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Introduction

Mts1, a member of the S100 family of Ca?*-binding proteins, exhibits a strong causal link with breast
cancer metastasis. Expression of mts1 in nonmetastatic breast tumor cells confers a metastatic
phenotype, whereas in metastatic cells, a reduction in mts1 expression suppresses metastatic
potential. Recent work has shown that mts1 displays Ca®*-dependent interactions with nonmuscle
myosin-lIA (Appendix 2). This binding interaction is consistent with the observation that mts1
expression levels correlate strongly with the motility of tumor cells and suggests a direct link between
the actomyosin cytoskeleton and the regulation of metastasis-associated motility by mts1. The
objectives of this grant are: (1) determine how mts1 expression alters directed cellular motility in vitro;
(2) generate myosin-llA antibodies that mimic mts1 binding to examine how the regulation of myosin-
lIA affects directed motility in vitro; and (3) utilize an intravital imaging system to evaluate the impact
of mts1 expression on metastasis in live animal models. These studies will provide important new
information on mts1-mediated regulation of tumor cell motility, invasion and metastasis.

Body
Objective 1: We @\4\ ... MTC control
established stable mts1 <& <O ; Yo
transfectants using the N
rat mammary
adenocarcinoma MTC
cell line. The ‘
intracellular mts1 - -
concentration in control
transfectants is 0.5 uM | Figure 1. Mts1
versus 3.5 yM for the |blot of MTC

stable transfectants [ el lines. r ,'; MTC  MTC-mist

H d ok s - control
(Figure 1). MT.C parent.al. and °°’.‘tr°' Figure 2. Mts1 expression affects cell shape and motility. Left:
transfectants typically exhibit a polarized | MTC cells that express high levels of mts1 exhibit a rounded

morphology; however, mts1 expression morphology. Right: Cell motility was evaluated 18 hours following
induced a rounded morphology in cells exposure to chemoattractant in a standard filter-based motility assay.

growing in serum (Figure 2). In motility assays,
the MTC-mts1 cells showed a 3-fold increase in
motility towards a chemoattractant as compared | mMTC + BAC
to control transfectants (Figure 2). These
observations indicate that mts1 expression
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significantly affects cell shape and motility, MTC

consistent with its proposed role in regulating

the actomyosin cytoskeleton. MTC-mts1 +
BAC + Iressa

Recent studies suggest that signaling between
macrophages and carcinoma cells may | mtc-mtst +
enhance invasion and intravasation of the BAC

primary tumor. Macrophages are recruited into
tumors of the mammary gland (7, 2) and the

loss of tumor-associated macrophages | MTC-mtst

dramatically reduces the metastatic progression [ : , T . .

of mammary gland tumors (3), suggesting a 0 5 1 15 20 25 30
causal link between  tumor-associated Percent carcinoma cells invading >20 um

macrophages and the malignant potential of |Figure 3: Mts1 expression promotes the invasion of

breast epithelial cells. To determine if mts1 carcinoma cells into a collagen matrix in the presence of
’ macrophages. Quantification of the proportion of

expression enhances the invasive behavior of | carcinoma cells that invade a collagen matrix in the

carcinoma cells plated in the presence of |presence or absence of BAC macrophages. Values

macrophages co-cultures of MTC control | represent the mean and the standard error of the mean for
’ 2-4 independent experiments.

transfectants or MTC-mts1 cells and




macrophages were overlaid with a collagen | gel, and the proportion of carcinoma cells invading at
least 20 microns into the gel was quantified (4). When cultured alone, less than 6% of the MTC-mts1
cells invade the collagen gel, whereas in the presence of BAC macrophages 25% of the MTC-mts1
cells invade 20 microns or more into the collagen (Figure 3). In contrast, less than 7% of MTC control
transfectants invade the collagen in the presence of BAC cells. These data indicate that mts1
expression promotes an invasive phenotype.

To examine the role of EGF receptor-mediated signaling, we treated MTC-mts1/macrophage co-
cultures with Iressa, which is an EGF receptor tyrosine kinase inhibitor (5). In the presence of 1 uM
Iressa, only 10% of MTC-mts1 cells invade the collagen gel (Figure 3), indicating a requirement for
EGF signaling in the mts1-mediated invasion of carcinoma cells.

Objective 2: We mapped the mts1 binding site to the C-
terminal tip of the a-helical coiled-coil (residues 1909-1924)
on the myosin-llA heavy chain (Appendix 2) and generated
a rabbit polyclonal antibody to residues 1907-1916 of the
myosin-llA heavy chain. Western blots with affinity purified
antibodies demonstrate that the antibody specifically
recognizes recombinant myosin-llA rods (~75 kDa) and
recognizes the full-length myosin-lIA heavy chain in whole
cell lysates (Figure 4, left panel). In addition, the antibody
immunoprecipitates myosin-llA, but not myosin-lIB from a
Hel.a whole cell lysate.

WB: MIIAAb MIIB Ab

: PR : Figure 4. Characterization of the mts1
Mts1 has been shown previously to inhibit the actin- binding site antibody. Left The antibody

activated ATPase activity of myosin-llA (6), therefore we | specifically reacts with myosin-llA. Right: The
examined whether the mts1 binding site antibody similarly | @ntibody only immunoprecipitates myosin-lIA.

affects the ATPase activity of myosin-llA. At a molar ratio of 16:1 (mts1 or antibody per myosin-llA),
both mts1 and the mts1 binding site antibody inhibit the actin-activated ATPase activity of myosin-lIA
by ~50% (Figure 5). In addition, we reported that at stoichiometric levels, mts1 inhibits the assembly
of myosin-llA monomers into filaments and promotes the disassembly of myosin-llA filaments into
monomers (Appendix 2). Using the same pelleting assay described in Appendix 2, we observed that
the mts1 binding site antibody disassembled pre-existing myosin-IlA filaments with ~64% of the
myosin-lIA in the supernatant at a molar ratio of 3:1 (antibody per myosin-lIA rod) (Figure 6, right
panel). The mts1 binding site antibody also inhibits the assembly of myosin-lIA filaments. At a molar
ratio of 2:1 (antibody per myosin-llA rod), we observed maximal inhibition of assembly with ~83% of
the myosin-1lA remaining in the supernatant (Figure 6, left panel). Altogether these data indicate that
the mts1 binding site antibody elicits the same effects on myosin-lIIA motor activity and assembly as
mts1. Thus we have successfully generated a reagent that can be used in vivo to establish a direct
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link between the regulation of myosin-Il by mts1 and cellular motility. Microinjection experiments
using the mts1 binding site antibody in conjunction with analyses of single cell motility are currently in

progress.

Objective 3: MTC-mts1 cells or control transfectants, which | 15
also express GFP, were injected into the mammary fat pad of
SCID mice (13 animals/cell line). 5 weeks following injection,
primary tumors and lungs were excised, fixed, embedded in
paraffin, sectioned, and stained with hematoxylin and eosin
for histopathological analyses. Examination of a single lung
section from each animal shows that mts1 expression
increases the number of large lung metastases as compared
to control transfectants (Figure 7). These observations 1
suggest that mts1 expression affects the metastatic capability 00 2050 50100 3100
of the MTC cells. Currently, we are evaluating if indirect Number of Cells per Metastatic Legion

immunofluorescence of lung sections with antibodies to GFP | Figure 7. Mts1 expression increases the
and/or mts1 can be utilized to increase the detection of small
metastases in lung sections. number of metastases observed for each

Using the cell lines derived in Objective
1, time lapsed imaging of MTC-GFP or
MTC-mts1-GFP tumors in SCID mice
was performed as described previously
using a 20X objective (7). In a typical
experiment, three fields of each tumor
are imaged for 30 minutes with single
images taken every minute. The
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Figure 8. Intravital imaging of a MTC-mts1 tumor. Images were taken

images are assembled into a time |évery minute over a period of 30 minutes, ~100 uM into the depth of the

lapse movie using NIH image. We are

tumor. Images are shown from the start of the imaging session, 10 and
20 minutes. Green: GFP-labeled tumor cells; Purple: extracellular

now evaluating the movies for (a) cell | matrix. The white circle marks the position of a translocating primary
extension and retraction, (b) cell |tumor cell

locomotion and (c) cell orientation to

the vasculature. Shown in Figure 8 are three images of a single field of a MTC-mts1-GFP tumor at
the beginning of the imaging session, at 10 minutes and at 20 minutes. The white circle marks the
position of an actively motile primary tumor cell during the course of the imaging session.

Key Research Accomplishments

Development of MTC control transfectants and MTC-mts1-GFP cell lines.

Mapping the mts1 binding site on the myosin-lIA heavy chain.

Development of a polyclonal antibody to the mts1 binding site on the myosin-l1A heavy chain that
elicits the same effects on myosin-IIA activity as mts1.

Reportable Outcomes

Presented abstract and poster entitled “Structure and activity of the mts1 metastasis factor” by
Bresnick AR, Vallely KM, Li Z-H and Weber DJ. American Society for Cell Biology, Dec 14-18
2002, San Francisco, CA. :

Published a manuscript detailing the interaction of mts1 with myosin-lIA and mapping the mts1
binding site on the myosin-lIA heavy chain.

Li Z-H, Spektor A, Varlamova O and Bresnick AR (2003) Mts1 regulates the assembly of
nonmuscle myosin-llA. Biochemistry 42:14258.

Presented abstract and poster entitied “Mts1 regulates nonmuscle myosin-llA assembly” by Li Z-
H and Bresnick AR. Motile and Contactile Systems, Gordon Research Conference, June 29-July
4 2003, New London, NH.




o Presented abstract and poster entitled “Mts1 regulates the assembly of nonmuscle myosin-lIA” by
Li Z, Spektor A, Varlamova O and Bresnick AR. American Society for Cell Biology, Dec 13-17
2003, San Francisco, CA.

« Submitted abstract entitled “Modulation of myosin-IIA function with an antibody against the mts1
binding site” by Li Z-H and Bresnick AR. American Society for Cell Biology, Dec 4-8 2004,
Washington, DC.

o NIH/NIGMS R01 GM069945 entitled “Novel Mechanisms of Myosin-1l Mediated Motility” was
awarded funding for four years, which began March 1, 2004.

Conclusions

We have established MTC cell lines with high, reliable and heritable mts1 expression and have made
significant progress on our in vitro analysis evaluating the effects of mts1 expression on
chemoattractant-stimulated motility. In conjunction with these in vitro analyses, our intravital imaging
studies, which visualize the motile behavior of mts1 expressing tumor cells within the primary tumor in
situ, are in progress. These combined analyses will allow us to obtain a comprehensive behavioral
phenotype and will identify which aspects of directed motility are sensitive to the expression of mts1.

We identified residues 1909-1924 of the myosin-lIA heavy chain as comprising the mts1 binding site,
which maps to the C-terminal tip of the a-helical coiled-coil. Interestingly, the mts1 binding site
overlaps the extended assembly competence domain (ACD) that is critical for myosin-1l assembly (8,
9). One mechanism by which mts1 may promote disassembly (or prevent assembly) is to induce a
small, local conformational change or partial unwinding of the coiled-coil in the extended ACD. This
hypothesis will be tested in future studies.

We generated a rabbit polyclonal antibody to the mts1 binding site on the myosin-IlA heavy chain and
demonstrated that it specifically reacts with nonmuscle myosin-llA. In vitro assays indicate that the
mts1 binding site antibody has the same affect on the assembly and actin-activated ATPase activity of
myosin-llA as mts1. In vivo studies are now directly testing if alterations in the directed motility of
MTC-mts1 cells are due to the regulation of myosin-l1A function by mts1.
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Appendix 1: Abstract presented at the American Society for Cell Biology meeting, Dec
14-18 2002, San Francisco, CA.

Structure and Activity of the Mts1 Metastasis Factor. Anne R. Bresnick', Kristen M.
Vallely?, Zhong-Hua Li' and David J. Weber’. 'Department of Biochemistry, Albert
Einstein College of Medicine, Bronx, NY 10461 and “Department of Biochemistry and
Molecular Biology, University of Maryland School of Medicine, Baltimore, MD 21201

Mts1, a member of the S100 family of Ca?*-binding proteins, exhibits a strong causal link
with breast cancer metastasis. Mts1 protein levels are higher in malignant human breast
tumors than in benign tumors and correlate strongly with poor patient survival. In
addition, mts1 expression correlates with increased cell motility, suggesting that mts1
may promote the metastatic process by enhancing the invasive properties of tumor cells.
To investigate the functional and cellular activities of mts1 and begin characterizing its
Ca**-dependent interaction with protein targets, we determined the structure of calcium-
free mts1 using multidimensional heteronuclear NMR spectroscopy. Mts1 is a
symmetric homodimer that contains four a-helices and a small antiparallel g-sheet in
each monomer. The two subunits comprising the mts1 dimer interact via an X-type four
helix bundle composed of helices 1, 1, 4, and 4’. Each subunit of mts1 has two EF-
hand Ca*-binding domains; a pseudo EF-hand and a typical EF-hand that are brought
into close proximity via the small two-stranded antiparallel-B-sheet.  Biochemical
analyses demonstrate that mts1 has a 9-fold higher affinity for myosin-lIA filaments than
for myosin-IIB filaments. At stoichiometric levels, mts1 inhibits the assembly of myosin-
IIA monomers into filaments and promotes the disassembly of myosin-lIA filaments into
monomers; however, mts1 has little effect on the assembly properties of myosin-IIB.
Using a solution based-assay, we have demonstrated that mts1 binds to residues 1909-
1940 of the myosin-llIA heavy chain with an affiinity that is comparable to the equilibrium
dissociation constant obtained with a 74 kDa fragment of the myosin-llA rod. These
data indicate that the entire mts1 binding site is contained within 32 residues near the C-
terminus of the myosin-lIlA heavy chain and further suggest that mts1 binds a linear
epitope.
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Appendix 2

Biochemistry 2003, 42, 14258—14266

Mits1 Regulates the Assembly of Nonmuscle Myosin-ITAT
Zhong-Hua Li, Anna Spektor, Olga Varlamova, and Anne R. Bresnick*

Department of Biochemistry, Albert Einstein College of Medicine, 1300 Morris Park Avenue, Bronx, New York 10461

Received August 12, 2003; Revised Manuscript Received October 2, 2003

ABSTRACT: The formation of myosin-II filaments is fundamental to contractile and motile processes in
nonmuscle cells, and elucidating the mechanisms controlling filament assembly is essential for understanding
how myosin-II rapidly responds to changing conditions within the cell. Several proteins including KRP
and a novel 38 kDa protein (/, 2) have been shown to modulate filament assembly through the stabilization
of myosin-II assemblies. In contrast, we demonstrate that mts1, a member of the Ca?*-regulated S100
family of proteins, may regulate the monomeric, unassembled state in an isoform-specific manner.
Biochemical analyses demonstrate that mtsl has a 9-fold higher affinity for myosin-IIA filaments than
for myosin-I1IB filaments. At stoichiometric levels, mtsl inhibits the assembly of myosin-ITA monomers
into filaments and promotes the disassembly of myosin-IIA filaments into monomers; however, mts1 has
little effect on the assembly properties of myosin-IIB. Using a solution based-assay, we have demonstrated
that mts1 binds to residues 1909—1924 of the myosin-IIA heavy chain, which is near the C-terminal tip
of the a-helical coiled—coil. The observation that mts] binds a linear sequence of ~16 amino acids is
consistent with other S100 family members, which bind linear sequences of 13—22 residues in their
protein targets. In addition, mtsl increases the critical monomer concentration for myosin-IIA filament
assembly by approximately 11-fold. Kinetic assembly assays indicate that the elongation rate and the
extent of polymerization depend on the initial myosin-IIA concentration; however, mtsl had only a small
affect on the half-time for assembly and predominately affected the extent of myosin ITA polymerization.
Altogether, these observations are consistent with mtsl regulating myosin IIA assembly by monomer
sequestration and suggest that mts] regulates cell shape and motility through the modulation of myosin-

ITA function.

Mitsl, which is also known as S100A4, FSP1, CAPL,
calvasculin, metastasin, p9Ka, 18A2, and pEL98, is a
member of the S100 family of Ca?*-binding proteins. At
present, there are 21 known S100 family members, which
generally form homodimers with total molecular masses
ranging from 20 to 24 kDa. The S100 proteins have been
implicated in the calcium-dependent regulation of a broad
range of intracellular activities including substrate phos-
phorylation, the assembly/disassembly of cytoskeletal pro-
teins, the modulation of enzyme activity, the regulation of
cell cycle events, and calcium homeostasis (3). Importantly,
most S100 family members display a high degree of target
specificity, suggesting that individual S100 proteins regulate
specific cellular processes.

While mts1 expression has been observed in normal tissues
such as spleen and thymus, mtsl is expressed at elevated
levels in motile cells such as macrophages, lymphocytes, and
neutrophils (4). In addition, high mtsl expression has been
observed in a number of metastatic cells. For example,
metastatic rat and mouse mammary tumor cells express
increased levels of mts1 as compared to nonmetastatic tumor
cells (5). Similarly, mts] expression is higher in malignant
human breast tumors than in benign tumors (6) and correlates

T This work was supported by the Department of Defense Breast
Cancer Research Program (DAMD17-01-1-0122).

* To whom correspondence should be addressed. Telephone: (718)
430-2741. Fax: (718) 430-8565. E-mail: bresnick@aecom.yu.edu.

strongly with poor patient survival (7, &8). Overexpression
of mts1 in nonmetastatic rat and mouse mammary tumor cells
confers a metastatic phenotype (9, 10), whereas in metastatic
cells, a reduction in mts] expression suppresses metastatic
potential (//, 12). Transgenic mice that overexpress mtsl
in the mammary epithelium are phenotypically indistinguish-
able from wild-type mice (/3), demonstrating that mts1 itself
is not tumorigenic; however, transgenic mouse models of
breast cancer have shown that mtsl expression correlates
with metastasis (13, 14). These findings suggest a significant
role for mtsl in promoting the metastatic phenotype.

The first evidence indicating a functional role for mts1 in
the metastatic phenotype came from immunoprecipitation
studies demonstrating that mtsl immunoprecipitates from
[?*S]-radiolabeled metastatic mammary cells contain myosin-
IT (15). More recent studies have shown that mts1 directly
binds nonmuscle myosin-II in a Ca?*-dependent manner (/6,
17) and that binding inhibits the actin-activated ATPase
activity of myosin-II (/6). In addition, mts1 has been shown
to bind actin (18) and tropomyosin (19) in a Ca?*-dependent
manner in vitro. These binding interactions are consistent
with the observation that mtsl expression levels correlate
strongly with the motility of tumors cells (20) and suggest a
direct link between the actomyosin cytoskeleton and the
regulation of cellular motility by mtsl.

To further characterize the regulation of nonmuscle
myosin-II by mts1, we examined the isoform specificity of

10.1021/bi0354379 CCC: $25.00 © 2003 American Chemical Society
Published on Web 11/13/2003



Mtsl Regulates Myosin-IIA Assembly

the mtsl—myosin-II interaction and the modulation of
myosin-II assembly by mtsI. Our findings support a model
in which mts] regulates cell shape and motility by controlling
the assembly state of myosin-II filaments.

EXPERIMENTAL PROCEDURES

Protein Purification. Rabbit skeletal muscle actin was
purified from acetone powder by the method of Spudich and
Watt (21). Recombinant human mtsl was purified as
described previously (22).

Bacterial Expression and Purification of Myosin-1IA and
Myosin-IIB Rods. The human myosin-IIA and myosin-IIB
rods were subcloned into the Nde I/Bam HI sites of the
expression vector pET28a (Novagen). The N-terminus of
each construct contains MGSSHHHHHHSSGLVPRGSHM
followed by residues 1339—1961 of the human myosin-IIA
heavy chain (23, 24) or residues 1346—1976 of the human
myosin-IIB heavy chain (25). The final constructs were
verified by DNA sequencing. BL21(DE3) cells transformed
with either hMIIA-pet28A or hMIIB-pet28A were grown
overnight at 37 °C. The cells were harvested at 15 000g for
10 min, and the cell pellet was resuspended in 7.5 mL of
lysis buffer/gram of cell pellet (lysis buffer: 50 mM Tris, 5
mM EDTA, 5% sucrose, 1 M NaCl, 1 mM DTT, 0.02%
NaNj3, 0.3 mM PMSF, and 5 gg/mL each of chymostatin,
leupeptin, and pepstatin). The cell lysate was sonicated for
8 x 10 s on ice, boiled for 25 min, and cooled on ice for 20
min. Following centrifugation of the boiled lysate at 27 000g
for 15 min, ammonium sulfate was added to the supernatant
to 65% saturation, and the sample was centrifuged at 17 000g
for 20 min. The pellet was resuspended in buffer E (buffer
E: 20 mM Tris pH 7.5, 2 mM EDTA, 6 M urea, 0.5 mM
DTT, 0.02% NaN;) and applied to a High Q Sepharose
column equilibrated in buffer E. The column was washed
with 2 column volumes of buffer E, and the myosin rods
eluted in the flow through. The myosin rods were assembled
by dialysis against 5 mM PIPES pH 6.5, 20 mM NaCl, 10
mM MgCl,, 1 mM DTT, 0.02% NaNj, collected by
centrifugation at 15 000g for 20 min and disassembled by
dialysis against Tris pH 7.5, 0.6 M NaCl, 1 mM DTT, 0.02%
NaNjs. Typical protein yields were 50 mg of myosin rods
per liter of cells.

Purification of GST-Myosin-IIA Peptide Fusions. The
c¢DNAs corresponding to residues 1900—1961, 1909—1940,
1909—1924, 1917—1932, and 1925—1940 of the human
myosin-ITA heavy chain were subcloned into the Bam HI/
Eco RI sites of pGEX-6P-1 (Pharmacia). All the constructs
contain GST! followed by LEVLFQGPLGS and the ap-
propriate myosin-ITA heavy chain sequence, which were
verified by DNA sequencing. A control GST was prepared
by introducing a stop codon immediately after the Bam HI
site in pGEX-6P-1. The resulting control GST contained the
PreScission protease recognition sequence and the linker
sequence present in the GST-myosin-IIA peptide fusions.
BL21(DE3) cells transformed with the GST-myosin-IIA
peptides or the control GST were induced with 1 mM IPTG
and grown at 37 °C for 6 h. The cells were harvested at
15 000g for 10 min, and the cell pellet was resuspended in

! Abbreviations: GST, glutathione S-transferase; MIIA, myosin-IIA;
ACD, assembly competence domain; RLC, regulatory light chain; PKC,
protein kinase C.
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7 mL of lysis buffer/gram of cell pellet (lysis buffer: 50
mM Tris pH 8.0, 20% sucrose, 200 mM NaCl, 1 mM EDTA,
2mM DTT, 1 mM PMSF, and 5 ug/mL each of chymostatin,
leupeptin, and pepstatin). The cell lysate was frozen at —70
°C, thawed on ice, and sonicated for 6 x 15 s on ice.
Following centrifugation at 31 000g for 20 min, the super-
natant was applied to a glutathione-Sepharose column
equilibrated in cleavage buffer (50 mM Tris pH 7.5, 150
mM NaCl, 1 mM DTT, 1 mM EDTA, 0.02% NaN3), and
the column washed with 25 column volumes of cleavage
buffer. The GST fusions were eluted with 50 mM Tris pH
8.0, 1 mM DTT, and 10 mM reduced glutathione and loaded
onto a Mono Q column equilibrated in buffer Q (20 mM
Tris pH 7.5, 20 mM NaCl, 0.5 mM DTT, 0.02% NaN3).
The column was washed with 2 column volumes of buffer
Q and developed with a 10 column volume linear gradient
of 0.02—1.0 M NaCl in buffer Q. Typical yields were 3—15
mg of GST-myosin-IIA peptide per liter of cells, depending
on the particular construct. The molecular weights of the
GST-myosin-IIA peptides were confirmed by mass spec-
trometry.

Cosedimentation Assays. For the myosin rod binding
assays, myosin-IIA or myosin-IIB rods (final concentration
of 6 uM) were added to a reaction mix containing 1—200
uM mtsl dimer in 20 mM Tris pH 7.5, 20 mM NaCl, 2 mM
MgCl,, 0.3 mM CaCl,, 1 mM DTT, 0.02% NaNj for 30 min
at room temperature in the presence or absence of 2 mM
EGTA. Samples were centrifuged at room temperature for
20 min at 100 000g (20 psi) in a Beckman airfuge (Beck-
man). Samples of the supernatants and pellets were separated
on a 12% Tricine SDS—polyacrylamide gel. Gels were
scanned on a model GS-700 BioRad Imaging densitometer
and quantified using the program ImageQuant version 5.0.
F-actin binding assays were performed as described for
myosin rod binding assays using a final concentration of 10
UM actin. The binding constants and stoichiometry of binding
were calculated by fitting the data to the equation b =
Brmax[S]/(Ka + [S]).

Inhibition of Filament Assembly by Mtsl. Monomeric
myosin rods (3 #M) were added to a reaction mix containing
0—36 uM mits]1 dimer in 20 mM Tris pH 7.5, 300 mM Na(l,
1 mM DTT, 2 mM MgCl,, 0.3 mM CaCl,, 0.02% NaN;j for
15 min at room temperature. A sample of the mix was
removed for SDS—PAGE analysis, and the final reaction
mixture was diluted with an equal volume of 20 mM Tris
pH 7.5, 1 mM DTT, 2 mM MgCl,, 0.3 mM CaCl,, 0.02%
NaN3, yielding a final concentration of 150 mM NaCl, 1.5
uM myosin rods, and 0—18 4M mts] dimer. The mixtures
were incubated for 1 h at room temperature and centrifuged
at 80 000 rpm (175 000g) for 10 min at 25 °C in a TL-100
ultracentrifuge (Beckman). Mixes and supernatants were
separated on a 12% Tricine SDS—polyacrylamide gel,
scanned as described previously, and quantified using the
program ImageQuant version 5.0.

Promotion of Filament Disassembly by Mtsl. Filamentous
myosin rods (3 #M) were added to a reaction mix containing
0—36 uM mts]1 dimer in 20 mM Tris pH 7.5, 150 mM Na(l,
1 mM DTT, 2 mM MgCl,, 0.3 mM CaCl,, 0.02% NaN; for
15 min at room temperature. A sample of the mix was
removed for SDS—PAGE analysis, and the final reaction
mixture was incubated at room temperature for an additional
45 . min. The mixtures were centrifuged at 80 000 rpm
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(175 000g) for 10 min at 25 °C in a TL-100 ultracentrifuge
(Beckman). Mixes and supernatants were analyzed as
described previously for assays examining the inhibition of
assembly.

Glutathione Bead Copelleting Assay. The 10 uM mitsl
dimer was mixed with 10 4uM GST-MIIA peptides or the
control GST bound to glutathione-Sepharose in 20 mM Tris
pH 7.5, 50 mM NaCl, 0.5 mM DTT, 0.3 mM CaCl,, 0.02%
NaNj3, and 0.5 mg/mL BSA in the presence or absence of 2
mM EGTA for 1 h at room temperature. The mixtures were
centrifuged at 5000g for 2 min, and the supernatants were
removed. The pellets were washed three to four times in
binding buffer and resuspended in Laemmli sample buffer
for analysis on a 12% Tricine SDS—polyacrylamide gel. To
determine equilibrium dissociation constants, 0—40 M mts]
dimer was mixed with 10 uM GST-myosin-ITA peptides or
the control GST bound to glutathione-Sepharose in 20 mM
Tris pH 7.5, 50 mM NaCl, 0.5 mM DTT, 0.3 mM CaCl,,
0.02% NaN3, and 0.167 mg/mL BSA. Samples of the pellets
were analyzed on a 12% Tricine SDS—polyacrylamide gel,
and the staining intensity of the mtsl was compared with a
standard curve of purified recombinant human mts! run on
the same gel. Wet gels were scanned, and the amount of
bound mts1 was quantified using the program ImageQuant
version 5.0. The binding constants and stoichiometry of
binding were calculated by fitting the data to the equation b
= Bmax[SI/(Kq + [S]).

Competition Assays. The 6 uM myosin-IIA rods, 6 uM
mts] dimer, and 0—150 uM GST-myosin-IIA peptides (GST-
MIIA 1500-1940, GST-MIA 19251940, and GST-MIIA g09-1924)
were mixed in a buffer containing 20 mM Tris pH 7.5, 20
mM NaCl, 2 mM MgCl,, 0.3 mM CaCl,, 1 mM DTT, 0.02%
NaNj. After incubation at room temperature for 30 min, the
mixture was centrifuged 80 000 rpm for 10 min at 25 °C in
a TL-100 ultracentrifuge (Beckman). Samples of the pellets
were analyzed on a 12% Tricine SDS—polyacrylamide gel,
and the amount of bound mts1 was determined as described
previously for the glutathione bead copelleting assay.

Critical Concentration Measurements. Myosin-IIA rods
were adjusted to different starting concentrations (0—80 xM)
in storage buffer (20 mM Tris pH 7.5, 0.6 M NaCl, 1 mM
DTT, 0.02% NaN3) and then quickly diluted 4-fold using a
buffer containing 20 mM Tris pH 7.5, | mM DTT, 0.02%
NaN3, 0.4 mM CaCl,, and 2.67 mM MgCl,. The final buffer
contained 150 mM NacCl, 0.3 mM CaCl,, 2 mM MgCl,, and
0—20 uM myosin-IIA rods. After incubation at room
temperature for 30—60 min, the samples were centrifuged
at 95 000 rpm for 15 min at 4 °C in a TL-100 ultracentrifuge
(Beckman). Aliquots of the mix before centrifugation and
the supernatant after centrifugation were removed for SDS—
PAGE analysis. To determine the effect of mtsl on the
critical concentration for myosin-IIA filament assembly, the
myosin-IIA rods (0—80 #M) were incubated with 8—40 xM
mts1 dimer for ~45 min in storage buffer containing 0.3
mM CaCl, before dilution with 20 mM Tris pH 7.5, 1 mM
DTT, 0.02% NaNj, 0.3 mM CaCl,, and 2.67 mM MgCl,.
Following dilution, the concentration of the myosin-ITA rods
and mts] was 0—20 and 0—10 uM, respectively. Samples
of the mixes and supernatants were analyzed on a 12%
Tricine SDS—polyacrylamide gel, and the staining intensity
of the myosin-IIA was compared with a standard curve of
purified recombinant myosin-ITA rods run on the same gel.

Lietal

The amount of monomeric myosin-IIA in each supernatant
was plotted as a function of the total myosin-IIA. The data
were fitted with the linear equation y = mx + b for the
plateau values of x as described previously (26).

Myosin Assembly Assays. Turbidity, measured in a UV-
2401 PC UV—vis spectrophotometer (Shimadzu Scientific
Instruments, Inc.), was used to monitor the kinetics of
myosin-IIA assembly. Previous studies with skeletal and
Dictyostelium myosin-1I have shown that turbidity is linearly
proportional to the myosin-II concentration and that the
apparent half-times obtained from turbidometric measure-
ments accurately reflect the assembly of 50% of the myosin
into thick filaments (27, 28). For all assays, turbidity was
monitored at 320 nm with a slit width of 2 nm at room
temperature (~25 °C). All buffers were filtered using a 0.22
um filter (Nanopure) and degassed. Polymerization was
induced by a rapid 4-fold dilution of a 2—40 uM solution
of myosin-IIA rods in 20 mM Tris pH 7.5, 0.6 M NaCl, 1
mM DTT, 0.02% NaNj into a buffer containing 20 mM Tris
pH 7.5, 2.67 mM MgCl,, 1 mM DTT, 0.02% NaNj, and 0.4
mM CaCl,, yielding a final concentration of 150 mM NaCl,
2 mM MgCl,, and 0.3 mM CaCl,. To examine the effect of
mts1 on myosin-IIA assembly, 20 uM myosin-IIA rods were
incubated with 2—20 gM mts1 dimer for 30 min in 20 mM
Tris pH 7.5, 0.6 M NaCl, 1 mM DTT, 0.02% NaN3, 0.3
mM CaCl, and then diluted 4-fold to induce polymerization.
The 200 xL samples were prepared by manual dilution and
read in a 50 4L micro cell quartz cuvette for 30 min. The
first reading was taken after the cuvette was returned to the
chamber following dilution. Assembly half-times (#,) were
determined from manual dilution experiments by fitting the
data to a single-exponential y = y, + a(1 — e™%). Fits did
not include data prior to 5 min since the interval between
the manual dilution and the first reading ranged from 1 to 2
min. An overall apparent rate constant for assembly was
derived from the half-time of assembly using the relationship
tp = (Ukapp)(1/[Map]) for second-order reactions (29), where
[M;112] is the concentration of unassembled myosin-II at 7.
For each myosin-IIA rod and mts]l concentration, three to
five independent experiments were performed.

RESULTS

Binding of Mits1 to Cytoskeletal Elements. Mts] has been
reported to bind both myosin-IIA and myosin-IIB (/6) as
well as actin (/8). To assess the specificity of these
interactions, we measured equilibrium dissociation constants
(K3) for mts1 binding to these filamentous proteins. Myosin-
I binding studies were performed at low ionic strength (i.e.,
20 mM NaCl), as these conditions are known to enhance
the stability of the myosin filaments. In contrast with the
observations of Ford et al. (/6), we did not detect any
depolymerization of the myosin-II filaments under the ionic
conditions used to assay mts1 binding (data not shown). Mtsl
displayed a 9-fold higher affinity for myosin-ITA filaments
than for myosin-IIB filaments and also showed a weak Ca?*-
dependent interaction with actin (Table 1, Figure 1). Mtsl
binding to myosin-IT was not detected in the presence of
EGTA, thus demonstrating that the interaction of mts1 with
myosin-II has a strict requirement for Ca?*. The stoichiom-
etry of binding to both myosin-IT isoforms was 1 mol of
mts1 dimer per three dimeric myosin-II rods (0.35 and 0.38
for myosin-ITA and myosin-IIB, respectively). These obser-
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FIGURE 1: Binding of mts! to myosin-II. Mts]1 was cosedimented with either myosin-IIA or myosin-IIB rods at pH 7.5, 20 mM KCl, 2 mM
MgCly, and 0.3 mM CaCl,. The mol of mts] dimer bound/mol of myosin rod was determined for each mtsl concentration.
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FIGURE 2: Mits] promotes the disassembly of preformed myosin-IIA filaments in a Ca?*-dependent manner. (A) SDS—PAGE of myosin-II
disassembly monitored in a standard pelleting assay. At physiological ionic strengths, the myosin-IIA filaments (3 4M) are found predominantly
in the pellet. In the presence of 9 4M mtsl dimer, the disassembled filaments are found in the supernatant. Mtsl had no effect on the
stability of the myosin-IIB filaments. (B) Maximal promotion of disassembly was observed at 1 mol of mts] dimer/mol of myosin-IIA rod.
Assays were performed using a pH 7.5 buffer containing 150 mM KCl, 2 mM MgCl,, and 0.3 mM CaCl,. Values represent the mean and

standard error of the mean for three independent experiments.

Table 1: Relative Affinity of Mts1 for Cytoskeletal Elements?

Ky (uM)
+Ca?t —Ca?*
myosin-I[A 27+£06 not detected
myosin-I[B 23.1+2.7 not detected
F-actin 340+6.2 543 + 274

@ Values represent the mean and standard deviation of the mean for
three to five independent experiments.

vations suggest that close packing of the myosin-II rods in
the filamentous state prevents a 1:1 binding stoichiometry.

Regulation of the Myosin-II Monomer—Polymer Equilib-
rium by Mtsl. Under the conditions of our equilibrium
binding studies, we did not detect any destabilization of the
myosin-II filaments (i.e., the appearance of myosin in the
supernatant with increasing mtsl concentrations). Since
previous studies have suggested that mts1 destabilizes myosin
filaments at moderate ionic strength (50 mM NaCl) (6),
we assessed the ability of Ca?"-bound mtsl to promote
filament disassembly at physiological ionic strengths (i.e.,
150 mM NaCl). At a molar ratio of one mtsl dimer per
myosin-IIA rod, we observed maximal disassembly with
~85% of the myosin-ITA in the supernatant (Figure 2). Over
the range of mts1 concentrations that were used in this assay,
we did not observe any effect on myosin-IIB filaments
(Figure 2A). Since mtsl promoted the disassembly of

preformed myosin-ITA filaments, we next assessed whether
mts] binding had any effect on the assembly of myosin-II
monomers into filaments. At a molar ratio of one mts] dimer
per myosin-IIA rod, we observed maximal inhibition of
assembly with ~77% of the myosin-IIA remaining in the
supernatant (Figure 3). In contrast, mts1 had only a minor
effect on the assembly of myosin-IIB filaments (Figure 3A).
These biochemical studies demonstrate that mts1 shifts the
monomer—polymer equilibrium of myosin-II toward the
monomeric, unassembled state and also suggest that mts]
may preferentially regulate myosin-IIA activity in vivo.

Mapping the Mtsl Binding Site on the Myosin-II4 Rod.
Blot overlay analysis initially implicated the light mero-
myosin region of the myosin rod as containing the mtsl
binding site (16), and additional blot overlays demonstrated
a loss of mtsl binding upon internal deletion of residues
1909—1937 of the myosin-IIA heavy chain (30). To confirm
and extend these studies, we established a quantitative
glutathione-Sepharose pull-down assay to map the mitsl
binding site on the myosin-ITA heavy chain (Figure 4). Mts1
displayed Ca®*-dependent binding to GST-myosin-I[A pep-
tides containing residues 1900—1961, 1909—1940, and
1909—1924 with equilibrium dissociation constants that were
comparable to that observed for binding to the myosin-IIA
rod (Tables 1 and 2) and binding stoichiometries of 0.83,
0.89, and 0.98 mol of mts1 dimer/mol of myosin-ITA peptide,
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FIGURE 3: Mitsl selectively inhibits the assembly of myosin-IIA monomers in a Ca**-dependent manner. (A) SDS—PAGE of myosin-II
assembly monitored in a standard pelleting assay. (A) At physiological ionic strengths, the assembled myosin-IIA filaments (3 M) are
found predominantly in the pellet. In the presence of 9 M mts1 dimer, myosin-IIA oligomerization is inhibited, and the monomers remain
in the supernatant. Mtsl had only a modest effect on the assembly of myosin-IIB filaments. (B) Maximal inhibition of assembly was
observed at 1 mol of mts] dimer/mol of myosin-IIA rod. Assays were performed using a pH 7.5 buffer containing 150 mM KCl, 2 mM
MgCl,, and 0.3 mM CaCl,. Values represent the mean and standard error of the mean for three to six independent experiments.
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FIGURE 4: Mitsl binds residues 1909—1924 of the myosin-IIA
heavy chain. A Coomassie-stained SDS—polyacrylamide gel show-
ing samples of the GST fusion proteins immobilized on glutathione-
Sepharose and bound mtsl. Assays were performed using a pH
7.5 buffer containing 50 mM NaCl and 0.3 mM CaCl,. Mtsl
displays Ca?*-dependent binding to a GST fusion containing
residues 1909—1924 of the myosin-IIA heavy chain. Mts1 showed
weak Ca?*-dependent binding to residues 1917—1932 and residues
1925—1940 of the myosin-ITA heavy chain.

Table 2: Mtsl Binding Site on the Myosin-IIA Rod?

GST-MIIA peptide K4 (uM)
19001961 3.59+0.53
1909—1940 3.111+0.58
1909—1924 6.57 £ 0.84
1917-1932 240 £ 23.0
1925-1940 953+75
GST alone 2961 & 493

4 Values represent the mean and standard deviation of the mean for
three independent experiments.

respectively. Mtsl did not bind to GST alone in either the
presence of Ca®* or the presence of EGTA (Figure 4 and
Table 2).

To confirm that residues 1909—1924 comprise the mtsl
binding site on the myosin-IIA heavy chain, we performed
a competition to assay to determine if GST-myosin-IIA
peptides containing this sequence inhibit the binding of mtsl
to the myosin-IIA rods. The GST-myosin-IIA peptide
containing residues 1925—1940 had no effect on the binding
of mts] to the myosin-IIA rods; however, for GST fusions
containing peptides 1909—1940 and 1909—1924, half-
maximal inhibition occurred at approximately 36 M peptide
(Figure 5). These observations indicate that residues 1909—
1924 of the myosin-IIA heavy chain are sufficient to bind
mtsl.
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FIGURE 5: GST-myosin-IIA peptides containing residues 1909—
1924 of the myosin-ITA heavy chain inhibit the binding of mtsl to
myosin-ITA rods. Competition assays were performed at pH 7.5
in a buffer containing 20 mM NaCl, 2 mM MgCl,, and 0.3 mM
CaCl,; (@) GST-myosin-IIA peptide;gzs— 1940, (0) GST-myosin-IIA
peptide;ooo—1940, and (#) GST-myosin-IIA peptideigge--1924. Values
represent the mean and standard error of the mean for three
independent experiments.

Effect of Mts1 on Steady-State Myosin-IIA Polymerization.
To determine if mts1 affects the critical monomer concentra-
tion for myosin-IIA assembly, we measured the amount of
rod monomer in equilibrium with rod polymer in the absence
and presence of mtsl. At pH 7.5 and 150 mM KCl and 2
mM MgCl,, the amount of soluble myosin-IIA rods plateaued
at 0.20 uM (~30 ug/mL) monomer, indicating that this was
the critical monomer concentration for filament assembly
(Figure 6 and Table 3). This value is consistent with the
critical concentrations observed for the full-length chicken
myosin-IIA (37) and for rod fragments of the chicken smooth
muscle SM-1 isoform (26), which has a nonhelical tailpiece
similar to that found in myosin-ITA (32). In the absence of
mts1, the slope of the plot of the sedimented myosin (C,)
versus the total myosin (C;) was ~1 (Table 3), indicating
that above the critical concentration, the same concentration
of myosin monomer is in equilibrium with polymer. At all
mts] concentrations examined, myosin-IIA polymerization
was inhibited due to a ~11-fold increase in the critical
monomer concentration (Figure 6 and Table 3). In addition,
mts] had a large effect on the amount of myosin-1IA that
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FIGURE 6: Mts] regulates the critical monomer concentration for
myosin-ITA assembly. The critical concentration for the myosin-
IIA rods was assayed at pH 7.5 in 150 mM KCI, 2 mM MgCl,
and 0.3 mM CaCl, in the absence or presence of mtsl. (@) No
added mts1, (W) 2 uM mtsl, (®) 5 kM mits], and (a) 10 zM mts].
Values represent the mean for two to four independent experiments.

Table 3: Effect of Mts1 on the Critical Concentration for
Myosin-IIA Polymerization®

observed critical

Mtsl concentration slope
uM) (uM) C,vs Ce
0 0.20 0.96
2 241 0.89
5 2.18 0.64
10 227 0.10

4 Values represent the mean for two to four independent experiments.

polymerized above this higher critical concentration as plots
of the polymer concentration (C,) versus the total myosin
concentration (C,) yielded slopes <1. The slopes of the C,
versus C; plots were inversely proportional to the mitsl
concentration (Table 3), demonstrating the inhibitory effect
of mts1 on myosin-IIA polymerization.

Effect of Mtsl on the Kinetics Myosin-I1I4 Assembly. We
used continuous turbidity measurements to examine the
kinetics of myosin-IIA assembly (Figure 7A). A plot of #1
versus 1/[M,2], where [M; ] is the concentration of un-
assembled myosin-II at #,, produced a linear fit to the
second-order rate equation #1, = (1/kup)(1/[Map]), which
allowed an overall rate constant (kgs) of 1.37 x 10 M™!
s~! to be calculated for the assembly of the myosin-ITA rods.
This value is considerably slower than the rate constants
obtained for the assembly of full-length skeletal myosin-II
(kobs = 3.3 x 10° M~! s71) (33) and Acanthamoeba myosin-
I (ks > 108 M7 571) (34). The slow assembly of the
recombinant myosin-ITA rods may be attributable to several
causes. The myosin-ITA rods utilized in the present study
comprise only the C-terminal half of the full-length myosin-
IIA rod. Moreover, the rods contain a hexahistidine tag and
a small linker at their N-termini, which may cause fraying
at the N-terminal end of the coiled—coil and thus affect
assembly. However, the assembly kinetics of our myosin-
IIA rods are in fact comparable to the rate constant obtained
for the assembly of full-length Dictyostelium myosin-I1 (ks
= 2.5 x 10* M~! s71) (28). Nevertheless, we were able to
use this assay to examine how mtsl affects the overall rate
constant for myosin-IIA assembly. For 5 uM myosin-IIA
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rods in the absence of mts1, we observed an assembly half-
time () of 8.09 &+ 0.09 min. The addition of mtsl at
concentrations ranging from 0.5 to 1.5 M only increased
the half-time for assembly by 12% (#1, = 9.06 & 0.15 min),
suggesting that at low stoichiometries mts] had little effect
on the overall rate constant for myosin-IIA assembly.
However, at these concentrations, mts1 decreased the amount
of polymerized myosin-II by 17—-55% (Figure 7B). Only at
high molar ratios (i.e., 0.5 mts1 dimers per myosin-IIA rod)
did we observe a significant effect on both the half-time for
assembly (2 = 13.29 £ 0.39 min) and the final extent of
polymerization (Figure 7B).

DISCUSSION

Vertebrate nonmuscle cells express two myosin-II heavy
chain isoforms (A and B) that are well-conserved except for
their extreme C-termini or the so-called nonhelical tailpiece
(23—25). Despite a high level of conservation, myosin-ITA
and myosin-IIB display different enzymatic activities, show
isoform-specific differences in the regulation of their as-
sembly by heavy chain phosphorylation, and exhibit distinct
patterns of localization (35—38), suggesting that the two
isoforms may have unique functional roles in vivo.

For the first time, we have demonstrated quantitative
differences in the interaction of mtsl with the nonmuscle
myosin-II isoforms. In equilibrium binding studies, mts1 had
9-fold higher affinity for myosin-IIA filaments than for
myosin-IIB filaments. We observed a Ky of 2.7 uM for the
binding of untagged mtsl to myosin-IIA rods, which is
roughly comparable with the findings of Ford et al., who
determined an approximate Ky of 12.6 uM for the binding
of a GST-mts] fusion to the full-length myosin-IIA (16).
Moreover, at low ionic strengths, our studies indicated an
approximate stoichiometry of 1 mol of mts1 dimer per three
dimeric myosin-II rods, which differs from the previously
reported stoichiometry of 3 mol of mtsl monomer per
dimeric myosin-II (/6). This discrepancy may be a conse-
quence of the GST-mts] fusion used in earlier studies; since
both mts1 and GST are dimers, the formation of higher order
GST-mts1 aggregates may have complicated the stoichio-
metric determination.

In addition, our studies indicate that at physiological ionic
strengths, mtsl preferentially regulates the monomer—
polymer equilibrium of myosin-IIA. At stoichiometries of 1
mol of mtsl dimer per mol of myosin rod, mts] binding
caused maximal inhibition of both myosin-IIA assembly and
disassembly of preformed myosin-IIA filaments. These
findings contrast with those of Murakami et al., who reported
that maximal inhibition of myosin-IIA assembly as well as
the dissociation of myosin-IIA filaments occurred at stoi-
chiometries greater than 2 mol of mtsl dimer per mol of
myosin rod (39). The reduced activity of the mouse mtsl
used in these earlier studies as compared to the human mts1
used in the present analysis may result from the presence of
an N-terminal hexahistidine tag on the mouse mtsl and/or
the pH 4.0 buffer used to elute protein off of the Ni—NTA
resin.

The intracellular concentration of myosin-II in nonmuscle
cells is ~1 mg/mL or 2 uM (40). Under approximately
physiological conditions in vitro, we determined a critical
monomer concentration of 0.20 4M for the assembly of
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FIGURE 7: Myosin-I[A assembly kinetics in the presence of mtsl. Continuous turbidometric tracings of myosin-IIA assembly. (A)
Representative curves for selected myosin-IIA rod concentrations. (B) Representative curves demonstrating the effect of varying mitsl
concentrations on the assembly of 5 4M myosin-IIA. A concentration of 2.5 #M mts] (0.5 mts1 dimers/1 myosin-IIA rod) almost completely
abolished the assembly of the myosin-IIA rods.
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FIGURE 8: Mits] binding site is adjacent to the assembly competence domain of human myosin-ITA. The assembly competence domain
(ACD) (residues 1869—1897) is shown in bold, and the extended ACD (residues 1858—1920) is shaded in dark gray. The mts! binding site
(residues 1909—1924) is underlined, and the Ser1917 PKC phosphorylation site is marked. We propose that mtsl, whose binding site
partially overlaps the extended ACD, may inhibit myosin-IJA assembly by inducing partial unwinding of the coiled—coil in the ACD or

extended ACD.

myosin-I[A. This finding suggests that most of the myosin-
IIA should be polymerized in the cell; however, our
observation that mts1 increases the critical monomer con-
centration ~11-fold suggests that mts! may function in vivo
as an effective inhibitor of myosin-IIA polymerization. An
examination of the kinetics of myosin-IIA assembly in the
presence of mitsl is consistent with this model. At low
stoichiometries (e.g., 0.1—0.3 mts] dimers per myosin-IIA
rod), mtsl had only a small affect on the half-time for
assembly and predominately affected the final extent of
myosin ITA polymerization. Only at stoichiometric mts]
concentrations did we observe effects on both the half-time
for assembly as well as the amount of myosin-II polymer.
Although the detailed mechanisms by which mts1 modulates
myosin-II polymerization remain to be addressed in future
studies, our observations are consistent with a monomer
sequestration model for the regulation of myosin IIA
assembly by mtsl.

Using a quantitative glutathione-Sepharose pull-down
assay, we identified residues 1909—1924 of the myosin-IIA
heavy chain as comprising the mts1 binding site. This region
maps to the C-terminal tip of the o-helical coiled—coil as
Pro1928 marks the beginning of the nonhelical tailpiece that
is at the very C-terminus of the myosin-IIA heavy chain.
Our observation that mtsl binds a linear sequence of ~16
amino acids is consistent with all other S100 family members
examined to date, which have been shown to bind linear
sequences of 13—22 residues in their protein targets (4/—
44).

The finding that mts] binds to the C-terminal end of the
a-helical coiled—coil provides functional evidence that this
region of the myosin-II rod is important for filament
assembly and is supported by an earlier study, which found
that an antibody that binds to the C-terminal 28 amino acids

of the coiled—coil inhibits filament assembly in vitro, and
deletion of these residues abolishes myosin-II localization
in vivo (45). It is well-established that the highly periodic
myosin-II rod sequence contains a seven-residue heptad
repeat pattern that is characteristic of all coiled—coil
molecules, as well as a 28-residue periodicity with alternating
bands of positively and negatively charged residues (46—
48). These regular, periodic patches of oppositely charged
residues are thought to mediate both parallel and antiparaliel
alignments of the myosin rod during filament assembly.
However, the properties of the rod are not uniform along its
length as studies have shown that it is the C-terminal domain
of the rod that modulates myosin-II assembly and solubility
(49, 50).

A highly conserved 29-residue sequence, termed the
assembly competence domain or ACD, has been identified
as a critical region for myosin-II assembly (Figure 8) (49,
50). A feature of the ACD is its unique charge profile, which
is composed of four central negative charges flanked by two
blocks of positive charges and which is unlike any other 28-
residue repeat present in the coiled—coil of the myosin-II
rod (49). In addition, the sequences immediately flanking
the ACD contain a surprisingly high proportion of large
apolar residues that are predicted to occupy solvent accessible
positions on the coiled—coil (50). These sequences on either
side of the ACD, as well as the ACD itself, have been termed
the extended ACD and are predicted to form a very stable
coiled—coil (50). Interestingly, the mts] binding site overlaps
the C-terminal end of the extended ACD (Figure 8). Since
all S100-target complexes examined thus far indicate that
each monomer binds a single polypeptide chain (41—44),
we predict that each monomer in the mtsl dimer will bind
only one strand on the myosin-II coiled—coil. However, since
the ligand binding sites in the mts1 dimer have an antiparallel
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orientation relative to one another (22), we do not expect a
single mts1 dimer to bind both strands of the coiled—coil in
a myosin-II monomer, but rather mts1 could cross-link two
myosin-II monomers in an antiparallel orientation. Further-
more, if mtsl binds to only one strand on the myosin-II
coiled—coil, this binding interaction could prevent filament
assembly by inducing partial unwinding of the coiled—coil
in the ACD or extended ACD.

Last, in addition to the regulation of the mts1—myosin-
IIA interaction by calcium, there is a PKC phosphorylation
site at Ser-1917, which is contained within the mts1 binding
site on the myosin-IIA heavy chain (57) (Figure §). Although
phosphorylation by PKC is known to regulate the assembly
of myosin-IIB, myosin-IIA assembly is not regulated by
heavy chain phosphorylation (37, 52). We propose that
myosin-IIA heavy chain phosphorylation, and in particular
PKC phosphorylation, is a mechanism for regulating the
binding of mts1 to myosin-IIA. This is supported by a recent
study showing that a 9-fold molar excess of mts1 decreased
the ability of PKC to phosphorylate the heavy chain of
platelet-purified myosin-IIA by 50% (30). However, since
(i) both the RLC and the heavy chain of myosin-II are PKC
substrates (51, 53) and (ii) mts1 was phosphorylated by PKC
in this study (30), the regulation of the mtsl—myosin-ITA
interaction by heavy chain phosphorylation should be
reexamined in quantitative studies that also evaluate the
functional consequences of myosin-IIA heavy chain phos-
phorylation on the ability of mts1 to promote the monomeric,
unassembled state.
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Appendix 3: Abstract presented at the American Society for Cell Biology meeting, Dec
13-17 2003, San Francisco, CA.

Mts1 Regulates the Assembly of Nonmuscle Myosin-llA. Z-H Li, A Spektor, O
Varlamova and AR Bresnick. Department of Biochemistry, Albert Einstein College of
Medicine, Bronx, NY 10461.

Mts1, a member of the Ca*-regulated S100 family of proteins, has been characterized
as a metastasis factor and is thought to regulate the motility and invasiveness of cancer
cells. Previous studies have shown that one of mts1's binding targets is nonmuscle
myosin-Il. To further understand the molecular mechanisms by which mts1 regulates
nonmuscle myosin-ll function, we conducted a series of biochemical analysis. In a
standard pelleting assay, mts1 had a 9-fold higher affinity for myosin-llA filaments than
for myosin-1I1B filaments. At stoichiometric levels, mts1 inhibited the assembly of myosin-
IIA monomers into filaments and promoted the disassembly of myosin-1lA filaments into
monomers; however, mts1 had little effect on the assembly properties of myosin-IIB.
Using a glutathione-Sepharose pull-down assay, we have demonstrated that mts1 binds
to residues 1909-1924 of the myosin-IlA heavy chain, which is near the C-terminal tip of
the a-helical coiled-coil. The observation that mts1 binds a linear sequence of ~16 amino
acids is consistent with other S100 family members, which bind linear sequences of 13-
22 residues in their protein targets. In addition, mts1 increased the critical monomer
concentration for myosin-lIA filament assembly by approximately 11-fold. Kinetic
assembly assays indicated that the elongation rate and the extent of polymerization
depend on the initial myosin-1lA concentration; however, mts1 had only a small affect on
the 4/, for assembly and predominately affected the extent of myosin HA polymerization.
Altogether these observations are consistent with mts1 regulating myosin IIA assembly
by monomer sequestration. Our findings suggest that mts1 regulates cell shape and
motility by modulating myosin IIA filament assembly. Current studies are addressing how
mts1 activity regulates myosin-IIA function in vivo.



Appendix 4: Abstract submitted for the American Society for Cell Biology meeting, Dec
4-8 2004, Washington, DC. '

Modulation of Myosin-lIA Function with an Antibody against the Mts1 Binding Site.
Z-H Li and AR Bresnick. Department of Biochemistry, Albert Einstein College of
Medicine, Bronx, NY 10461.

Mts1, a member of the Ca*-regulated S100 family of proteins, has been characterized
as a metastasis factor and is thought to regulate the motility and invasiveness of cancer
cells. In previous studies, we demonstrated that mts1 specifically binds to nonmuscle
myosin-llA on residues 1909-1924 of the heavy chain and regulates myosin-llA
assembly. To generate a reagent that has comparable effects on myosin-llA assembly
and motor activity as mts1, we prepared a polyclonal antibody to the mts1 binding site
on the nonmuscle myosin-lIA heavy chain. Immunoblots with affinity purified antibodies
demonstrate that the antibody specifically recognizes purified, recombinant myosin-l1A
rods and recognizes the full-length myosin-IlA heavy chain in whole cell lysates. In
addition, the antibody immunoprecipitates myosin-1lA, but not myosin-lIB from a Hela
whole cell lysate. Both mts1 and the mts1 binding site antibody inhibit the actin-
activated ATPase activity of human myosin-IIA by approximately 50%. Using a standard
pelleting assay, we demonstrate that at a molar ratio of 3:1 (antibody per myosin-II1A
rod), the mts1 binding site antibody disassembles pre-existing myosin-lIA filaments to
the same extent as mts1. At a molar ratio of 2:1 (antibody per myosin-lIA rod), the mts1
binding site antibody inhibits the assembly of myosin-IlA filaments comparable to mts1.
Altogether these data indicate that the mts1 binding site antibody elicits the same effects
on myosin-lIA assembly and activity as mits1. To establish a direct link between the
regulation of myosin-llA by mts1 and cellular motility, microinjection experiments with the
mts1 binding site antibody in paired mts1 over-expressing and non-expressing cell lines
and analysis of cellular protrusion and directional migration are in progress.
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between localized, transient activation of mts1 and the regulation of specific myosin-II assemblies during
directed motility. Altogether, this information will be leveraged to establish a complete biochemical
model for mts1-mediated regulation of myosin-II function during cellular motility.
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