimer with disassembly of approximately 90% of
the myosin-IIA filaments (Figure 5B).

Dissociation constants for Ca2+ binding were determined using a competition assay with the
chromophoric calcium chelator 5,5′Br2-BAPTA.17,39 In agreement with previous
reports,16,17 wt-S100A4 exhibited relatively strong affinities for calcium in the presence of a
4-fold molar excess of myosin-IIA (EF1KD = 4.26 ± 0.04 μM; EF2KD = 0.44 ± 0.04 μM)
(Table 2 and Figure 6A). The Ca2+ binding affinities for sc-S100A4–5 (EF1KD = 1.65 ± 0.05
μM; EF2KD = 0.74 ± 0.11 μM) and sc-S100A4–10 (EF1KD = 3.20 ± 0.30 μM; EF2KD = 1.10 ±
0.18 μM) in the presence of myosin-IIA were comparable to that of wt-S100A4 (Table 2 and
Figure 6B,C).

Development and Biochemical Evaluation of sc-S100A4 EF-Hand Mutant Proteins
To test whether both monomers in the S100A4 homodimer are required for function, we
incorporated single-amino acid substitutions in both the pseudo (EF1) and canonical (EF2)
EF-hands in either monomer 1 (M1) or monomer 2 (M2) of the sc-S100A4 constructs
(Figure 7A). Previous studies with S100B demonstrated that substitution of E31 and E72
with alanine was sufficient to disrupt binding of Ca2+ to EF1 and EF2; therefore, we made
the analogous substitutions in sc-S100A4 (E33A/E74A). Circular dichroism spectroscopy of
the M1 and M2 proteins showed that the alanine substitutions did not disrupt the overall
secondary structure of the single-chain proteins in the apo and Ca2+-bound states (Figure 1
of the Supporting Information).
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Ca2+ binding affinities were measured for “wild-type” monomer 2 in sc-S100A4–5M1 and
sc-S100A4–10M1 proteins and the wild-type monomer 1 in sc-S100A4–5M2 and sc-
S100A4–10M2 proteins. In the absence of target, we obtained the following values: EF1KD =
366 ± 93 μM and EF2KD = 1.83 ± 0.34 μM for sc-S100A4–5M1, EF1KD = 223 ± 26 μM
and EF2KD = 1.46 ± 0.31 μM for sc-S100A4–10M1, EF1KD > 500 μM and EF2KD = 0.75 ±
0.21 μM for sc-S100A4–5M2, and EF1KD > 500 μM and EF2KD = 1.26 ± 0.12 μM for sc-
S100A4–10M2 (Table 2). Interestingly, in the presence of a 4-fold molar excess of myosin-
IIA, the Ca2+ binding affinities for sc-S100A4–5M1 (EF1KD = 169 ± 23 μM; EF2KD = 0.51 ±
0.05 μM), sc-S100A4–10M1(EF1KD = 244 ± 46 μM; EF2KD = 0.43 ± 0.06 μM), sc-S100A4–
5M2 (EF1KD = 205 ± 41 μM; EF2KD = 0.24 ± 0.03 μM), and sc-S100A4–10M2 (EF1KD >
500 μM; EF2KD = 0.92 ± 0.30 μM) were comparable to the KD values measured in the
absence of target (Table 2 and Figure 7B-E). These observations indicate that mutation of
either monomer 1 or monomer 2 in both sc-S100A4–5 and sc-S100A4–10 proteins affects
binding of Ca2+ to the wild-type monomer for both proteins. Binding of Ca2+ to EF1 was
weak both in the absence and in the presence of myosin-IIA, whereas EF2 exhibited a high
affinity for Ca2+ irrespective of the presence of target.

An examination of binding of sc-S100A4–5M1 and -M2 and sc-S100A4–10M1 and -M2 to
FITC-MIIA1908–1923 in the anisotropy assay demonstrated that these proteins had 30–60-
fold reduced affinities for myosin-IIA with dissociation constants of 93.4 ± 9.4, 125.1 ±
17.0, 69.3 ± 17.4, and 68.9 ± 9.7 μM, respectively (Figure 8A). These data demonstrate that
neither the sc-S100A4-M1 nor -M2 proteins retained wild-type binding affinities for
myosin-IIA.

To confirm that the combined E33A and E74A substitutions in EF1 and EF2 disrupt the
Ca2+-dependent interactions of S100A4 with myosin-IIA, we examined the ability of a
noncovalent S100A4 dimer that contained alanine substitution in all four EF hands to
promote myosin-IIA disassembly. As expected, even at a molar ratio of 2.5:1 (S100A4
dimer:MIIA1338–1960 dimer), myosin-IIA disassembly was not observed (Figure 8B).
Although the wild-type sc-S100A4 proteins promoted maximal disassembly of myosin-IIA
at a 1:1 sc-S100A4 dimer:MIIA1338–1960 dimer molar ratio (Figure 6B), the sc-S100A4-M1
and -M2 proteins poorly regulated myosin-IIA disassembly (Figure 8B). We observed
modest myosin-IIA disassembly at molar ratios of 2.5:1 (sc-S100A4-M1 or -M2 dimer to
MIIA1338–1960 dimer). At ratios of 10:1, approximately 50% of the myosin-IIA had shifted
to the supernatant fraction. These findings are consistent with the reduced affinities that the
sc-S100A4-M1 and M2 proteins exhibit for myosin-IIA and suggest that two functional
monomers are needed for binding and regulation of myosin-IIA.

Biological Characterization of sc-S100A4 Proteins
S100A4 overexpression promotes tumor cell migration and invasion.18,53 To evaluate the
requirement for two functional S100A4 monomers to promote invasion, we used an in vitro
assay that reconstitutes macrophage-dependent invasion of tumor cells into a 3D collagen
gel43 using colorectal HCT116 carcinoma cells that are homozygous null for S100A4
(Figure 9A). When cultured with macrophages, 26% of the parental S100A4-expressing
HCT116 cells invaded at least 20 μm into the collagen gel, whereas only 9% of parental
HCT116 cells invaded the matrix when cultured alone (Figure 9C). The S100A4−/−

HCT116 cell lines, L5 and N3, did not exhibit macrophage-dependent invasion (Figure 9C).

To establish that HCT116 invasion required S100A4, we monitored the invasive capabilities
of N3 S100A4−/− cells transfected with GFP alone or with wild-type S100A4-GFP fusion
protein. To demonstrate that attachment of GFP to the native S100A4 did not disrupt protein
function, we evaluated the ability of bacterially expressed and purified S100A4–GFP protein
to promote myosin-IIA filament disassembly. Notably, identical purification protocols were
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used for S100A4–GFP protein and for the untagged wild-type S100A4, indicating that the
addition of the GFP tag does not affect the biochemical properties of S100A4. At a 1:1
molar ratio of S1004–GFP dimer to MIIA1338–1960 dimer in the presence of calcium, we
observed filament disassembly comparable to that elicited by wild-type S100A4 (Figure 2A
of the Supporting Information). These observations demonstrate that S100A4–GFP protein
is functionally equivalent to untagged wild-type S100A4. To compare the localization of the
endogenous S100A4 and S100A4–GFP proteins, parental HCT116 cells were trans-fected
with the S100A4–GFP construct. A comparison of the localization of S100A4–GFP protein
with total S100A4 showed that the endogenous and the majority of the exogenously
expressed S100A4 colocalize (Figure 2B of the Supporting Information). Moreover, the
overall distribution of the S100A4–GFP protein is similar to the distribution of endogenous
S100A4.

Transfection of N3 S100A4−/− cells with GFP alone did not rescue macrophage-dependent
invasion; however, transfection with S100A4–GFP protein rescued the invasion of HCT116
cells with 32% of tumor cells invading more than 20 μm into the collagen gel (Figure 9C).
The enhanced invasion observed for S100A4–GFP protein-expressing N3 cells likely results
from an increased level of S100A4 expression (Figure 9B). Immunoblot analysis
demonstrated that total S100A4 levels in the transfected N3 cells are comparable to levels of
expression in parental HCT116 cells; however, the transfection efficiency was
approximately 40–50% for N3 cells, and thus, the invading cells express higher S100A4
levels. The expression of sc-S100A4–5–GFP protein in L5 and N3 S100A4−/− cells, which
had a transfection efficiency of 40–50%, also rescued the macrophage-dependent invasion
of these null lines to varying extents (Figure 10). N3 cells expressing sc-S100A4–5M1–GFP
protein did not exhibit macrophage-dependent invasion, whereas L5 cells exhibited a slight
increase in the level of invasion in the presence of macrophages that was significantly
reduced compared to that of parental HCT116 cells. The transfection efficiency for sc-
S100A4–5M1–GFP protein was consistently 10–20% lower than that observed for sc-
S100A4–5–GFP protein (Figure 9B). Taking into account the differences in transfection
efficiency, we found the transfected cells express comparable levels of sc-S100A4–5–GFP
and sc-S100A4–5M1–GFP proteins. Thus, it is unlikely that the inability of sc-S100A4–
5M1–GFP protein to rescue HCT116 invasion results from a decreased level of expression
of this construct.

Chemical Cross-Linking of S100A4-Myosin-IIA Complexes
To experimentally evaluate the composition and stoichiometry of the S100A4–myosin-IIA
complex, the native S100A4 dimer and MIIA1851–1960 were cross-linked in the presence of
EGTA or calcium using disuccinimidyl tartrate (DST). To maximize binding, these studies
were performed at S100A4 and myosin-IIA concentrations approximately 50-fold above the
equilibrium dissociation constant for the S100A4–MIIA1851–1960 interaction.16 For both
S100A4 and myosin-IIA alone, we observed both monomeric and dimeric species in the
cross-linked sample (Figure 11A). Cross-linked S100A4 or MIIA1851–1960 dimers were not
detected by mass spectrometry, which is likely due to the low abundance of these protein
species in the sample. However, multiple monomeric species comprised of unmodified
S100A4 or MIIA1851–1960 monomers (S100A4, 11599.4 Da; MIIA, 12399.5 Da) and
monomers containing multiple intramolecular and hanging cross-links (S100A4, 11844.2
and 11977.2 Da; MIIA, 12530.4 and 12662.3 Da) were identified. Moreover, the S100A4
monomer was more extensively modified in the absence of MIIA1851–1960 than in the
presence of MIIA1851–1960. The weak reactivity of the S100A4 and MIIA1851–1960

monomers on immunoblots is likely a consequence of modification by the DST cross-linker
(Figure 11B).
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In samples containing equimolar S100A4 and myosin-IIA, we observed two Ca2+-dependent
species (Figure 11A, asterisks). Immunoblot analysis indicated that the upper band was
comprised of both S100A4 and myosin-IIA, whereas the lower band contained myosin-IIA
and exhibited very weak cross-reactivity with the S100A4 antibody (Figure 11B). Mass
spectrometry showed that the upper band was comprised of two protein species with
molecular masses of 36264 and 36130 Da; however, we did not identify any species
associated with the lower Ca2+-dependent band. In the absence of any DST cross-links, the
calculated mass of a S100A4 dimer bound to a single myosin-IIA polypeptide is 35592 Da,
whereas the calculated mass of a MIIA1851–1960 dimer complexed to a S100A4 monomer is
36392 Da. The observed 36264 and 36130 Da species are thus consistent with a complex
comprised of an S100A4 dimer and one MIIA1851-1960 polypeptide with several cross-links.
Although we were not able to identify the lower Ca2+-dependent band by mass
spectrometry, its migration via SDS-PAGE is consistent with a complex of a S100A4
monomer bound to a single myosin-IIA polypeptide (calculated mass of 23995 Da) with
several cross-links.

Because the cross-linking data suggested that one S100A4 dimer binds a single myosin-IIA
polypeptide chain, we performed anisotropy titration measurements to directly measure the
stoichiometry of binding. The measured dissociation constant for the binding of FITC-
MIIA1904–1927 to wild-type S100A4 was 0.26 ± 0.03 μM, which is approximately 7-fold
tighter than the affinity observed for FITC-MIIA1908–1923 (1.8 ± 0.2 μM) (Figure 12A).
Consistent with the cross-linking data, titration of 1 μM FITC-MIIA1904–1927 with wild-type
S100A4 revealed a stoichiometry of one S100A4 dimer per myosin-IIA peptide (Figure
12B).

DISCUSSION
Here we show that S100A4, a known metastasis factor, requires both monomers to
effectively interact with nonmuscle myosin-IIA. Our single-chain S100A4 proteins, sc-
S100A4, allowed us to disrupt Ca2+ binding in one monomer while leaving the other intact.
Similar approaches involving the linking of subunits to evaluate or enhance protein function
have been used previously to increase the blood circulation time of CuZn superoxide
dismutase,54 to create bispecific antibodies,55 and to assess the DNA binding affinity for
lambda Cro repressor.56

The biophysical and biochemical characterization of the wild-type sc-S100A4 proteins
revealed that the sc-S100A4–5 and sc-S100A4–10 proteins are true mimics of the wt-
S100A4 noncovalent dimer. One exception is that the Ca2+-bound sc-S100A4 proteins were
more resistant to chemical denaturants than the wild-type noncovalent S100A4 dimer,
suggesting that the flexible linker stabilizes the S100A4 dimer against chemical
denaturation. The precise mechanism responsible for the enhanced stability of the sc-
S100A4 proteins is likely to be complex, though it is likely to benefit at least in part from
entropic contributions. For example, the condensation of two distinct chains into a dimeric
species results in the loss of six degrees of freedom (three rotational and three translational),
while in the case of the sc-S100A4 proteins, there is no analogous entropic penalty. The
absence of this entropic penalty in the folding of the sc-S100A4 proteins may contribute to
the observed enhancement in stability relative to that of the wild-type noncovalent dimer.

Increased resistance to denaturation has been documented for other single-chain proteins,
including thermal denaturation of the single-chain variant of monellin and urea denaturation
of the Arc-L1-Arc single-chain protein.57–59 This stabilizing effect is not due to gross
structural changes as circular dichroism spectroscopy of the sc-S100A4 proteins showed that
these proteins remain mostly α-helical with spectra similar to those of wt-S100A4. Similar
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to other S100 proteins, this single transition suggests that the native S100A4 dimer unfolds
via a two-state mechanism, where unfolding of the dimer proceeds to the denatured state
without an intermediate.48,49 Although folding intermediates have been detected for S100B,
S100A11, and S100A12, our data do not support the existence of a folding
intermediate.48,60,61 While it remains possible that weakly populated intermediates, which
are beyond the detection limits of this study, contribute to the folding of S100A4, additional
studies will be required to evaluate the mechanism of S100A4 unfolding.

The selection of the EF1 E33 and EF2 E74 residues for mutation was based on analogous
Ca2+-disrupting substitutions examined in S100B.62 Other studies assessing binding of Ca2+

to S100A4 used the EF-hand substitutions EF1 E33Q and EF2 D63N, which also disrupt
Ca2+ binding.63,64 An examination of the canonical EF-hand sequence for all S100 proteins,
as well as other EF-hand-containing proteins, shows that both D63 and E74 are invariant,
indicating that these positions are necessary for Ca2+ ligation. This is also supported by the
X-ray structure of the Ca2+-bound S100A4, which shows that D63 and E74 are critical for
Ca2+ ion coordination in EF2.16,51,52 For the native S100A4 dimer, Ca2+ binding affinities
increase in the presence of myosin-IIA 10- and 100-fold for EF2 and EF1, respectively.16

For the sc-S100A4-M1 and -M2 proteins, inactivation of monomer 1 or monomer 2 yielded
S100A4 proteins whose Ca2+ affinities were the same in the absence and presence myosin-
IIA. It is not surprising that EF1 did not exhibit an increased affinity for Ca2+ in the
presence of myosin-IIA as the sc-S100A4-M1 and -M2 proteins have 30-60-fold reduced
affinities for myosin-IIA and the calcium measurements were taken at concentrations below
the KD for myosin-IIA. However, EF2 in sc-S100A4-M1 and M2 proteins exhibited
affinities for Ca2+ in the absence of target that are typically only observed for the wild-type
protein in the presence of myosin-IIA. These data suggest that there is communication
between the two S100A4 monomers in which the inactive conformation of one monomer
effects binding of Ca2+ to the second wild-type monomer.

Mutagenesis studies demonstrated that binding of Ca2+ to EF2 alone is sufficient for binding
of S100A4 to myosin-IIA.63 On the basis of this finding, the wild-type monomer in the sc-
S100A4-M1 and -M2 mutant proteins should retain myosin-IIA binding activity; however,
these proteins exhibited significantly decreased myosin-IIA binding activity and only
weakly promoted myosin-IIA filament assembly. The inability of the sc-S100A4 mutant
proteins to bind myosin-IIA is reminiscent of studies with the single-chain tetracycline
repressor (sc-TetR).65 TetR binds with high affinity to the tet operator as a dimer.
Tetracycline binding induces a conformational rearrangement in the dimerization domain
that is transmitted to the DNA binding domain and reduces the affinity of TetR for DNA.65

Covalent tethering of the two TetR monomers revealed that a functional tetracycline binding
site in each TetR monomer was necessary to promote the conformational rearrangements
required for DNA release.65 S100A4 may function in a similar manner, where the open,
active conformation of both monomers is required for interactions with myosin-IIA.

This idea is supported by our cross-linking data that suggest that the S100A4 dimer binds a
single MIIA1851–1960 polypeptide. Moreover, these data are consistent with our observation
that S100A4 binds a 24mer myosin-IIA peptide with a stoichiometry of one peptide per
S100A4 dimer and a recent report that a 32mer myosin-IIA peptide binds to S100A4 with a
stoichiometry of one peptide per S100A4 dimer.64 Given the length of the MIIA1851–1960

construct, it may be surprising that only one polypeptide chain is cross-linked to the S100A4
dimer; however, recent NMR studies of residues 1850-1960 of myosin-IIA demonstrated
that the 17 N-terminal amino acids and the 35 C-terminal residues are unstructured.64 We
proposed previously that S100A4 binding promotes myosin-IIA filament disassembly by
inducing local unwinding of the myosin-IIA coiled coil.27 Because a significant portion of
the MIIA1851–1960 construct is unstructured, S100A4-mediated conformational
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rearrangements of the coiled coil could result in dissociation of the two myosin-IIA
polypeptides, resulting in the cross-linking of a single MIIA1851–1960 polypeptide chain.
Structural studies indicate that most S100 protein dimers bind the target peptide in the
hydrophobic cleft between helices 3 and 4, which is exposed upon Ca2+ binding, thus
allowing two target peptides to bind per S100 dimer.66–69 However, the recent structure of
S100A6 bound to the C-terminal domain of the Siah-1 interacting protein showed that
although the S100A6 dimer binds two target peptides, each peptide binds across the S100A6
dimer interface and forms interactions with the canonical target binding cleft.70 On the basis
of these observations, one may envision that a target peptide, which binds across the dimer
interface and is of sufficient length, could make contacts with both canonical target binding
clefts. Such a configuration would result in a complex of one target peptide bound per S100
dimer.

On the basis of our biochemical analysis of the sc-S100A4 proteins with myosin-IIA, our
cross-linking data, and the determination of S100A4:myosin-IIA stoichiometries, we
propose a model in which the myosin-IIA heavy chain wraps around the S100A4 dimer to
form interactions in the vicinity of the canonical target binding cleft of each monomer in
such a manner that both target binding sites are required for the efficient interaction with
myosin-IIA.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

MMTV mouse mammary tumor virus

PyMT polyoma middle T

sc-S100A4 single-chain S100A4

wt-S100A4 native S100A4 dimer

GdnHCl guanidine hydrochloride

BAPTA 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid

MIIA non-muscle myosin-IIA

FITC fluorescein isothiocyanate

M1 monomer 1

M2 monomer 2

3D three-dimensional

DST disuccinimidyl tartrate

MS mass spectrometry
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Figure 1.
Cartoon of sc-S100A4 proteins. The C-terminus of monomer 1 was fused to the N-terminus
of monomer 2 using the linker sequence (GGGGS)n, where n = 1, 2, or 3.
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Figure 2.
Analytical gel filtration of sc-S100A4 proteins. (A) SDS–PAGE of purified wt-S100A4, sc-
S100A4–5, and sc-S100A4–10 on a 12% Tris-Tricine gel. Molecular mass markers are
indicated on the left. (B) Elution profile of wt-S100A4 (—) and protein standards (---) on a
Superdex 75HR column in the presence of EGTA. The inset is a plot of protein standard
molecular masses vs elution volume. (C and D) Elution profiles of sc-S100A4–5 and sc-
S100A4–10 in the presence of EGTA: wt-S100A4 (—) and sc-S100A4–5 and sc-S100A4–
10 (---).
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Figure 3.
Guanidine hydrochloride denaturation of sc-S100A4 proteins. (A) Unfolding of 5 μM wild-
type S100A4 dimer or sc-S100A4 proteins in the presence of 2 mM EGTA. wt-S100A4, sc-
S100A4–5, and sc-S100A4–10 exhibited similar midpoints of denaturation. (B) Unfolding
in the presence of 2 mM CaCl2. The sc-S100A4 proteins were more resistant to denaturant-
induced unfolding than wt-S100A4. wt-S100A4 (black), sc-S100A4–5 (red), and sc-
S100A4–10 (blue). Values represent the mean ± standard error of the mean from three or
four independent experiments.
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Figure 4.
Circular dichroism spectroscopy of S100A4 proteins. Far-UV spectra of 6.8 μM S100A4
protein dimers of (A) wt-S100A4, (B) sc-S100A4–5, and (C) sc-S100A4–10. Solid and
dotted lines correspond to spectra in the presence of 2 mM EGTA and 0.3 mM CaCl2,
respectively. The α-helical structure of S100A4 is not altered by the addition of the flexible
linker.
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Figure 5.
Single-chain S100A4 proteins bind and regulate myosin-IIA assembly. (A) Affinities of
S100A4 proteins for myosin-IIA were measured using a fluorescence anisotropy assay. wt-
S100A4 (□), sc-S100A4–5 (○), and sc-S100A4–10 (⋄) exhibit similar affinities for myosin-
IIA. (B) Promotion of myosin-IIA disassembly. wt-S100A4 (black bars), sc-S100A4–5
(white bars), and sc-S100A4–10 (gray bars) all promote maximal filament disassembly at a
1:1 molar ratio of S100A4 dimer to myosin-IIA dimer. Myosin-IIA disassembly in the
absence of S100A4 (hatched bar). Values represent the mean ± standard error of the mean
from three independent experiments.
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Figure 6.
Single-chain proteins and wt-S100A4 exhibit similar Ca2þ binding affinities in the presence
of myosin-IIA. Ca2+ binding affinities were measured using a chromophoric calcium
chelator 5,5′Br2-BAPTA competition assay. The absorbance at 263 nm was monitored as a
function of the Ca2+ concentration: (A) wt-S100A4, (B) sc-S100A4–5, and (C) sc-S100A4–
10. The data represent the average from three independent experiments. The insets show the
saturation curve representation for the best fit in Caligator.
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Figure 7.
S100A4 single-chain EF-hand mutant proteins exhibit altered Ca2+ affinities. (A) Cartoon of
sc-S100A4 EF-hand mutant constructs. Both E33 (EF1) and E74 (EF2) residues in either
monomer 1 or monomer 2 were substituted with alanine. Calcium titrations of (B) sc-
S100A4–5M1, (C) sc-S100A4–10M1, (D) sc-S100A4–5M2, and (E) sc-S100A4–10M2 in
the presence of myosin-IIA and 5,5′Br2-BAPTA. The data represent the average from two or
three independent experiments. The insets show the saturation curve representation for the
best fit in Caligator.
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Figure 8.
S100A4 single-chain EF-hand mutant proteins only weakly promote myosin-IIA
disassembly. (A) Fluorescence anisotropy measurements of sc-S100A4–5M1 (solid gray
line), sc-S100A4–10M1 (solid black line), sc-S100A4–5M2 (dashed gray line), and sc-
S100A4–10M2 (dashed black line) demonstrated that sc-S100A4-M1 and -M2 EF-hand
mutants have a 30–60-fold reduced affinity for FITC-MIIA1908–1923. Values represent the
mean ± standard deviation from two or three independent experiments. (B) Myosin-IIA
disassembly assays. Myosin-IIA disassembly in the absence of any added S100A4 (light
gray bar). Ca2+-dependent myosin-IIA disassembly in the presence of wt-S100A4 (black
bars) and EF-hand mutant proteins sc-S100A4–5M1 (white bars), sc-S100A4–5M2 (white-
hatched bars), sc-S100A4–10M1 (dark gray bars), sc-S100A4–10M2 (dark gray-hatched
bars), and wt-S100A4-E33A/E74A (white-lined bars). Values represent the mean ± standard
error of the mean for three independent experiments.
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Figure 9.
HCT116 cells require S100A4 for macrophage-dependent invasion. (A) Immunoblot of
S100A4 expression in parental and L5 and N3 S100A4−/− HCT116 cells. β-Actin was used
as a loading control. (B) Immunoblot of S100A4 protein expression in L5 and N3
S100A4−/− HCT116 cells transfected with wild-type S100A4-GFP, sc-S100A4–5-GFP, or
sc-S100A4–5M1-GFP proteins. β-Actin was used as a loading control. (C) Invasion of
parental HCT116 cells, L5 and N3 S100A4−/− cells, and N3 S100A4−/− cells transfected
with GFP or S100A4-GFP fusion protein in the absence (white bars) or presence (black
bars) of macrophages. Values represent the mean ± standard error of the mean for three
independent experiments.

House et al. Page 26

Biochemistry. Author manuscript; available in PMC 2011 November 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 10.
Single-chain S100A4–5 rescues HCT116 cell invasion. Invasion of parental HCT116 cells
and L5 and N3 S100A4−/− HCT116 cells transfected with sc-S100A4–5-GFP or sc-
S100A4–5M1-GFP fusion proteins in the absence (white bars) or presence (black bars) of
macrophages. Values represent the mean ± standard deviation from two independent
experiments.
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Figure 11.
Composition of S100A4–myosin-IIA complexes. (A) Coomassie-stained SDS–PAGE of
12.5 μM wt-S100A4 dimer and 25μM MIIA monomer in the presence of DST, a 6.4 Å
cross-linker. Asterisks denote complexes observed in the presence of calcium. (B) Western
blots of cross-linked samples. Duplicate protein samples were separated by SDS–PAGE and
transferred to a PVDF membrane, which was cut in half and probed with antibodies to either
S100A4 or myosin-IIA.
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Figure 12.
Stoichiometry of binding of FITC-MIIA1904–1927 to wt-S100A4. (A) Fluorescence
anisotropy measurements of wt-S100A4 binding to MIIA1904–1927 demonstrated that wt-
S100A4 has an approximately 7-fold increased affinity for FITC-MIIA1904–1927 as
compared to FITC-MIIA1909–1923. Values represent the mean ± standard deviation from two
or three independent titrations. (B) Stoichiometry of binding of wt-S100A4 to FITC-
MIIA1904–1927. wt-S100A4 binds to FITC-MIIA1904–1927 at a 1:1 molar ratio (wt-S100A4
dimer:peptide). Gray dotted lines represent the linear regression of the rise and plateau of the
titration curve. Values represent the mean ± standard deviation from two or three
independent titrations.
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Table 1

Apparent Molecular Masses and Stokes Radii of S100A4 Proteins

protein condition elution volume (mL)a Stokes radius (Å)a apparent molecular mass (×103 Da)a

wt-S100A4 EGTA 11.4 ± 0.1 22.4 ± 0.4 24.2 ± 1.2

wt-S100A4 Ca2+ 12.0 ± 0.2 19.2 ± 1.1 19.4 ± 1.9

sc-S100A4-5 EGTA 11.3 ± 0.0 22.4 ± 0.0 24.0 ± 0.0

sc-S100A4-5 Ca2+ 12.0 ± 0.2 19.2 ± 1.1 19.4 ± 1.9

sc-S100A4-10 EGTA 11.2 ± 0.2 23.1 ± 1.0 25.7 ± 2.5

sc-S100A4-10 Ca2+ 12.0 ± 0.2 19.2 ± 1.1 19.4 ± 1.9

a
Mean ± standard deviation of two or three gel filtration runs in the presence of 2 mM EGTA or 2 mM CaCl2. Molecular masses and Stokes radii

were calculated on the basis of the molecular masses and Stokes radii of the protein standards, respectively.
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Table 2

Dissociation Constantsa for Binding of Ca2+ to S100A4

protein MIIA1851–1960 EF1 (μM) EF2 (μM)

wt-S100A4b + 4.26 ± 0.04 0.44 ± 0.04

wt-S100A4c − >500 7.6 ± 0.4

sc-S100A4–5b + 1.65 ± 0.05 0.74 ± 0.11

sc-S100A4–10b + 3.20 ± 0.30 1.10 ± 0.18

sc-S100A4–5M1b + 169 ± 23 0.51 ± 0.05

sc-S100A4–5M1c − 366 ± 93 1.83 ± 0.34

sc-S100A4–5M2b + 205 ± 41 0.24 ± 0.03

sc-S100A4–5M2c − >500 0.75 ± 0.21

sc-S100A4–10M1b + 244 ± 46 0.43 ± 0.06

sc-S100A4–10M1c − 223 ± 26 1.46 ± 0.31

sc-S100A4–10M2b + >500 0.92 ± 0.30

sc-S100A4–10M2c − >500 1.26 ± 0.12

a
Values represent the average from two or three independent experiments.

b
Macroscopic Ca2+ binding constants determined for 12.5 μM S100A4 dimer in the presence of 100 μM MIIA1851–1960 monomer.

c
Macroscopic Ca2+ binding constants determined for 12.5 μM S100A4 dimer in the absence of target.
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