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Abstract. The cDNA coding for mouse fibroblast
tropomyosin isoform 2 (TM2) was placed into a bac-
terial expression vector to produce a fusion protein
containing glutathione-S-transferase (GST) and TM2
(GST/TM2). Glutathione-Sepharose beads bearing
GST/TM2 were incubated with [**S]methionine-labeled
NIH 3T3 cell extracts and the materials bound to the
fusion proteins were analyzed to identify proteins that
interact with TM2. A protein of 10 kD was found to
bind to GST/TM2, but not to GST. The binding of the
10-kD protein to GST/TM2 was dependent on the
presence of Ca’* and inhibited by molar excess of free
TM2 in a competition assay. The 10-kD protein-bind-
ing site was mapped to the region spanning residues
39-107 on TM2 by using several COOH-terminal and
NH,-terminal truncation mutants of TM2. The 10-kD
protein was isolated from an extract of NIH 3T3 cells
transformed by v-Ha-ras by affinity chromatography

on a GST/TM2 truncation mutant followed by SDS-
PAGE and electroelution. Partial amino acid sequence
analysis of the purified 10-kD protein, two-dimen-
sional polyacrylamide gel analysis and a binding ex-
periment revealed that the 10-kD protein was identical
to a calcium-binding protein derived from mRNA
named pEL98 or 18A2 that is homologous to S100
protein. Immunoblot analysis of the distribution of the
10-kD protein in Triton-soluble and -insoluble frac-
tions of NIH 3T3 cells revealed that some of the
10-kD protein was associated with the Triton-insoluble
cytoskeletal residue in a Ca**-dependent manner. Fur-
thermore, immunofluorescent staining of NIH 3T3
cells showed that some of the 10-kD protein colocal-
ized with nonmuscle TMs in microfilament bundies.
These results suggest that some of the pEL98 protein
interacts with microfilament-associated nonmuscle
TMs in NIH 3T3 cells.

proteins found in muscle and nonmuscle cells (25, 38,

41, 44, 57). Nonmuscle cells express multiple TM iso-
forms with a broad range of molecular weight. TMs isolated
from rat fibroblasts can be grouped into high (termed TMI,
TM2, and TM3) and low molecular weight TM isoforms
(termed TM4 and TM5) (42). These nonmuscle TM iso-
forms are associated with actin in microfilaments. Although
their functions in microfilaments are poorly understood,
they are proposed to play a regulatory role in defining actin
filament assembly and organization during cell motility, cell
division, changes in cell shape, and differentiation. This is
based on several observations. TM inhibits the actions of vil-

TROPOMYOSINS (TMs)! are ubiquitous actin-binding
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lin (9), gelsolin (15), and actin-depolymerizing proteins
{(6) toward actin filaments. In transformed and more malig-
nant cells, the synthesis of at least one of the high molecular
weight TMs is reduced (7, 10, 25, 26, 37, 38, 41, 54, 55),
which is thought to be responsible, in part, for the disorgani-
zation of actin filament bundles and subsequent changes in
characteristics of transformed cells (36). Furthermore, dis-
ruption of the single TM gene in budding yeast leads to dis-
appearance of cytoplasmic actin cables and reduced cell
growth (39). Thus, interactions between TM and actin are
important in a wide variety of cellular processes. However,
the components and mechanisms responsible for regulating
TM-actin interactions in nonmuscle cells remain uncertain.

In skeletal and cardiac muscle, each TM molecule is as-
sociated with a troponin complex consisting of troponin I,
troponin T, and troponin C (the calcium-binding component)
along the actin filaments. In vitro studies demonstrate that
binding of troponin promotes the head-to-tail association of
TM and also enhances the binding of TM to actin (for
reviews see references 35, 48, 64). The troponin complex
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functions to confer calcium sensitivity on regulation by TM
of actomyosin ATPase activity (35, 48, 64). In smooth mus-
cle, caldesmon, a calmodulin- and F-actin-binding protein,
is associated with TM along the actin filaments (for review
see reference 49). It inhibits actomyosin Mg2* ATPase activ-
ity and the inhibition is reversed by Ca*-calmodulin (49).
In addition, calponin, a recently discovered troponin-like
molecule, binds actin and TM and inhibits actomyosin
Mg**ATPase (1, 51, 52).

Since nonmuscle cells do not contain a troponin complex,
much effort has been directed at identifying cellular proteins
that are directly involved in the mechanisms of regulation of
TM-actin interactions in nonmuscle cells. To date, several
cellular proteins that regulate TM-actin interaction have
been identified and they can be classified into two groups.
One group includes proteins such as villin (9) and M,
55,000 bundling protein (43) that can prevent the interaction
of TM with actin and/or dissociate TM from actin by binding
to actin and competing for the same binding sites on actin
filaments. The other group includes proteins such as tropo-
modulin and nonmuscle caldesmon that can bind directly to
TM and affect TM-~actin interactions. Tropomodulin binds
to (one of) the ends of the erythrocyte TM molecules and
weakens TM-actin interactions by blocking head-to-tail
association of TM molecules along the actin filament (16,
17, 50). Results from immunofluorescence labeling of iso-
lated myofibrils at resting and stretched lengths using anti-
erythrocyte tropomodulin antibodies indicate that tropo-
modulin is localized at or near the free (pointed) ends of
the thin filaments (18). In addition, antibody to tropomod-
ulin cross-reacts with 43 kD polypeptides in muscle, brain,
lens, neutrophils, and endothelial cells (17), suggesting that
tropomodulin-like molecules exist in non-erythroid cells.
Like smooth muscle caldesmon, nonmuscle caldesmon in-
hibits actomyosin Mg?*ATPase activity and the inhibition is
reversed by Ca?*-calmodulin. It is associated with T™M
along the actin filaments (49) and potentiates the binding of
low molecular weight TMs to F-actin (62) and the TM inhi-
bition of the severing of actin filaments by gelsolin (29). In
Rous sarcoma virus-transformed cells, the amount of caldes-
mon decreases and the distribution of caldesmon changes to
a diffuse state (47). The changes in nonmuscle caldesmon
are thought to be a cause of a loss of Ca?* regulation and
the redistribution of actin stress fibers to a less-ordered state
in transformed cells. Thus, regulation of TM-actin associa-
tion involves coordinate interactions of many regulatory
proteins.

The fact that TM-binding protein(s) homologous to mus-
cle troponin T or I have not been isolated from nonmuscle
cells, together with the speculation that regulation of TM-
actin associations may involve many regulatory proteins led
us to search for additional proteins that bind to TM directly
and regulate TM-actin interactions. We show here that the
pEL98 protein, which is an S100-related calcium-binding
protein and the expression of which is reported to be related
to “immortalization” of cells (21), binds directly to nonmus-
cle TMs in a Ca?*-dependent manner both in vitro and in
vivo. To date, many S100-related proteins, all of which have
EF hand Ca?*-binding motif, have been isolated and they
are implicated to play a role in a wide variety of biological
events such as cell immortalization, cell growth, differentia-
tion, and tumor cell metastasis (for reviews see references
13, 22, 27). Although their functions and effector proteins,
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if any, are poorly understood, several studies have shown
that S100 protein and S100-related proteins may participate
in regulating cytoskeletal organization. For example, S100
protein inhibits the binding of caldesmon to F-actin, and
reverses the inhibitory action of caldesmon on skeletal mus-
cle actomyosin ATPase activity (19). S100 protein also
inhibits a tubulin-dependent ATPase activity found in micro-
tubule-associated proteins (MAPs) in a Ca**-dependent
manner (2). Furthermore, it has been reported that pl1 as-
sociates with components of the cytoskeleton in fibroblasts
(20) and that p9Ka is localized along actin stress fibers (12).
The results presented here indicate that nonmuscle TMs are
one of the effector proteins of the pEL98 protein and that
the pEL98 protein may be involved in regulating cytoskeletal
organization.

Materials and Methods

Cell Culture Methods

NIH 3T3 and NIH 3T3 cells transformed by v-Ha-ras (pH 1-3) were grown
in MEM supplemented with 10% heat-inactivated (56°C, 30 min) calf se-
rum, 100 pxg/ml of streptomycin and 100 U/ml of penicillin. They were cul-
tured in a humidified atmosphere of 5% CO; in air at 37°C.

c¢DNA Clones and Expression Constructs

The ¢cDNA clones for mouse TM2, TMS, and 8-actin have been described:
the GenBank entry names being MUSTROZIS, MUSTROPMS, and
MUSACTBR, respectively (53, 56, 58). The sequence of pEL98 cDNA has
been described elsewhere (21). The coding sequence of TM2 cDNA was
excised from pGEM-3Z (Promega Biotec, Madison, WI) using the TM
Ncol site and the Dral site in the 3"-untranslated region. The fragments were
treated with T4 DNA polymerase and the synthetic oligonucleotide 5-
GATCCGAATTCGGATC-3' was added to create the BamHI and EcoRI
sites in the 5’ and 3’ ends, respectively. After digestion with BamHI and
EcoRlI the fragment was ligated into a BamHI/EcoRI cut pGEX-2T expres-
sion vector (Pharmacia LKB Biotechnology, Uppsala, Sweden) to form a
plasmid pGEX/TM2. Expression plasmids pGEX/TMS, pGEX/g-actin,
and pGEX/pEL98 were prepared by the same procedure except that the cod-
ing sequence of TM5 cDNA, S-actin cDNA or pEL98 ¢cDNA was excised
by the TM5 Ncol site and the Sspl site, by the S-actin Ncol site and the
Dral site, or by the pEL98 Ncol site and the Nsp(7524)I site, respectively.

3'and 5' deletion mutants of TM2 were constructed by using various re-
striction enzyme recognition sequences in the TM2 cDNA sequence.
Briefly, pGEX/TM2 was cleaved by restriction enzymes, and the fragments
containing the BamHI site and the §' region of TM2 ¢cDNA or the EcoRI
site and the 3’ region were isolated. They were blunt ended with T4 DNA
polymerase, ligated to the appropriate-length EcoRI or BamHI linker,
respectively, required to maintain an open reading frame, and cleaved with
BamHI and EcoRI. The deleted fragments were then cloned into a
BamHUI/EcoRI cut pGEX-2T. The restriction enzyme recognition sites used
to produce 3’ and 5’ truncations were Pvull at 168 bp of the GenBank entry
MUSTRO2IS: Maell, 305; Fokl, 313; AspHI, 360; Ball, 373; Bgll, 406;
Banll, 456; Sacl, 608; and Aval, 764.

Competent Escherichia coli IM109 cells were transformed with each of
the pGEX/TM2 clones containing the various deletions, pGEX/TMS,
PGEX/g-actin, or pGEX/pEL98 and recombinant clones were screened by
restriction enzyme analysis and SDS-PAGE analysis (34) of overproduced
fusion proteins.

Purification of Fusion Proteins

Expression of fusion proteins was induced by 100 uM isopropylthio-§-p-
galactoside for 2-3 h. After induction, the bacteria were pelleted and
washed once with cold DPBS containing 1 mM PMSF. Bacteria were
resuspended in 25 mM Hepes, pH 76, 300 mM KCl, 1 mM EGTA, 12.5
mM MgCh, 0.5% Triton X-100, 10% glycerol, I mM DTT, and [ ug/mi
each of aprotinin, leupeptin and pepstatin A, and lysozyme was added to
500 ug/ml. Samples were incubated on ice for 20 min, sonicated for a total
of 5 min at 1-min intervals, and then spun in a type 42.1 rotor (Beckman
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Instruments, Inc., Palo Alto, CA) at 30,000 g for 30 min at 4°C. The super-
natant was removed and loaded onto a column of glutathione-Sepharose 4B
(Pharmacia LKB Biotechnology). Fusion proteins were eluted by 10 mM
glutathione in 50 mM Tris-HCI, pH 9.5, dialyzed overnight against DPBS,
and then concentrated by ultrafiltration. In some cases, fusion proteins were
further purified by DEAE-cellulose chromatography. The purity of the fu-
sion proteins was checked by SDS-PAGE.

Cleavage of Fusion Proteins with Thrombin

Cleavage of GST/TM2 or GST/pEL98 (pEL98 protein containing GST fu-
sion protein) with thrombin was performed as described (3) with some
modifications. Briefly, purified GST/TM2 or GST/pEL98 in 2.5 mM
CaCly, 50 mM Tris-HC], pH 7.5, and 150 mM NaCl was incubated with
3% (wt/wt) thrombin (activity, ~1,000 NIH U/mg protein; Sigma Im-
munochemicals, St. Louis, MO) for 18 h at 37°C. The resulting solution
was applied to a column of glutathione-Sepharose three consecutive times
to remove GST and undigested fusion proteins. The flow through containing
released TM2 or pEL98 protein was collected, dialyzed extensively against
50 mM Tris-HC, pH 7.5, and applied to a column of DES52 (Whatman,
Kent, UK) preequilibrated with the same buffer. The column was eluted
with a linear NaCl gradient (0-0.5 M) and the fractions containing TM2
or pEL98 protein were pooled. The purified TM2 and pEL98 protein were
used for a competition assay described in the text and generation of poly-
clonal anti-pEL98 protein antibodies, respectively.

Metabolic Labeling and Preparation of Cell Extract

Subconfluent NIH 3T3 cells in 60-mm plastic culture dishes were labeled
with 50 xCi/ml of Tran’S-label (sp act >1,000 Ci/mmol; ICN Radiochem-
icals, Irvine, CA) for 18 h in methionine-free DME containing 0.1% dia-
lyzed calf serum. After rinsing the cells twice with cold DPBS, they were
tysed with 200 ul of cold extraction buffer consisting of 1% (vol/vol) Triton
X-100, 150 mM NaCl, 50 mM Tris-HCI, pH 7.5, 1 mM PMSF and 10 ug/ml
each of aprotinin, leupeptin, and pepstatin A for 10 min on ice. In some
experiments, the cells were lysed with DPBS containing 1% (vol/vol) Triton
X-100 and 1 mM PMSF or similar buffer containing 1 mM CaCl; and 0.5
mM MgCl,, additionally. The resulting cell extract containing soluble cel-
lular proteins was centrifuged at 10,000 g for 10 min and the supernatant
was used immediately for a binding assay or stored frozen at —80°C.

Binding Assay

Cell extracts were precleaned by incubation with a slurry of glutathione-
Sepharose beads bearing 20 pg of GST and Sepharose 4B beads. This
preadsorption step was proved to be effective in reducing nonspecific bind-
ing. The extracts were diluted 10 times with the lysis buffer in which Triton
X-100 was omitted, and incubated with glutathione-Sepharose beads bear-
ing 10 pg of fusion proteins in the presence of CaCl; or EGTA for up to
2 h at room temperature. The effect of Ca?* on the binding was assayed un-
der the same conditions as above but using calcium/EGTA mixtures (4 mM
EGTA plus increasing concentrations of CaCly) to vary the free Ca®*. The
free Ca** concentration was calculated as reported (24). The beads were
washed five times with DPBS containing 0.1% (vol/vol) Triton X-100, 1 mM
PMSF and 1 mM CaCl; or 1 mM free Ca?*, and then boiled for 3 min in
SDS gel sample buffer (34). The released materials were subjected to SDS-
PAGE. The gels were fixed and treated with ENLIGHTNING (New En-
gland Nuclear, Boston, MA) before they were dried and exposed to Fuji
RX medical X-ray film with an intensifying screen at —80°C.

Binding Assay for In Vitro Translation Product of the
PEL98 Transcript

In vitro translation of the pEL98 transcript was performed by the method
described previously (53). Briefly, the pEL98 cDNA in pUC18 was excised
by Pstl and Kpnl and the fragment was subcloned into the Pstl/Kpnl site
of pGEM-3Z (Promega Corp.). In vitro transcription was carried out by
using SP6 RNA polymerase in the presence of m’G(5)ppp(5)G as a cap
analogue. In vitro translation was done in a reticulocyte lysate cell-free sys-
tem (Amersham International, Amersham, UK) using [*’S]methionine as
a tracer amino acid. The reticulocyte lysate was diluted into 0.1% (vol/vol)
Triton X-100, 150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 1 mM PMSE 10
pg/ml each of aprotinin, leupeptin, and pepstatin A. A binding assay was
performed as described above.
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Purification of the 10-kD Protein

pHI-3 cells were lysed with the lysis buffer described above for 30 min at
4°C with gentle stirring. Extracts clarified by centrifugation at 30,000 g in
a Beckman type 42.1 rotor for 30 min at 4°C were first applied to a column
of plain Sepharose 4B (15 ml) (Pharmacia LKB Biotechniology). The ex-
tracts (160 mg total protein) were then applied to a GST/TM2(1-107) (see
text) affinity matrix. The affinity matrix was prepared by coupling 2 mg/ml
of purified GST/TM2(1-107) to CNBr-activated Sepharose (Pharmacia LKB
Biotechnology) according to the manufacturer’s instructions. The resulting
matrix contained approximately 5 mg of the fusion protein per ml of
Sepharose. The column was washed with 0.1% (vol/vol) Triton X-100, 150
mM NaCl, 50 mM Tris-HCI, pH 7.5, 1 mM CaCl;, and 1 mM PMSF until
no protein was eluted. Elution was achieved using similar buffer in which
the cations were replaced by 20 mM EGTA and Triton X-100 was omitted.
10-kD fractions detected by SDS-PAGE were pooled and concentrated by
ultrafiltration. The concentrated materials were next applied to preparative
SDS-PAGE. After the gel was stained briefly with Coomassie brilliant blue
R-250, the 10-kD band was excised and the protein was eluted from the
minced gel electrophoretically by the method described elsewhere (4).
Typically, the yield was 3-5 ug of the 10-kD protein from 160 mg of total
protein.

Enzymatic Digestion and Amino Acid
Sequence Analysis

Purified 10-kD protein was digested with lysylendopeptidase (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) in 50 mM Tris-HCI, pH 9.0 and
1 mM EDTA for 18 h at 30°C, the enzyme to protein ratio being 1:100
(wt/wt). The resulting peptides were separated by reverse-phase HPLC on
a Cyg column (TSKgel ODS-80Ty 4.6 x 150 mm, TOSOH Inc., Tokyo,
Japan) preequilibrated with 0.08% trifluoroacetic acid in 5% acetonitrile.
Separation of the peptides was done by generation of a 40-min linear gra-
dient (5-65% acetonitrile in 0.08 % trifluoroacetic acid) at a flow rate of 1
ml/min, and the separated peptides were stored at —80°C for subsequent
sequence analysis.

Amino acid sequence analysis was performed on a protein sequencer
(model 6600; Milligen/Bioresearch, Burlington, MA) equipped with an on-
line analyzer for the phenylthiohydrantoin derivatives.

Antibody Production

Purified pEL98 protein (400 ug in 0.5 ml DPBS) prepared by digestion of
GST/pEL98 with thrombin as described above was mixed with an equal vol-
ume of Freund’s complete adjuvant, emulsified, and used to immunize a
New Zealand White female rabbit. Booster injections of the protein (200
pg) emulsified in Freund’s incomplete adjuvant were made and the titer of
the serum was monitored by ELISA (14). Affinity-purified anti-pEL98 anti-
body was prepared according to a previously published method (11).

Western Blot Analysis

Samples were electrophoresed on 15% polyacrylamide gels under reducing
conditions as described (34). The resolved proteins were electrophoretically
transferred to nitrocellulose membrane (59) and the 10-kD (pEL98) protein
was detected using anti-pEL98 antibodies and an ECL Western blotting de-
tection kit (Amersham International).

Subcellular Fractionation

Monolayers of NIH 3T3 cells in 35-mm plastic dishes were washed three
times with ice-cold DPBS and then overlaid with 200 ul of the extraction
buffer containing 0.2 mM EGTA, 1 mM or 2 uM free Ca?* (see above).
After 2 min at room temperature, the supernatant containing extracted solu-
ble cellular proteins was removed. The soluble proteins were precipitated
by addition of 5 vol ethanol. After standing at —80°C for 20 min, the
precipitate was recovered by centrifugation and dried under vacuum. The
residual monolayer was gently washed three times with the wash buffer con-
taining 0.2 mM EGTA or 1 mM Ca?*, depending on the buffer with which
cells were extracted. The residues were scraped off from the culture dishes
by a rubber policeman and collected by centrifugation.

Indirect Immunofluorescence Microscopy
NIH 3T3 cells on coverslips were washed three times with DPBS and fixed
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for 30 min with 4% formaldehyde and 5% sucrose in DPBS. After washing,
the cells were permeabilized in 0.5% Triton X-100 in DPBS for 4 min fol-
lowed by washing three times with DPBS. In some experiments, prior to
fixation cells were extracted for 2 min at room temperature with extraction
buffer (0.1 M Pipes, pH 6.9, 5 mM MgCl,, 005% Triton X-100, 4 M
glycerol) containing 0.2 mM EGTA (44) or 1 mM or 2 uM free Ca?*, fol-
lowed by washing the residues three times with wash buffer (0.1 M Pipes,
pH 6.9, 5 mM MgCl) containing 0.2 mM EGTA or 1 mM Ca®*, respec-
tively. The cells or the cytoskeletal residues were then treated with 3% BSA
in DPBS containing 0.1% glycine for 1 h to block nonspecific binding sites.
After extensive washing, the cells or the cytoskeletal residues were in-
cubated for 1 h with affinity-purified anti-pEL98 antibodies and/or mouse
anti-TM monoclonal antibody (TM311; Sigma Immunochemicals) in DPBS
containing 1 mg/ml BSA at room temperature. After washing with DPBS,
the first antibodies were localized with the appropriate secondary antibod-
ies. The secondary antibodies used were: TRITC-goat anti-rabbit IgG,
FITC-goat anti-rabbit IgG, and TRITC-goat anti-mouse IgG. For double-
label studies, cells were simultaneously stained with a mixture of the
primary antibodies, rinsed, and simultaneously stained with a mixture of
the fluorescent secondary antibodies. After rinsing, the coverslips were
mounted in 50% glycerol in DPBS containing 1 mg/m! p-phenylenediamine
to inhibit photobleaching.

Other Procedures

Two-dimensional gel electrophoresis was carried out by the method of
O'Farrell (46).

Protein concentration was determined by the method of Bradford (8)
using bovine serum albumin as a standard.

Results

Detection of Cellular Proteins That Bind to the
GST/TM2 Fusion Protein

To detect cellular proteins that bind to GST/TM2 but not to
GST, glutathione-Sepharose beads bearing GST or GST/
TM2 were incubated with S-labeled NIH 3T3 cell ex-
tracts. Initially, we performed binding assays in DPBS or
DPBS containing 1 mM CaCl; and 0.5 mM MgCl,. After
washing the beads extensively, the beads were boiled in SDS
gel sample buffer and the materials released were analyzed
by SDS-PAGE. The results are shown in Fig. 1 A. When the
binding assay was performed in DPBS, two cellular proteins
with 43 and 55 kD that bound to GST/TM2, but not to GST,
were detected (Fig. 1 A, lanes 3 and 4). These proteins were
also detected when the binding assay was performed in
DPBS containing divalent cations (Fig. 1 A, lanes I and 2).
Strikingly, an additional cellular protein of 10 kD could be
detected only when DPBS containing divalent cations was
used (Fig. 1 A, lane 2), suggesting that the binding was de-
pendent on the presence of Ca** or Mg?*.

To ensure further that binding of the 10-kD protein to the
beads bearing GST/TM2 requires divalent cations, the com-
plex was treated with DPBS containing 20 mM EDTA and
the materials released were analyzed separately from that re-
maining with the beads. The results showed that the 10-kD
protein was eluted by EDTA from the complex, while it was
not eluted when EDTA was omitted (data not shown).

We next performed a competition assay in which molar ex-
cess of free GST or TM2 was included to determine whether
bindings of these cellular proteins to GST/TM2 are specific.
As shown in Fig. 1 B, the binding of the 10-kD protein was
significantly inhibited by 14-fold molar excess of TM2 (Fig.
1 B, lanes 2 and 4), but not by 19-fold molar excess of GST
(lanes 2 and 3). On the other hand, the bindings of the 55-
and the 43-kD proteins were not noticeably inhibited by free
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Figure 1. Detection of the 10-kD protein that binds to GST/TM2.
(A) SDS-PAGE analysis of cellular proteins that bind to
glutathione-Sepharose beads bearing GST or GST/TM2. Beads
bearing 10 ug of GST (lanes I and 3) or GST/TM2 (lanes 2 and
4) were incubated with 33S-labeled cell lysates of NIH 3T3 cells
for 1 h in DPBS containing 1 mM CaCl; and 0.5 mM MgCl,
(lanes 7 and 2) or DPBS (lanes 3 and 4). (B) Competition assay
for the binding of the 10-kD protein to GST/TM2. Beads bearing
10 pug of GST (lanes /) or GST/TM2 (lanes 2—4) were incubated
with 3S-labeled cell lysates of NIH 313 cells for 1 h in DPBS
containing Ca?* and Mg?*. For a competition assay, 14-fold molar
excess of GST (lanes 3) or 19-fold molar excess of TM2 (lane 4)
was included in the incubation mixture. After washing the beads
extensively, the materials bound were released in SDS sample
buffer and loaded onto a 15% gel. Arrow indicates the position of
the 10-kD protein. Arrowheads indicate the locations of 55- and 43-
kD proteins. Molecular Wweight standards (kD) are indicated at
right.

TM2. From these results, we concluded that the binding of
the 10-kD protein to TM2 was specific and thereafter fo-
cused on the 10-kD protein.

Ca**-dependent Binding of the 10-kD Protein to the
GST/TM2 Fusion Protein
To determine which divalent cation is responsible for the

GST  GST/TM2

1
+ + - + -
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-

Figure 2. Ca**-dependent
binding of the 10-kD protein
to GST/TM2. Glutathione-
Sepharose beads bearing 10 pg
of GST (lane ) or GST/TM2
(lanes 2-5) were incubated
with 3S-labeled cell lysates of
NIH 3T3 cells for 1 h in Tris-
buffered saline containing
1 mM CaCl, or 0.5 mM
MgCl; or both. After the incu-
bation, the beads were washed
and the materials bound were
released in SDS sample buffer
and loaded onto a 15% gel.
Arrow indicates the position
of the 10-kD protein. Note that
the binding of the 10-kD pro-
tein to GST/TM2 occurs only
when Ca?* is present in the
incubation mixture.
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binding of the 10-kD protein to GST/TM2, we carried out
binding assays in Tris-buffered saline containing Ca?* or
Mg* or both. In the following experiments, we used Tris-
buffered saline free of KCI instead of DPBS because the
binding of Ca** by some calcium-binding proteins is an-
tagonized by the presence of potassium ions (5). The results
shown in Fig. 2 clearly indicate that the binding was appar-
ently dependent on the presence of Ca?* (lanes 2 and 4),
but not of Mg** (lanes 2 and 3).

Fig. 3 shows the kinetics of the binding of the 10-kD pro-
tein to GST/TM2. In these experiments, calcium/EGTA
buffers were used to vary the free Ca**. The binding was
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Figure 3. Kinetics of the binding of the 10-kD protein to GST/TM2.
(4) Time course of the binding. Glutathione-Sepharose beads bear-
ing 10 pg of GST or GST/TM2 were incubated with 3S-labeled
cell lysates of NIH 3T3 cells for various times in Tris-buffered sa-
line containing 2 uM free Ca®*. Only the region of interest is
shown. (B) Effects of the concentrations of Ca?* on the binding.
Glutathione-Sepharose beads bearing 10 ug of GST/TM2 were in-
cubated with 33S-labeled cell lysates of NIH 3T3 cells for 1 h in
Tris-buffered saline containing 1 mM EGTA (the concentration of
Ca?* is indicated as 0) or various concentrations of free Ca?*. Af-
ter the incubation, the beads were washed and the materials bound
were released in SDS sample buffer and loaded onto a 15% gel.
(Top) 27-kD protein that bound to the beads nonspecifically. (Bot-
tom) 10-kD protein. Only the regions of interest are shown. (C)
Effects of the concentrations of Ca?* on the binding. The lanes in
B were scanned with a densitometer and the amount of 10-kD pro-
tein bound was normalized to the amount of 27-kD protein. The
values (10K/27K) at various Ca** concentrations were plotted af-
ter subtracting the value which represents the amount of 10-kD pro-
tein bound in the presence of 1 mM EGTA.
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detectable as early as 5 min after the incubation started in
the presence of 2 uM Ca?" and the amount of the 10-kD
protein bound increased thereafter up to 90 min (Fig. 3 A).
The binding was dependent on the concentration of Ca?
(Fig. 3 B). The lanes were scanned with a densitometer and
the ratios of the amount of the 10-kD protein (bottom) to that
of the 27-kD protein (zop) at various Ca?* concentrations
were plotted (Fig. 3 C). The binding of the 27-kD protein
(probably GST derived from cell extracts) was nonspecific
and the amount was unchanged irrespective of Ca?* concen-
trations. Then, we used it as a control. A significant amount
of the 10-kD protein was already seen at 0.001 uM Ca?* and
the amount was constant up to 0.4 uM Ca** and then a
sharp increase in the amount was observed at the concentra-
tions of Ca?* between 1 and 100 uM. The amount of the
10-kD protein bound was nearly saturable above 100 uM
Ca?* (data not shown).

Localization of the 10-kD Protein Binding Site on TM2

To locate the 10-kD protein-binding sites on TM2, a series
of eight deletions from the 3’ end and three deletions from
the 5" end of TM2 cDNA was constructed by the use of re-
striction enzyme recognition sites as described in Materials
and Methods and the corresponding fusion proteins ex-
pressed in Escherichia coli were purified (Fig. 4). Fig. 5
summarizes the truncation mutants. Then, their abilities to
interact with the 10-kD protein in the presence of Ca?* were
assessed and the results are shown in Fig. 5 (4 and B). The
10-kD protein interacted with GST/TM2 (1-238), GST/TM2
(1-183), GST/TM2 (1-133), and GST/TM2(1-107) fusion pro-
teins; the interaction being comparable to, or more efficient
than that observed between the 10-kD protein and GST/TM2
on a molar basis. The 10-kD protein interacted with GST/
TM2(1-101), GST/TM2(1-88), GST/TM2(1-84), and GST/
TM2(88-284) to a much lesser extent, and it did not interact

1 2 3 45 6 7 8 9 101 12 13 14 15 16 17
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Figure 4. SDS-PAGE analysis of purified GST/TM2 fusion protein
and various truncation mutants. Bacterially expressed fusion pro-
teins containing GST were purified by chromatography on
glutathione-Sepharose as described in Materials and Methods.
Some fusion proteins were further purified by anion exchange
column chromatography. 2 ug of purified fusion protein were
loaded on a gel. After electrophoresis, the gel was stained with
Coomassie blue and destained. Lane / and 12, GST; lane 2 and 13,
GST/TM2; lane 3, GST/TM2 (1-238); lane 4, GST/TM2(1-183); lane
5, GST/TM2(1-133); lane 6, GST/TM2(1-107); lane 7, GST/TM2(l-
101); lane 8, GST/TM2(1-88); lane 9, GST/TM2(1-84); lane 10,
GST/TM2(1-38); lane I4, GST/TM2(88-284); lane 15, GST/
TM2(107-284); lane 16, GST/TM2(119-284); and lanes 17 and 17,
molecular weight standards.
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Figure 5. Binding of the 10-kD protein to various truncation mu-
tants of GST/TM2. (4) Schematic drawing of the truncation mu-
tants of GST/TM2 and their binding activity to the 10-kD protein.
(++) Strong 10-kD protein-binding activity of the truncation mu-
tants; (+) moderate binding activity; (+) very weak binding activ-
ity; and (—) indicates no detectable binding activity. The region pri-
marily responsible for the binding of the 10-kD protein is mapped
to residues between 39-107 on TM2 (shadowed box). (B) Binding
activity of various truncation mutants to the 10-kD protein.
Glutathione-Sepharose beads bearing 10 pg of each truncation mu-
tant were incubated with 35S-labeled cell lysates of NIH 3T3 celis
for 1 h in Tris-buffered saline containing 1 mM CaCl,. After the
incubation, the beads were washed and the materials bound were
released in SDS sample buffer and loaded onto a2 15% gel. Only
the regions of interest are shown.

with GST/TM2(1-38), GST/TM2(107-284), and GST/TM2-
(119-284). These results suggest that the integrity of the re-
gion between residues 39-107 of TM2 is required for the
10-kD protein binding.

Isolation and Identification of the 10-kD Protein

Preliminary experiments showed that the 10-kD protein was
more abundant in v-Ha-ras-transformed NIH 3T3 cells (pH
1-3) than in NIH 3T3 cells, as assessed by a binding assay
(data not shown; see also Fig. 10). Therefore, we tried to pu-
rify the 10-kD protein from an extract of pH 1-3 celis. The
GST/TM2(1-107) fusion protein was coupled to Sepharose
and used as an affinity matrix to select the 10-kD protein.
We chose this truncated form of fusion protein because the
yield of it was greater than that of GST/TM2 when purified
from an extract of E. coli {data not shown), probably due to
its solubility, and the 10-kD protein bound well to the trun-
cated fusion protein (Fig. 5). An extract of pH 1-3 cells (Fig.
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kD
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Figure 6. Purification of the
10-kD protein from an extract
of pH 1-3 cells. Lane , Triton
X-100~soluble fraction (30 ug
protein); lane 2, materials

§ = 20.1  eluted from the affinity column
il using cation-free buffer con-
taining 20 mM EGTA (10 pg
protein); lane 3, purified 10-kD
protein prepared by electroelu-
tion (I ug protein). Protein
molecular weight standards
(in kD) are shown at right. Af-
ter electrophoresis, the gel
was stained with Coomassie
blue and destained.

- 30

- 143

6, lane 1) was applied to the affinity matrix in the presence
of Ca?*. Elution with an EGTA-containing buffer released a
protein that had an apparent molecular mass of 10 kD with
some minor contaminants which were revealed by SDS-
PAGE (Fig. 6, lane 2). The results indicate that the 10-kD
protein interacts with the affinity matrix in a Ca?*-depen-
dent manner, supporting the in vitro binding experiments
described above. To further purify the 10-kD protein, the
10-kD band was excised from the gels, and the protein was
electroeluted (Fig. 6, lane 3). The purified protein was then
subjected to amino acid sequence analysis.

Initial attempts to sequence intact 10-kD protein were un-
successful, indicating that the NH, terminus of the 10-kD
protein might be blocked. Then, lysylendopeptidase was uti-
lized to digest the purified 10-kD protein. The resulting pep-
tides were separated on a Cy;s column. Fig. 7 A shows
HPLC peptide maps of enzymatic digests of the 10-kD pro-
tein. Among the separated peptides, amino acid sequences
of five peptides could be analyzed (P1, P2, P3, P4, and PS),
as shown in Fig. 7 B. A computer homology search of the
Swiss-Prot data base revealed a complete match with S100-
related caicium-binding proteins (pEL98, 18A2) (21, 31)
whose amino acid sequences were deduced from the corre-
sponding cDNAs (Fig. 7 B). The partial amino acid se-
quence of the 10-kD protein also showed a high homology
(96.8%) with proteins (42A, p9Ka) and with other S100-
related proteins.

To further confirm if the 10-kD protein is identical to the
pEL98 or 18A2 protein, we performed two separate experi-
ments. First, in vitro translation product of the pEL98 RNA
transcript and the 10-kD protein, both of which were labeled
with [*S]methionine, were mixed and then co-electro-
phoresed on a two-dimensional polyacrylamide gel. As pre-
viously reported (21), the in vitro translation product of the
pEL98 RNA transcript showed a major radioactive spot with
a pl value of ~5.4 and minor spots with different pI values
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Figure 7. Determination of the amino acid sequences of peptides
prepared by digestion of the purified 10-kD protein with lysylendo-
peptidase. (4) Analytical HPLC peptide maps of the 10-kD protein.
A preparation of the 10-kD protein was digested with lysylendopep-
tidase in 50 mM Tris-HCI, pH 90 and 1 mM EDTA for 18 h at
30°C, the enzyme to protein ratio being 1:100 (wt/wt). The cleavage
products were separated by reverse-phase HPLC on a C;s column.
The peptides (P1-P5) were used to determine the sequence of the
10-kD protein. (B) Comparison of the amino acid seguences
among the 10-kD protein and S100-related proteins. The amino
acid sequence of the peptides (P1-P5) are shown in single letter code
at the top. The horizontal bars indicate unidentified amino acid
residues. Methionine residues corresponding to the initiation codon
are not represented. Identical amino acids to those of the 10-kD
protein are shaded. Asterisks indicate the possible amino acid
residues involved in the interaction with calcium ion. The se-
quences of pEL98, 18A2, 42A, p9Ka S100a, S100b, and SI00L are
from references 21, 30, 31, and 40, respectively.

(Fig. 8 b). The 10-kD protein also displayed a major and sev-
eral minor radioactive spots (Fig. 8 a). When the two were
mixed and co-electrophoresed, they co-migrated (Fig. 8 ¢).
Second, we examined whether the in vitro translation prod-
uct of the pEL98 RNA transcript is able to bind to GST/
TM2. The in vitro translation product was incubated with
the beads bearing GST or GST/TM2 in the presence of 1 mM
CaCl, or 1 mM EGTA. As shown in Fig. 9 A4, the in vitro
translation product bound to GST/TM2 (lane 4), but not to
GST (lane 3), in the presence of Ca?*, while it did not bind
to GST/TM2 in the presence of EGTA (lane 2). From these
observations, we concluded that the 10-kD protein is identi-
cal to the pEL98 protein.

Binding of the pEL98 Protein to the GST/TMS or the
GST/B-actin Fusion Proteins

To examine whether the in vitro translation product of the
pEL98 RNA transcript can also bind to the low molecular
weight TMs, GST/TMS (tropomyosin isoform 5 containing
GST fusion protein) was generated and used. As shown in
Fig. 9 B, the product was found to bind to GST/TMS5 more
efficiently than to GST/TM2 (lanes 2 and 3). This result was
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Figure 8 Two-dimensional gel analysis of the 10-kD protein and
the in vitro translation product of the pEL98 transcript. (a)
[*S]Methionine-labeled 10-kD protein. Glutathione-Sepharose
beads bearing 20 ug of GST/TM2 were incubated with 3S-labeled
cell lysates of NIH 3T3 cells for 2 h in Tris-buffered saline contain-
ing 1 mM CaCl,. The materials bound to GST/TM2 were ana-
lyzed. (b) In vitro translation product of the pEL98 transcript. The
insert of pEL98 cDNA was subcloned into pGEM-3Z and in vitro
transcription was carried out by using SP6 RNA polymerase. In
vitro translation was performed in a reticulocyte lysate cell-free sys-
tem using [>*S}methionine as a tracer amino acid. {¢) A mixture of
samples a and b. Only the regions of interest (pI 5-6) are shown.
Molecular weight standards (kD) are shown at left.

A B

1 2 3 4 1 2 3 4

Figure 9. Binding of the in vitro translation product of the pEL98
transcript to GST, GST/TM2, GST/TMS, or GST/B-actin. (A4)
Glutathione-Sepharose beads bearing 10 ug of GST (lanes I and
3) or GST/TM2 (lanes 2 and ¢) were incubated with the in vitro
translation product of the pEL98 transcript for 2 h in Tris-buffered
saline containing 1 mM EGTA (lanes / and 2) or 1 mM CaCl,
(lanes 3 and 4). The translation product was prepared as described
in the legend of Fig. 8. After the incubation, the beads were washed
and the materials bound were released in SDS sample buffer and
loaded onto a 15% gel. Note that the translation product binds to
GST/TM2 only in the presence of Ca?*. (B) Glutathione-
Sepharose beads bearing 10 ug of GST (lane 7), GST/TM2 (lane
2), GST/TMS (lane 3), or GST/B-actin (lane 4) were incubated
with the in vitro translation product of the pEL98 transcript for 2
h in Tris-buffered saline containing 1 mM CaCl,. Note that the
product binds to GST/TM2 and GST/TMS5 but not to GST/B-actin.
Only the regions of interest are shown.
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Figure 10. Western blot analysis of the specificity of the antiserum
directed against the 10-kD (pEL98) protein. Triton X-100-soluble
cell extracts (20 pg of protein) of NIH 3T3 cells (lanes /, 3, and
5) and pH 1-3 cells (lanes 2, 4, and 6) were electrophoresed on 15%
polyacrylamide gels under reducing conditions. The resolved pro-
teins were electrophoretically transferred to nitrocellulose mem-
brane and the 10-kD (pEL98) protein was detected using polyclonal
antibodies and an ECL Western blotting detection kit (Amersham
International). (Lanes / and 2) Preimmune serum; (lanes 3 and 4)
antiserum against the 10-kD (pEL98} protein; (lanes 5 and 6)
Coomassie blue staining of the gel. Molecular weight standards
(kD) are indicated at right.

confirmed in multiple experiments, and since the beads were
bearing the same amount (10 ug) of GST/TM2 and GST/
TMS, the difference was significant even on a molar basis.
On the other hand, the product did not bind to GST/B-actin
(B-actin containing GST fusion protein) (Fig. 9 B, lane 4),
demonstrating the specificity of the binding of the 10-kD
(pEL98) protein to TMs.

Western Blot Analysis of the Specificity of Antibodies
Directed against the 10-kD (pEL98) Protein

We produced a rabbit antiserum directed against recom-
binant pEL98 protein, and the specificity of the antiserum
was confirmed by Western blot analysis. As shown in Fig.
10, the antiserum recognized a protein with a molecular
mass corresponding to the 10-kD protein (lanes 3 and 4),
whereas the preimmune serum did not (lanes ! and 2). We
also compared the amount of the 10-kD protein in NIH 3T3
and pH 1-3 cells and found that the amount of the 10-kD pro-
tein in pH 1-3 cells was increased over that of NIH 3T3 cells
(Fig. 10, lanes 3 and 4).

Western Blot Analysis of the Distribution of the
10-kD (pEL98) Protein

To examine the distribution of the 10-kD (pEL98) protein in
Triton-soluble and -insoluble cytoskeletal residues of NIH
3T3 cells, we extracted the cells with Triton X-100 in the
presence of 1 mM or 2 uM free Ca* or 0.2 mM EGTA.
Proteins in the soluble fraction and the insoluble residues
were resolved by SDS-PAGE and the 10-kD (pEL98) protein
was detected by Western blot analysis. As shown in Fig. 11,
when the cells were extracted in the presence of EGTA, the
10-kD (pEL98) protein was scarcely detected in the Triton-
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Figure 11. Immunoblot of NIH 3T3 cell subfractions. NIH 3T3 cells
were extracted for 2 min with 0.05% Triton X-100 in the presence
of 0.2 mM EGTA (lanes I and 2), 1 mM Ca?* (lanes 3 and 4) or
2 uM Ca?* (lanes 5 and 6). Proteins in the soluble fraction (lanes
1, 3, and 5) and the insoluble fraction (lanes 2, 4, and 6) were ap-
plied to SDS-PAGE, and transferred to nitrocellulose membrane.
The 10-kD (pEL98) protein was detected as described in the legend
of Fig. 10. Only the region of interest is shown.

insoluble residues (lane 2) and almost all of the protein was
recovered in the Triton X-100-soluble fraction (lane 7). On
the other hand, some of the 10-kD (pEL98) protein could be
detected in the Triton X-100-insoluble residues when the
cells were extracted in the presence of 1 mM Ca?* (Fig. 11,
lane 4). The 10-kD (pEL98) protein was also detected in the
Triton-inscluble residues even when the cells were extracted
in the presence of 2 uM Ca** (Fig. 11, lane 6). These
results suggest that a part of the 10-kD (pEL98) protein in-
deed is associated with the cytoskeletal residues in a Ca?*-
dependent manner.

Cellular Localization of the 10-kD (pEL98) Protein

To determine the cellular localization of the 10-kD (pEL98)
protein, NIH 3T3 cells or their cytoskeletal residues were
examined by indirect immunofluorescence microscopy by
using the affinity-purified anti-pEL98 antiserum and fluoro-
chrome-conjugated secondary antibodies. When the cells
permeabilized with detergent were stained with the affinity-
purified antiserum, bright, diffuse fluorescent staining was
observed in the cytoplasm of a cell (Fig. 12 B), while only
faint staining was apparent when the preimmune serum was
used (Fig. 12 A). In some cases, fibrillar streaks were seen
in the cytoplasm of a well-spread cell (Fig. 12 B). On the
other hand, when cytoskeletal residues prepared by extrac-
tion with solution containing 1 mM free Ca?* were stained
with the antiserum, fibrillar streaks were clearly observed
(Fig. 12 C), while only background level of staining was
seen when cytoskeletal residues were prepared by extraction
with solution containing EGTA (Fig. 12 D). Fibrillar streaks
were also observed when cytoskeletal residues were pre-
pared with extraction solution containing 2 uM Ca?*, al-
though the fluorescence was slightly less intense than that
seen in Fig. 12 C (data not shown). Double-label staining
with the antiserum and rhodamine-phalloidin revealed that
the fibrillar streaks distributed along the actin microfilament
bundles (data not shown). The distribution of the 10-kD
(pEL98) protein relative to that of TM was examined by
double-label immunofluorescence microscopy. The cyto-
skeletal residues prepared by extraction with solution con-
taining 1 mM Ca?* were stained with both a mouse mono-
clonal anti-TM antibody and the affinity-purified antiserum.
The results showed that the 10-kD (pEL98) protein colocal-
ized with TM (Fig. 12, Eand F). Again, essentially no fibril-
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Figure 12. Localization of the 10-kD (pEL98) protein in NIH 3T3 cells. (4 and B) Cells were permeabilized with 0.5% Triton X-100
for 4 min after fixation. (C, E, and F) Cytoskeletal residues prepared by treating the cells with 0.05% Triton X-100 in the presence of
1 mM Ca?* for 2 min before fixation. (D, G, and H) Cytoskeletal residues prepared by treating the cells with 0.05% Triton X-100 in the
presence of 0.2 mM EGTA for 2 min before fixation. Cells were stained with preimmune serum (4) or affinity-purified anti-10-kD (pEL98)
protein antibodies (B) followed by TRITC-conjugated goat anti-rabbit IgG antibodies. Cytoskeletal residues were stained with affinity-
purified anti-10-kD (pEL98) protein antibodies (C and D) followed by TRITC-conjugated goat anti-rabbit IgG antibodies. Cytoskeletal
residues were double-stained with affinity-purified anti-10-kD (pEL98) protein (E and G) and mouse TM311 antibodies (F and H) followed
by FITC-conjugated goat anti-rabbit IgG antibodies and TRITC-conjugated anti-mouse IgG antibodies, respectively. TM311 antibody
recognizes TM1, TM2, and TM3. Bar, 20 um.




lar distribution of the 10-kD (pEL98) protein was observed
when the cytoskeletal residues were prepared by extraction
with solution containing EGTA (Fig. 12 G), while TM could
be seen (Fig. 12 H). These results suggest that some of the
10-kD (pEL98) protein associates with TMs in a Ca*'-
dependent manner in microfilament bundles, while a major-
ity of the protein exists diffusely in the cytoplasm of a cell.

Discussion

We report here the detection of a protein (10-kD protein) that
binds directly to the nonmuscle tropomyosin isoform TM2
in a Ca*-dependent manner in vitro. This conclusion is
supported by the following evidence. First, the 10-kD pro-
tein bound to GST/TM2, but not to GST, in a Ca’*-depen-
dent manner in an in vitro binding assay. Second, the binding
was inhibited by molar excess of free TM2, but not by GST,
in a competition assay. Third, the protein bound to an affinity
matrix made from GST/TM2(1-107) coupled to Sepharose
and was eluted with EGTA. Next, we identified the 10-kD
protein as the translation product of pEL98 mRNA. This
conclusion is supported by the observations that: (@) partial
amino acid sequence of the 10-kD protein was identical with
that of the pEL98 (or 18A2) protein that was deduced from
the cDNA (21, 31); (b) the 10-kD protein co-migrated with
the in vitro translation product of the pEL98 transcript on
a two-dimensional polyacrylamide gel; and (¢) the in vitro
translation product of the pEL98 transcript bound to GST/
TM2, but not to GST, in a Ca**-dependent manner. In addi-
tion, the specificity of the binding of the 10-kD (pEL98) pro-
tein to TM was confirmed by the fact that it did not bind to
GST/B-actin fusion proteins.

The concentrations of Ca** required for binding of the
10-kD (pEL98) protein to GST/TM2 were revealed to be in
the range of 1-100 uM in a binding experiment (Fig. 3, B and
C). Although binding of the 10-kD (pEL98) protein could
be observed to some extent at the concentrations of Ca?
between 0001 and 0.1 M, this binding is probably due to
the Ca?*-bound form of the 10-kD (pEL98) protein that is
already present in the cell lysates. Alternatively, although it
is quite unlikely, the 10-kD (pEL98) protein might have
high-affinity sites for Ca?*. Since intracellular calcium con-
centrations ([Ca?*];) do not rise above 1 uM, it is possible
to argue that the binding between the 10-kD (pEL98) protein
and TM observed in this study should not be of physiological
significance. However, several in vitro studies have shown
that a number of cytoplasmic proteins accepted as being
calcium-sensitive exhibit their calcium sensitivity in the
1-100 uM range. For instance, calmodulin is reported to re-
quire 1-10 uM Ca?* to activate phosphodiesterase activity
(32). Ca?*-calmodulin-dependent phosphorylation in syn-
aptosomal cytosol occurs in the 1-50 uM range (45). Protein
kinase C requires 1-100 uM Ca?* for its kinase activity (33)
and Ca?*-dependent cysteine proteases, calpain I and cal-
pain 11, requires 1-10 uM Ca* and 0.1-1 mM Ca* for their
activity, respectively (63). In addition, the ability of $100
protein to relieve caldesmon-induced ATPase inhibition was
observed at 10-100 uM Ca?* (19). Therefore, on the basis
of these works, the binding between the 10-kD (pEL98) pro-
tein and TM seems to be physiologically relevant. Support-
ing this notion, a part of the 10-kD (pEL98) protein was
visualized in situ as fibrillar streaks in the cytoplasm of a cell
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by immunofluorescent staining studies (see Fig. 12 B) and
was detected in Triton-insoluble cytoskeletal residues pre-
pared in the presence of micromolar concentrations of Ca?*
(Fig. 11). Furthermore, some of the 10-kD (pEL98) protein
could be detected in the cytoskeletal residues prepared by ex-
traction with solution containing Ca?* (Fig. 12, C and E)
and colocalized with TMs (Fig. 12, E and F), but not in the
residues prepared by extraction with solution containing
EGTA (Fig. 12, D and G). Thus, these results suggest that
the 10-kD (pEL98) protein indeed binds to TMs in vivo in
a Ca**-dependent manner.

By using several COOH-terminal and NH,-terminal trun-
cation mutants of TM2, the region containing residues be-
tween 39-107 of TM2 appeared to be primarily responsible
for binding to the 10-kD (pEL98) protein (Fig. 5). Amino
acid residues between 81-107 are within a conserved region
of TM isoforms and almost identical between TM2 and
TMS, while NH,-terminal region of TM2 is different from
that of TMS (53, 56). The fact that the in vitro translation
product of the pEL98 transcript also bound to GST/TMS
suggests that the region containing residues 81-107 are neces-
sary for binding of the 10-kD (pEL98) protein; yet the
pEL98 protein appears to bind more efficiently to GST/TMS5
(Fig. 9 B). Thus, the variable NH,-terminal region may
also be necessary for binding of the 10-kD protein. It is pos-
sible that sequences between residues 81-107 could be neces-
sary for folding and/or dimerization of the NH,-terminal
portion of TM and that the actual binding site is in the vari-
able NH,-terminal region of TMs (residues 39-80 in the
case of TM2). Further study is needed to clarify this point.

So far, proteins that bind directly to TM in nonmuscie
cells are limited. Tropomodulin, a 43-kD TM-binding pro-
tein, is one of them. In our binding assays, we failed to detect
tropomodulin-like polypeptides. Although a 43-kD protein
was repeatedly detected in the binding assays, we concluded
that it was nonspecific because molar excess of free TM2 did
not inhibit the binding in a competition assay (Fig. 1 B). The
failure may be mainly due to the localization of tropomodulin
since it locates in the Triton X-100-insoluble membrane
cytoskeleton fraction, but not in the cytosol, of erythrocytes
(16, 17). It is unknown whether this is the case for non-
erythroid cells, but Triton X-100-soluble fraction of NIH
3T3 cells that we used in our binding assays may not contain
tropomodulin-like polypeptides. Similarly, we could not
clearly detect nonmuscle caldesmon of 70-80 kD in our
binding assays. This may be due to either the lack of nonmus-
cle caldesmon in Triton X-100-soluble fraction of NIH 3T3
cells because it localizes within the subset of actin filaments
in normal cells (49) or the weak in vitro binding of caldes-
mon to TM under physiological ionic conditions and/or the
absence of F-actin which enhances caldesmon-TM interac-
tion (23, 28) under our binding conditions.

The function(s) of the 10-kD (pEL98) protein in microfila-
ments is unknown, but several possibilities might be specu-
lated. (@) The 10-kD (pEL98) protein interferes with the
functions of tropomodulin or nonmuscle caldesmon directly.
This seems to be unlikely, because the 10-kD (pEL98)
protein-binding site is located between residues 39-107 of
TM, whereas tropomodulin binds to (one of) the ends of the
TM molecules (17) and the major caldesmon-binding site is
located between residues 142-227 of TM (61). Therefore, the
10-kD (pEL98) protein may not compete with these TM-
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binding proteins by simply competing for their binding sites
on TM. However, we can not exclude the possibility that the
binding of the 10-kD protein to TM affects the functions
of these TM-binding proteins indirectly. (b) The 10-kD
(pEL98) protein enhances the binding of nonmuscle TMs to
F-actin and stabilizes actin filament organization. This
seems to coincide with the immunofluorescent staining
results in which a part of the 10-kD (pEL98) protein local-
ized in well-organized microfilament bundles. If so, how-
ever, we can not account for the increase in amount of the
pEL98 mRNA in many transformed cell lines which show
less-ordered actin microfilament organization compared to
their normal counterparts and the previous observation that
the amount of pEL98 mRNA is more abundant in “immortal-
ized” BALB/c3T3 cells than in “primary” cells (21), both of
which show well-organized actin microfilaments. Consider-
ing that a rise in [Ca?*]; in a cell often results in dynamic
cellular changes such as cell division, cell migration and
changes in cell shape which need dynamic changes in cytoar-
chitecture, this possibility seems to be unlikely. (¢) The 10-
kD (pEL98) protein prevents the interaction of TMs with ac-
tin and/or dissociate TMs from actin. At least, the increase
in the amount of pEL.98 mRNA in many transformed cells
might be able to be explained partly by this possibility. How-
ever, this contrasts with the immunofluorescent staining
results. (d) The 10-kD (pEL98) protein functions to confer
Ca** sensitivity to TM regulation of actomyosin ATPase ac-
tivity as a troponin complex does so. This possibility is plau-
sible and valuable to be tested in in vitro reconstitution ex-
periments using purified proteins such as TM, actin and
myosin light chain kinase.

The pEL98 (18A2, p9Ka, or 42A) protein is the putative
calcium-binding protein that is highly homologous to S100
protein (22, 27). Like calmodulin, S100 protein interacts with
other proteins and modulates their biological functions in the
presence of Ca?* (13). S100-related proteins are thought to
have similar functions (22, 27). However, the exact nature
of effector proteins of S100-related proteins are poorly un-
derstood. The present study showed that one of the effector
proteins of the pEL98 protein is TMs. However, the presence
of a large amount of the 10-kD (pEL98) protein in the cyto-
plasm of a cell implies that the protein is also involved in
other fundamental cell activities. If so, 10-kD (pEL98) pro-
tein might interact with proteins other than TMs after Ca?*
binding. Interestingly, our preliminary experiments showed
that several cellular proteins were co-immunoprecipitated
with the 10-kD (pEL98) protein in the presence of Ca*,
but not in the presence of EGTA, in immunoprecipitation as-
says (data not shown). Analyses of these co-immunoprecipi-
tated proteins may facilitate identification of the effector pro-
teins of the 10-kD (pEL98) protein.

Recently, a protein named calvasculin which shows a high
homology with the pEL98 (18A2, 42A, or p9Ka) protein is
reported to be synthesized constitutively and secreted by bo-
vine aortic smooth muscle cells (60). It shows a cytoplasmic
granular distribution that was typical of a secreted protein in
BASM cells and 3Y1 cells and exhibits Ca?*-dependent bind-
ing to 36-kD microfibril-associated glycoprotein (60). We
examined the distribution of the 10-kD (pEL98) protein in
3Y1 cells and also in normal rat kidney cells and observed
essentially the same distributions of the protein in these cells
as in NIH 3T3 cells and never observed a cytoplasmic gran-

Takenaga et al. Binding of pEL98 Protein to Tropomyosin

ular distribution of the protein (data not shown). Whether
the 10-kD (pEL98) protein is related to calvasculin and
whether the protein displays different functions in different
cell types need to be examined.

pEL98 and 18A2 were identified as a mRNA related to cell
immortalization (21) and a serum-inducible mRNA in BALB/
¢3T3 cells (31), respectively. The p9Ka mRNA was reported
to be induced during differentiation of rat mammary epithe-
lial stem cells to myoepithelial-like cells and has recently
been shown to be involved in regulation of metastatic pheno-
type in rat mammary epithelial cells (12). 42A was identified
as a mRNA regulated by nerve growth factor in a rat pheo-
chromocytoma cell line (40). Thus, these S100-related pro-
teins are thought to play a role in a wide variety of biological
events. These proteins are identical or alike each other and
therefore probably involved in the mechanism(s) by which
TM-actin interactions are regulated in nonmuscle cells.
However, we are unable to explain all of these biological phe-
nomena by this mechanism. Further studies are needed to
evaluate the function(s) of these S100-related proteins.
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