THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 43, pp. 33265-33280, October 22, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Mammalian Tropomodulins Nucleate Actin Polymerization
via Their Actin Monomer Binding and Filament Pointed

End-capping Activities™

Received for publication, May 14, 2010, and in revised form, June 18,2010 Published, JBC Papers in Press, July 21,2010, DOI 10.1074/jbc.M110.144873

Sawako Yamashiro®', Kaye D. Speicher®, David W. Speicher®, and Velia M. Fowler**

From the *Department of Cell Biology, The Scripps Research Institute, La Jolla, California 92037 and the SCenter for Systems and
Computational Biology, The Wistar Institute, Philadelphia, Pennsylvania 19104

Many actin-binding proteins have been shown to possess
multiple activities to regulate filament dynamics. Tropomodu-
lins (Tmod1-4) are a conserved family of actin filament pointed
end-capping proteins. Our previous work has demonstrated
that Tmod3 binds to monomeric actin in addition to capping
pointed ends. Here, we show a novel actin-nucleating activity in
mammalian Tmods. Comparison of Tmod isoforms revealed
that Tmod1-3 but not Tmod4 nucleate actin filament assembly.
All Tmods bind to monomeric actin, and Tmod3 forms a 1:1
complex with actin. By truncation and mutagenesis studies, we
demonstrated that the second a-helix in the N-terminal domain
of Tmod3 is essential for actin monomer binding. Chemical
cross-linking and LC-MS/MS further indicated that residues in
this second a-helix interact with actin subdomain 2, whereas
Tmod3 N-terminal domain peptides distal to this a-helix inter-
act with actin subdomain 1. Mutagenesis of Leu-73 to Asp,
which disrupts the second a-helix of Tmod3, decreases both its
actin monomer-binding and -nucleating activities. On the other
hand, point mutations of residues in the C-terminal leucine-rich
repeat domain of Tmod3 (Lys-317 in the fifth leucine-rich
repeat 3-sheet and Lys-344 or Arg-345/Arg-346 in the C-termi-
nal a6-helix) significantly reduced pointed end-capping and
nucleation without altering actin monomer binding. Taken
together, our data indicate that Tmod3 binds actin monomers
over an extended interface and that nucleating activity depends
on actin monomer binding and pointed end-capping activities,
contributed by N- and C-terminal domains of Tmod3, respec-
tively. Tmod3 nucleation of actin assembly may regulate the
cytoskeleton in dynamic cellular contexts.

Dynamic assembly and disassembly of actin filaments are
essential for establishing functional actin networks to execute
various cellular phenomena. Regulation of actin dynamics at
the filament ends, where polymerization and depolymerization
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occur, is crucial for rearrangement of the actin cytoskeleton.
Although the concentration of monomeric actin in cells is in
excess of the critical concentrations for assembly at both
barbed and pointed ends, actin polymerization occurs predom-
inantly at fast growing barbed ends (1, 2). Indeed, the actin
barbed end-binding drug cytochalasin D inhibits many cellular
phenomena, including cell migration, cell adhesion, and endo-
cytosis (3-5). Six actin-nucleating proteins, including Arp2/3,
formins, spire, cordon-bleu, leiomodin 2 (Lmod2), and JMY,
have been described and play important roles in enhancing
actin polymerization from barbed ends of filaments in vivo
(6—11). It appears that each of these proteins has a unique
mechanism for actin nucleation. Arp2 and Arp3 subunits of the
Arp2/3 complex are thought to template a new actin filament
from the side of a preexisting filament and to anchor the
pointed end of the growing filament (12). Formin homology 2
domains of formin family proteins form homodimers and sta-
bilize an actin dimer that resembles the actin short pitch dimer
in the filament model, suggesting a distinct templating mecha-
nism (13). Spire, cordon-bleu, and JMY contain tandem G-ac-
tin-binding WH2 motifs, thereby tethering multiple actin
molecules into an oligomer that acts as a nucleus (8 -10). Leio-
modin2 (Lmod2), a member of the tropomodulin (Tmod)?
actin filament pointed end capping protein family, shares the
domain organization of Tmods but contains a C-terminal
extension of ~150 amino acids that includes an actin-binding
WH2 domain (11, 14). Lmod2 is a potent nucleator of actin
polymerization, and both the Tmod-related and WH2 domains
are necessary for this activity (11). In addition to these actin-
nucleating proteins, a recent study has demonstrated that vin-
culin is capable of nucleating actin assembly in low ionic
strength buffer conditions, but the mechanism of actin nucle-
ation by vinculin and its physiological significance are unclear
(15). The diversity of the mechanisms among these proteins
demonstrates that independently evolved proteins have devel-
oped distinct ways of achieving the important nucleation func-
tion, which are presumably optimized for controlling actin net-
works in various cellular situations.

Tmods are a conserved family of actin filament pointed end-
capping proteins. There are four Tmod isoforms (Tmod1-4),
each of which is expressed in a tissue-specific fashion (16).

3 The abbreviations used are: Tmod, tropomodulin; LRR, leucine-rich repeat;
EDC, 1-ethyl-2-(3-dimethylaminopropyl)-carbodiimide; sulfo-NHS, sulfo-
N-hydroxylsulfosuccinimide; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; Bicine, N,N-bis(2-hydroxyethyl)glycine.
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Tmod1, which has been studied most extensively, and Tmod3
are expressed in a wide variety of tissues, whereas expression of
Tmod2 and Tmod4 is restricted to neuronal tissues and skeletal
muscle, respectively (14, 16 —18). Tmods cap the pointed ends
of actin filaments (19, 20) and also bind to tropomyosin and cap
pointed ends of tropomyosin-decorated actin filaments with an
affinity more than 1000-fold greater than for bare pointed ends
(19, 20). In vivo, Tmods play critical roles in regulating actin
dynamics in a wide variety of cytoskeletal structures that are
each uniquely modulated (16). Tmod1 is best known for pro-
moting actin filament assembly and regulating filament lengths
in myofibrils of striated muscles (21-24). More recent studies
show that Tmod1 also controls actin filament lengths and sta-
bility in the spectrin-based membrane skeletons of lens fiber
cells (25) and red blood cells (68). Tmod3 is associated with
lateral membranes of polarized epithelial cells where it stabi-
lizes actin filaments and maintains cell height (26). Tmod3 is
also associated with dynamic actin filaments in the leading
lamellipodia and ruffles of migrating endothelial cells, where it
negatively regulates rates of cell migration (27). However, the
actin filament pointed end-capping activity of Tmods, which is
their best characterized property, may be insufficient to inter-
pret these various experimental phenotypes.

Tmods contain two distinct major domains (see Fig. 54) (16).
First, the unstructured N-terminal domain contains three func-
tional a-helices and caps the pointed ends of tropomyosin-dec-
orated actin filaments(Fig. 5A4) (20, 28, 29). The first a-helix in
the chicken Tmodl N-terminal domain (residues 24 —35) has
been experimentally identified by NMR spectroscopy (28). The
second (residues 65—75 in chicken Tmod1) and third (residues
126-135 in chicken Tmod1) a-helices have been identified by
secondary structure prediction analysis (29, 30). The first and
third a-helices bind to tropomyosin (28, 29), and the second
a-helix is suggested to cap actin filament pointed ends in a
tropomyosin-dependent manner, based on elimination of these
functionalities by predicted a-helix disrupting mutations
(28, 30). The N-terminal domain of Tmod3 can also bind to
monomeric actin and sequester it from polymerization (31).
However, Tmod3 contains no sequence similarities to any
known actin monomer-binding proteins, including the WH2
domain, actin-depolymerizing factor-homology domain, profi-
lin domain, and the actin monomer-binding linker found in
JMY and spire (9, 32). Therefore, how Tmod3 binds to actin is
still unclear, as is the relationship of monomer binding to tro-
pomyosin binding or actin capping, and to Tmod functions
in vivo.

Second, the C-terminal half of Tmods is compact, folded, and
composed of a series of leucine-rich repeats (LRRs) with an
associated C-terminal a-helix (a6) that contains a tropomyo-
sin-independent actin pointed end-capping activity (Fig. 54)
(20). Our previous study demonstrated that the a6-helix is crit-
ical for tropomyosin-independent actin pointed end-capping
by chicken Tmod1 (20). However, which residues in the C-ter-
minal domain of Tmod are essential for pointed end capping
remains unclear. In addition to these activities, our previous
studies have shown that chicken Tmodl and human Tmod3
can promote actin assembly with different efficiencies in vitro,
suggesting that Tmods may have actin-nucleating activity (20,
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31). However, which domains are responsible and how Tmods
promote actin polymerization have not yet been investigated.

In this study, we show that mammalian Tmod1-3 nucleate
actin filament assembly. By characterizing truncated fragments
and point mutations of Tmod3, we found that the actin-
nucleating activity of Tmods depended on two distinct actin-
binding activities. The first is actin monomer-binding activity,
conferred by a-helix2 in the N-terminal domain, which is con-
served among all Tmod isoforms that we tested. The second is
actin pointed end-capping activity, conferred by the B-sheet of
the fifth LRR and a6-helix in the C-terminal domain, which is
conserved among Tmod1l, Tmod3, and Tmod4 (20, 27). These
biochemical results suggest a mechanistic model for actin
nucleation by Tmods and provide new insights into the inter-
action between the N- and C-terminal domains of Tmods with
the pointed end of actin monomers and filaments.

EXPERIMENTAL PROCEDURES

Construction of cDNAs and Expression of Recombinant Tmod
Proteins—Full-length mouse Tmod3 and Tmod4 were inserted
in-frame in the pGEX-KG vector so as to code for a fusion
protein with glutathione S-transferase (GST) on the N-terminal
end of Tmod3 and Tmod4. Site-specific mutations were gener-
ated by the two-step PCR protocol (33) or a QuikChange™
mutagenesis kit (Stratagene) using pGEX-KG-mouse Tmod3
as a template. cDNAs encoding GST fusion proteins with vari-
ous Tmod3 fragments were inserted in the BamHI and EcoRI
sites in the linker region of the pGEX-KG vector using the PCR
with appropriate primers and pGEX-KG mouse Tmod3 as a
template. The primers used are shown in supplemental Table 1.
The entire Tmod3 and Tmod4 coding region of each plasmid
was sequenced to confirm the presence of introduced muta-
tions and the absence of PCR-induced errors. GST fusion
Tmod3 and Tmod4, mutant Tmod3, and Tmod3 fragments
were expressed in BL21 Escherichia coli and purified as
described previously (20, 34). Protein concentrations were
determined spectroscopically as described in Table 1 or by
using a BCA protein assay kit (Pierce).

Proteins—Rabbit skeletal muscle actin was prepared from
acetone powder as described previously (35). Pyrene-labeled
actin was prepared and stored as described previously (36).
Prior to use in assays, actin was dialyzed several times against
freshly prepared buffer A (2 mm Tris, pH 8.0, 0.2 mm CaCl,, 0.2
mM ATP, 1 mm DTT) and then centrifuged for 1 h at 148,000 X
g to remove minor amounts of aggregated material. Gelsolin
was a gift from J. Bryan (Baylor College of Medicine, Dallas, TX)
and was prepared as described previously (37). Protein concen-
trations were determined for actin and gelsolin by absorption at
290 or 280 nm with E,o, = 249 mMm ' cm™ ' and E,z, = 150
mm ' ecm Y, respectively (19).

Fluorescence Assays for Actin Polymerization—To measure
actin nucleation, 4 uMm of G-actin (8% pyrenyl) was converted to
Mg?>*-actin as described previously (38), and then the indicated
concentrations of Tmodl-4, Tmod3 fragments, or mutant
Tmod3 were added and incubated for 1 min. Polymerization
was then initiated by the addition of one-tenth volume of 10X
polymerizing buffer (200 mm Hepes, pH 7.5, 1 m KCl, 20 mm
MgCl,, 2 mm DTT, 5 mm ATP, 10 mm EGTA). Fluorescence
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measurements (excitation = 366.5 nm and emission = 407 nm)
were made using a Fluoromax 3 fluorimeter (Jobin Yvon, Edi-
son, NJ). To assay for barbed end elongation, 0.6 uMm G-actin
(8% pyrenyl) was polymerized in the presence or absence of 50
nM Tmod3 or 5 nM cytochalasin D. The concentration of barbed
ends was calculated from the elongation rate (measured by the
rate of polymerization, where 50% of monomers were polymer-
ized) as described previously (20, 39).

Measurements of elongation rates at the pointed end were
performed using 2.5 um G-actin (8% pyrenyl) and 10 nMm gelso-
lin-capped actin filaments (gelsolin/actin, 1:10) as nuclei for
polymerization as described previously (19, 20). Capping activ-
ity for Tmod3 wild type, mutant proteins, and fragments were
obtained from the initial elongation rates, measured directly
from the slopes of the polymerization traces over the first 1 min.
Rates in the presence of increasing concentrations of Tmod
(100 nm to 1 um) were divided by the rate for actin in the
absence of Tmod, giving a rate/control rate. The theoretical
elongation rates were calculated using the two equations to
describe Tmod3 binding to actin monomers (Equation 1) and
to describe the rate of actin elongation at pointed ends (Equa-
tion 2), where K, is the rate constant for association of ATP-
actin subunits at the pointed end = 1.3 um™ ' s~ (39).

K, for Tmod3 binding to G-actin = ([G-actin],,; — [G-actin
— Tmod3])([Tmod3],, — [G-actin:Tmod3])/[G-actin:Tmod3]

(Eq.1)

rate of polymerization = [pointed ends][K , - [G-actin]]

(Eq.2)

Assuming that Tmod3 possesses only G-actin-binding and -se-
questering activities, we calculated a theoretical pointed end
elongation rate as follows. First, the concentrations of the G-ac-
tin-Tmod3 complex were calculated using Equation 1, where
the K, for Tmod3-actin monomer binding was K, = 0.51 um
(31), total G-actin = 2.5 um, and total Tmod3 = 100 nM to 1 um
as described above. The rate of polymerization in each assay
was then calculated using Equation 2, where [pointed ends] =
10 nMm (the concentration of the pointed ends of gelsolin-capped
actin seeds in this assay), K, = 1.3 um (39), and [G-actin] =
total [G-actin] (2.5 uM) — [G-actin-Tmod3 complex]. Because
the concentration of pointed ends (10 nm) and the association
rate of actin for pointed ends (1.3 um) are stable in Equation 2,
the theoretical rate of polymerization is in direct proportion to
[G-actin] if Tmod3 does not cap the pointed end.

Actin Cross-linking Assays—Cross-linking of G-actin and
Tmod3 was performed as described previously (31) with slight
modifications. Briefly, G-actin and wild-type or mutant Tmod3
were exchanged into a buffer containing 5 mm Hepes, pH 7.5,
and 0.1 mm CaCl, using Zeba Spin Desalting Columns (Pierce).
G-actin and Tmod3 were combined ata 1:1 molar ratio at 10 um
each and then incubated for 20 min with 1 mm of EDC (Pierce)
and 1 mm of sulfo-NHS (Pierce) at room temperature. Follow-
ing addition of 10 mm hydroxylamine to stop the reaction, sam-
ples were separated by SDS-PAGE (40) using various percent
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acrylamide as indicated in figures. Gels were stained with Coo-
massie Brilliant Blue R-250 (Sigma).

Nondenaturing PAGE—Nondenaturing PAGE was per-
formed as described by Safer (41). G-actin and Tmodl-4,
Tmod3 fragments, or Tmod3 mutants at indicated concentra-
tions were incubated in buffer A for 20 min at room tempera-
ture. The samples were then supplemented with 0.25 volume of
a loading buffer (50% glycerol, 0.05% bromphenol blue) and
electrophoresed using a Bicine/triethanolamine buffer system.
The proteins were visualized by staining with Coomassie Bril-
liant Blue R-250.

Gel Filtration Assays—G-actin alone, Tmod3 alone, or the
mixture of G-actin and Tmod3 at indicated concentrations
were incubated in buffer A for 20 min on ice and then centri-
fuged for 20 min at 285,000 X g to remove aggregates. The
samples were characterized by a Superdex 200HR 10/30 col-
umn (GE Healthcare) in buffer A. The elution profiles were
determined from absorption at 280 nm using a Monitor
UV-900 (GE Healthcare). In each assay, 0.5-ml fractions were
collected and subjected to SDS-PAGE.

In-gel Trypsin Digestion and LC-MS/MS—The cross-linking
reaction between G-actin and Tmod3 or Tmod3-(43-189)
fragment was performed as described above. Reaction mixtures
were separated on 10% BisTris NuPAGE gels (Invitrogen) with
MOPS running buffer (Invitrogen), and gels were stained with
colloidal blue staining kit (Invitrogen). The bands of interest
were excised and digested in gel as described previously (42)
using modified trypsin (Promega). Locations of cross-linked
residues were determined using LC-MS/MS on an LTQ
Orbitrap XL mass spectrometer (Thermo Fisher Scientific),
equipped with a NanoLC™ pump and autosampler (Eksigent
Technologies). Tryptic peptides were separated by RP-HPLC
on a PicoFrit® (New Objective) 75-um inner diameter X 15-cm
nanocapillary column packed with 5 um of MAGIC C18 resin
(Michrom BioResources). Solvent A was 0.1% formic acid in
Milli-Q® water (Millipore), and solvent B was 0.1% formic acid
in acetonitrile. Peptides were eluted at 300 nl/min using an
acetonitrile gradient consisting of 3—28% solvent B over 40 min,
28 —=50% solvent B over 25.5 min, 50 — 80% solvent B over 5 min,
and 80% solvent B for 5 min before returning to 3% solvent B in
2 min. The LTQ-Orbitrap mass spectrometer was set to per-
form a full MS scan (m/z 400-2000) in the Orbitrap at a reso-
lution of 60,000 for the MS scan. The six most intense ions
exceeding a minimum threshold of 1,000 were selected for
MS/MS in the linear ion trap using an isolation width of 2.5 Da.
Monoisotopic precursor selection was disabled, and singly- as
well as doubly-charged ions were excluded from MS/MS anal-
ysis. lons subjected to MS/MS were excluded from repeated
analysis for 45 s.

Identification of Cross-linked Peptides—Cross-linked and
noncross-linked control proteins were analyzed in parallel
using LC-MS/MS. For data analysis, the LC-MS patterns for the
control and cross-linked sample were compared using Rosetta
Elucidator software (version 3.2) (Rosetta Biosoftware) to iden-
tify all features unique to the cross-linked sample. Features are
discrete mass/charge (m/z) ions detected throughout the
HPLC. MH™ values for all remaining features that had a charge
of >2 were then compared with the MH™ for all theoretical
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cross-linked peptides, which were calculated using either
GPMAW version 8 or custom software written in-house, which
served the same function as GPMAW but was more efficient.
Ions specific to cross-linked samples and within 5 ppm of a
theoretical cross-linked peptide were selected for further anal-
ysis. The Fuzzy Ions program in the SEQUEST Browser soft-
ware (Thermo Fisher Scientific) and de novo sequencing were
used to verify cross-linked peptides and to identify specific
amino acid residue positions involved in the cross-links. In
cases where the available MS/MS spectra could not distinguish
between closely spaced candidate cross-link sites, all possible
cross-link sites were indicated (see “Results”).

RESULTS

Mammalian Tmods Promote Spontaneous Actin Poly-
merization—Qur previous studies have shown that chicken
Tmod1l promotes actin polymerization weakly at micromolar
concentrations, whereas human Tmod3 enhances actin poly-
merization strongly at nanomolar concentrations (20, 31). To
compare directly the effects of Tmod isoforms on actin poly-
merization, first we examined the kinetics of spontaneous actin
polymerization in the presence of recombinant mammalian
Tmodl-4 (Fig. 1A4). In pyrenyl-actin polymerization assays,
50-400 nm Tmod1-3 accelerated 4 um actin polymerization to
similar extents (Fig. 14). On the other hand, Tmod4 had no
effect on spontaneous actin polymerization, even at concentra-
tions up to 1 um (Fig. 1A and data not shown). Because our
previous studies showed that neither Tmodl nor Tmod3
enhance actin elongation from free barbed or pointed ends of
pre-formed actin seeds (19, 31), we concluded that the ability of
Tmod1-3 to promote spontaneous polymerization was due to
enhancement of filament nucleation.

Tmodl and Tmod2 exhibited increasing actin-nucleating
activity in a dose-dependent manner at the tested concentra-
tions, and the effect of Tmod2 on actin polymerization was
saturated at >200 nM (Fig. 1A4). Although Tmod3 enhanced the
initial rate of polymerization in a dose-dependent manner up to
200 nu, the rate of polymerization at 400 nm Tmod3 was some-
what less than at 200 nm (Fig. 1A), which can be attributed to
the monomer-sequestering activity of Tmod3 that we demon-
strated previously (also see below) (31). Although the lag phase
of polymerization was shortened in the presence of Tmod1-3,
it was not eliminated even at the highest concentrations tested.
This suggests that Tmods promote actin assembly most likely
by stabilizing spontaneously forming actin nuclei.

Next, we calculated the concentrations of actin filament free
barbed ends in these assays (Fig. 1B). Note that actin assembles
from barbed ends in the presence of Tmods as we describe
in the next paragraph. We found that Tmod2 exhibited the
strongest actin nucleation activity with 200—-400 nm Tmod2
increasing the concentration of barbed ends up to 4-5-fold
when compared with polymerization of actin alone. Tmod1l
and Tmod3 showed similar efficiencies at actin nucleation with
200-400 nM Tmod1l or Tmod3 increasing the concentration of
barbed ends up to 3—4-fold when compared with polymeriza-
tion of actin alone. As expected, Tmod4 had no effect on the
concentration of barbed ends.
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Because Tmods cap the pointed ends of actin filaments, we
predicted that in these experiments, actin assembles from the
free barbed ends of actin nuclei stabilized by Tmods. To test
this prediction, we measured the kinetics of 0.6 uMm actin
polymerization in the presence of Tmod3 or the barbed end-
binding drug cytochalasin D. Because the critical concentration
at the pointed end is 0.6 uM, actin assembles from barbed ends
only at this concentration (1). In the control experiment with
actin alone, actin assembled slowly (Fig. 1C, black line). Addi-
tion of 5 nM cytochalasin D effectively inhibited polymeriza-
tion, confirming that actin assembly predominantly occurred at
barbed ends under this condition (Fig. 1C, red line). On the
other hand, addition of 50 nm Tmod3 led to a significant accel-
eration of polymerization, indicating that Tmod3-induced
actin polymerization occurs at the barbed ends (Fig. 1C, blue
line).

All Mammalian Tmods Are Capable of Binding to Mono-
meric Actin—Binding to monomeric actin is a common prop-
erty of most actin nucleators (43). We showed previously that
human Tmod3 and rat Tmod2 bound G-actin, whereas chicken
Tmodl and Tmod4 did not (31). The N-terminal domain of
Tmod3 contains G-actin-binding activity (31), but no known
G-actin-binding motifs are found in either Tmod2 or Tmod3
(32). Therefore, we introduced point mutations in the N-termi-
nal half of Tmod3 to identify which residues in Tmod3 are
essential for G-actin binding. Using an alignment of Tmod
isoform sequences (supplemental Fig. S1), we selected and
mutated eight residues that are conserved in mammalian
Tmod2 and Tmod3, but different from chicken Tmodl and
Tmod4. We also introduced four mutations (L29G, L73D,
L134D, and L138V) that were reported previously to disrupt
each of the three functional a-helices in N-terminal half of
Tmod3 (supplemental Fig. S1) (29, 30, 44). We tested the ability
of Tmod3 mutant proteins to bind G-actin by performing
chemical cross-linking assays with the zero-length cross-linker,
EDC/sulfo-NHS, followed by SDS-PAGE and Coomassie
staining. In control assays, actin and Tmod3 proteins were indi-
vidually reacted with EDC/sulfo-NHS, and these proteins
appeared as single bands (Fig. 2B). When actin and wild-type
mouse or human Tmod3 were mixed, they formed a complex
with apparent molecular mass of 80 —160 kDa (Fig. 24), consis-
tent with our previous report (31). Unexpectedly, each of the
Tmod3 mutant proteins in which residues unique to Tmod2
and Tmod3 had been targeted could be cross-linked to G-actin,
similar to wild-type Tmod3 (Fig. 2A). Mutations in the first
(L29G) and the third (L134D and L138V) helices in the Tmod3
N-terminal domain also had no effect on cross-linking to G-ac-
tin (Fig. 2A). However, the mutation of Leu-73 in a-helix2 to
aspartic acid significantly decreased the formation of the actin-
Tmod3 complex (Fig. 24). This mutation is likely to cause a
localized disruption in a-helix2 rather than a general disrup-
tion of Tmod3 structure. Previous studies have shown that
chicken Tmod1-L71D, which corresponds to mouse Tmod3-
L73D, exhibits decreased tropomyosin-dependent actin-cap-
ping activity, while retaining binding to tropomyosin via the
adjacent a-helix1 and a-helix3, similar to wild-type Tmod1 (30,
45). Moreover, the C-terminal LRR domain is distinct from the
N-terminal domain and does not depend on the N-terminal
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FIGURE 1. Mammalian Tmod1-3 promote spontaneous actin polymerization, whereas Tmod4 does not. A, human Tmod1 (hTmodT), rat Tmod2 (rTmod2),
mouse Tmod3 (mTmod3) or mouse Tmod4 (mTmod4) were mixed with 4 um G-actin (8% pyrenyl), and salts were added to initiate polymerization. Kinetics of
actin polymerization were monitored by increased pyrenyl-actin fluorescence, as described under “Experimental Procedures.” B, concentration of barbed ends
as a function of increasing hTmod1 (black line), fTmod2 (orange line), mTmod3 (red line), or mTmod4 (blue line) concentrations. The concentration of barbed
ends was calculated from the polymerization rate when 50% of monomers were polymerized, as described under “Experimental Procedures.” Data shown are
mean * S.D. of three experiments. C, actin assembles from barbed ends in the presence of mTmod3. Actin (0.6 uMm; 8% pyrenyl) was assembled in the presence
of 5 nm cytochalasin D (CD; red line) or 50 nm mTmod3 (blue line). Actin-only control is shown with the black line. AU, arbitrary units.

domain for folding (20, 46 —48). Because Leu-73 in a-helix2 is
conserved among all chicken and mammalian Tmod isoforms
(supplemental Fig. S1), G-actin binding may be a common
property of all Tmod isoforms.

To verify the G-actin-binding ability of Tmod isoforms, we
examined the interaction of Tmods with G-actin using nonde-
naturing PAGE as described by Safer (41). In our previous
study, G-actin-binding ability was compared among chicken
Tmodl, rat Tmod2, human Tmod3, and chicken Tmod4 using
a steady state pyrene assay for critical concentration (Table 1)
(31). In this study, in addition to these Tmod isoforms, mouse
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Tmod3 and mouse Tmod4 were also tested. Because the amino
acid sequence of human Tmodl is 97% identical to mouse
Tmod]1, and the amino acid sequence of rat Tmod2 is 99% iden-
tical to mouse Tmod2, human Tmod1 and rat Tmod2 are con-
sidered to be equivalent to mouse Tmod1l and mouse Tmod2.
When G-actin and each Tmod were mixed, the actin band
became fainter or disappeared entirely as increasing concentra-
tions of Tmods were added (Fig. 3A4). On the other hand, when
G-actin was mixed with Tmod2, a new band indicative of a
complex was detected (Fig. 34). The disappearance of the actin
band is likely due to a shift up to form a slower mobility Tmod-
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FIGURE 2. a-Helix disrupting mutation L73D in «-helix2 eliminates
Tmod3 cross-linking to G-actin, whereas mutations in the other N-ter-
minal domains of Tmods do not. A, G-actin (8 um) was mixed with wild-
type human Tmod3 (huTmod3-WT), wild-type mouse Tmod3 (mTmod3-
WT), or mutant mTmod3 proteins at an equal molar ratio and incubated at
room temperature with EDC/sulfo-NHS for 20 min. The samples were ana-
lyzed by SDS-PAGE on 12% acrylamide gels and stained with Coomassie
Blue. B, control. Actin and Tmod3 proteins were incubated separately with
EDC/sulfo-NHS and subjected to electrophoresis as in A.

G-actin complex, whereas the Tmod-G-actin complexes (with
the exception of the G-actin-Tmod2 complex) appeared to
migrate at the same mobility as Tmods alone (Fig. 34). Thus, we
could not resolve the Tmod-actin complex from that of the
Tmodl, Tmod3, or Tmod4 alone. All Tmods that we tested
bound to G-actin, suggesting that G-actin-binding activity is
conserved among vertebrate Tmod isoforms. However, not all
Tmods were the same. Densitometric analysis of the free
(unshifted) G-actin bands showed that both human and mouse
Tmod3 exhibited the strongest G-actin-binding activity, in that
50% of 4 um actin formed a complex at Tmod3 concentrations
~2 uM, whereas the other Tmod isoforms, Tmod1, Tmod2, and
Tmod4, bound G-actin with lower efficiencies, in that 50% of 4
uM actin formed a complex at Tmod concentrations greater
than 3.5 um (Fig. 3B). These results disagree with our previous
report that G-actin binding is a unique characteristic of Tmod3
(31). It is most likely that the higher affinity of Tmod3 for bind-
ing to G-actin led to the misinterpretation of data in our previ-
ous study.

Tmod3 Forms a 1:1 Complex with G-actin—To determine the
stoichiometry of the Tmod3-G-actin complex, we analyzed the
complex by gel filtration chromatography using a Superdex
200HR column equilibrated with a low ionic strength buffer

33270 JOURNAL OF BIOLOGICAL CHEMISTRY

(see “Experimental Procedures”). The molecular weight of
Tmod3 (39,600 Da) is close to that of G-actin (42,000 Da), and
their elution profiles are similar when chromatographed indi-
vidually (Fig. 44, red, blue, and brown lines, respectively). Note
that the UV absorption of G-actin at 280 nm is much greater
than equimolar amounts of Tmod3. When Tmod3 was mixed
with G-actin in a 1:1 molar ratio, the elution profile revealed
that the peak was shifted toward earlier fractions as compared
with each individual protein (Fig. 44, green line). SDS-PAGE
analysis of the eluted fractions showed that the peak fraction
contained both Tmod3 and G-actin (Fig. 4B, panel d). Densito-
metric analysis showed that the ratio of band intensities of
actin/Tmod3 was 1:0.91 in the peak fraction (Fig. 4B, panel d),
suggesting that Tmod3 and G-actin form a complex with a 1:1
molar ratio. When Tmod3 was mixed with a 2-fold excess
amount of G-actin, the elution profile had two major peaks (Fig.
4A, purple line). The position of the earlier eluting peak in this
mixture corresponded to that of the peak in the 1:1 mixture of
Tmod3 and G-actin, whereas the later eluting peak corre-
sponded to the free G-actin and Tmod3 peaks (Fig. 4A4). Using
SDS-PAGE, we found that the earlier eluting peak fraction con-
tained both Tmod3 and actin, with a ratio of actin/Tmod3 of
1:1.13 (Fig. 4B, panel €). On the other hand, the later eluting
peak contained the excess G-actin, corresponding to the peak
of G-actin alone and contained only the actin band (Fig. 4B,
panel e). These results show that Tmod3 binds to G-actin in a
1:1 molar ratio, because these proteins co-eluted in the earlier
peak, whereas excess G-actin eluted in the later peak.

To test whether the inability of the Tmod3-L73D mutant to
be chemically cross-linked to actin (Fig. 2) was due to impaired
G-actin binding, we investigated the binding of this mutant to
G-actin by gel filtration. Addition of an equal concentration of
Tmod3-L73D to actin did not change the elution profile of
G-actin alone (Fig. 44, orange line). This result indicates that
the binding affinity of Tmod3-L73D to G-actin has been greatly
reduced, which agrees with the results of our cross-linking
assay (Fig. 24). Thus, we conclude that Leu-73 is critical for
Tmod3 binding to G-actin.

Tmod3 Requires Both N- and C-terminal Domains for Its
Nucleating Activity—To determine which domain(s) of Tmod3
are responsible for its actin-nucleating activity, we character-
ized the effects of recombinant Tmod3 fragments on actin
nucleation and G-actin binding. A schematic of these frag-
ments is shown in Fig. 54, where the domain structure of
Tmod3 is based on data from experiments on Tmodl. Frag-
ments 1-92 and 43-189 contain the second a-helix (a-helix2)
that includes Leu-73. Fragment 150-352 contains the con-
served LRR domain, and fragment 1-325 lacks 27 C-terminal
residues that have been reported to be critical for the pointed
end-capping activity of the C-terminal domain of Tmod1 (20).
As described previously, the C-terminal LRR domain does not
depend on the N-terminal domain for folding (20, 46—48),
indicating that the Tmod3 fragment 150-352 maintains the
folded structure of the C-terminal domain. On the other hand,
it has been demonstrated that the chicken Tmod1 fragments
1-92 and 109-144 bind to tropomyosin (30, 45), and the
chicken Tmod1 fragment 1-92 caps the pointed ends of tropo-
myosin-coated actin fragments (45). Thus, the fragments 1-92,

S
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TABLE 1
Summary of recombinant Tmods used in this study and their activities

Shown are molecular weights, pI values, extinction coefficients, nucleating activity, G-actin binding activity, and actin filament pointed end capping activity. The
abbreviations used are as follows: +, yes; —, no; weak, weakened activity; n.d., not determined.

G-actin binding activity

Steady state

Tiad M ol Absy Nucleating Cross-  Nondenaturing- fing:{on pyrene assay :(:ii?t;?;g?fr
! LR activity linking PAGE for critical :

assay concentration ~ C2PPing P-end)
(T}IIE;‘;L) 41367 503 0532 + n.d. 5 n.d. n.d. +(0.18 uM) ®
E:?iiiin) 41,542 496 0353 weak® B % n.d. = +(0.11 uM)*
(Trzi’dz 40388 534 0.148 T A, + i, weak® mdl.
(Tnlfofii) 39.647 5.02  0.191 % & g + n.d. +(0.18 uM)
gﬁgﬁl) 40492 508  0.187 +° e ++ n.d. +° +(0.17 uM) &
(Tn‘:;‘il‘i) 40,158 476 0517 - n.d. + n.d. n.d. n.d.
Tmod4 ¢ f
(chicken) 39054 491 0312 n.d. n.d. ¥ n.d. : +(0.08 uM)
Tmod3 fragment and mutant
1-92 10.719 454 0512 - n.d. - n.d. n.d. n.d.
43-189 16,417 472 0.280 ; + —+ n.d. n.d. :
150-352 23.024  7.05  0.065 : n.d. : n.d. n.d. n.d.
1-325 36577 476 0207 s n.d. -+ n.d. n.d. n.d.
L73D 39.649 497  0.191 - - - - n.d. n.d.
L134D 39.649 497  0.191 + + + n.d. n.d. +
L138V 39633 5.02  0.191 + + ++ n.d. n.d. n.d.
K317A 39,590 4.97 0.191 weak n.d. ++ n.d. n.d. weak
K344A 39.590 497  0.191 weak n.d. = n.d. n.d. weak
RR345/346AA 39477 492  0.192 : n.d. e n.d. n.d. weak

“ Molecular weights for purified recombinant proteins are shown, including vector- derived sequence.

? Data are from Fowler et al. (20).
¢ Data are from Fischer et al. (31).
4 Data are from Weber et al. (19).
¢ Data are from Fischer et al. (27).
/Data are from Weber et al. (66) and Almenar-Queralt et al. (18).
£V. M. Fowler, unpublished data.

43-189, and 1-325 we tested were predicted to maintain the
functional structure of the a-helices. Each of the purified
recombinant Tmod3 fragments had the expected molecular
weights, based on separation using SDS-PAGE (Table 1 and
Fig. 5B).

First, we tested the ability of Tmod3 fragments to bind G-ac-
tin using nondenaturing PAGE. As shown above in Fig. 3, full-
length Tmod3 formed a complex with G-actin, as evident by the
gradual disappearance of the actin band as the concentration of
full-length Tmod3 increased (Fig. 5C, red dot). Although frag-
ment 1-92 contains Leu-73, the intensity of the actin band was
not diminished, indicating that 1-92 did not form a complex
with G-actin (Fig. 5C, red dot). On the other hand, when G-ac-
tin was mixed with fragment 43—189, which also contains Leu-
73, the intensity of the actin band decreased (Fig. 5C, red dot),
and a third band, which represents the complex, appeared (Fig.
5C, green dot). Fragment 1-325, which completely encom-
passes residues 43—189, also formed a complex with G-actin
similar to fragment 43-189 (Fig. 5C). On the other hand, the
C-terminal fragment 150-352 did not form a complex with
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actin, as the intensity of the actin remained unchanged in the
presence of increasing amounts of 150-352 (Fig. 5C, red dot).
These results indicate that residues 43—189 of Tmod3, which
includes a-helix2, are sufficient for binding G-actin.

Next, to investigate the relationship of monomer binding to
nucleation, we tested the ability of these Tmod3 fragments to
nucleate actin polymerization in a pyrene-actin polymerization
assay. Although full-length Tmod3 enhanced actin polymeri-
zation as shown in Fig. 14, none of the Tmod3 fragments
enhanced actin polymerization, including 1-325 or 43-189
which can bind monomers (Fig. 5D). Taken together, these
results demonstrate the following: 1) both the N- and C-termi-
nal domains are necessary for actin nucleation by Tmod3; 2) the
G-actin-binding region of Tmod3 (residues 43-189) is not
sufficient for actin nucleation, and 3) the 27 residues at the C
terminus of Tmod3 (residues 326 —352) are necessary for actin
nucleation.

Tmod3 Binds to G-actin over an Extended Interface—To
identify interaction sites on G-actin and Tmod3, we performed
chemical cross-linking with EDC/sulfo-NHS followed by mass
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FIGURE 3. Vertebrate Tmod isoforms bind to G-actin with different efficiencies. A, interaction between
G-actin and various Tmod isoforms was examined by nondenaturing PAGE. Tmod alone (2, 4, and 8 um), and 4
M G-actin with Tmod (0, 2, 4, and 8 um) were incubated for 20 min at room temperature, and samples were
analyzed by nondenaturing PAGE on 10% acrylamide gels. In the presence of both proteins, the band of actin
became less intense as the concentration of Tmod increased, indicating formation of a complex. B, concentra-
tion of each Tmod isoform required for more than 50% of 4 um actin to form a complex was determined by a

densitometric analysis of the actin bands and is indicated.

spectrometry to identify the resulting cross-linked peptides
(49). Full-length Tmod3 or the Tmod3 fragment 43-189 and
G-actin were incubated with EDC/sulfo-NHS, and then the
resulting reaction products were separated by BisTris NuPAGE
(see “Experimental Procedures”). Two slower migrating cross-
linked bands with apparent molecular masses of 75-100 kDa
were observed only when full-length of Tmod3 and G-actin
were mixed with EDC/sulfo-NHS, consistent with Fig. 2 and
our previous report (Fig. 64) (31). Similarly, Tmod3 fragment
43-189 formed a complex with G-actin also displaying two
bands, but with apparent molecular masses of ~60 kDa (Fig.
6A). We performed in-gel trypsin digestion for each cross-
linked band and matching uncross-linked protein followed by
nanocapillary HPLC-tandem mass spectrometry (LC-MS/MS).
Detailed analysis of LC-MS/MS datasets to identify inter-chain
cross-links were initially focused on the Tmod-(43-189)-actin
complex. When high confidence cross-links were identified in
this sample, the full-length Tmod/actin dataset was evaluated
to confirm that the same cross-link occurred in this larger pro-
tein complex. The full-length Tmod/actin data were not inde-
pendently searched for cross-links unique to this larger com-
plex due to the far greater complexity of the full-length Tmod/
actin LC-MS/MS datasets and the difficulty in identifying
cross-linked peptide spectra with existing software tools.
These analyses identified six sets of Tmod-actin cross-linked
peptides that involved five regions of Tmod and three regions of
actin (Table 2). In two of the cross-linked complexes, the
Tmod3 cross-linked sites (Glu-74 and Glu-79) are located in or
near Tmod3 «-helix2 (residues 67-77), supporting our data
from characterization of the Tmod3-L73D mutant that indi-
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links will only form between resi-
dues that are within salt bridge dis-
tances. Finally, Tmod3 Lys-94 is
also cross-linked to either actin
Glu-99 or Glu-100. Evaluation of
the actin crystal structure shows
that the side chains of actin Asp-24
and Glu-100 are ~15 A apart (Fig.
6C). Because lysine and acidic side
chains are highly flexible, it is feasible for residues that are up to
10 A apart to form cross-links when EDC/sulfo-NHS is used.
Therefore, it is possible for both indicated actin sites to form
independent cross-links with Tmod3 Lys-94, if the Tmod3
Lys-94 is positioned between these two acidic actin residues as
schematically illustrated in Fig. 6C. Because Tmod3-(43-189)
forms cross-links with sites in actin subdomains 1 and 2 (Fig.
6B), it is apparent that the G-actin-binding region of Tmod3
interacts with G-actin over an extended interface.

Both the G-actin-binding and Pointed End-capping Activities
of Tmod3 Are Necessary for Actin Nucleation—To determine
more precisely which region of Tmod3 is necessary for actin
nucleation, we examined the effect of Tmod3 mutant proteins
on pyrene-actin polymerization. The schematic in Fig. 54
shows the locations of the Tmod3 residues that we
mutagenized. In addition to the Tmod3-L73D mutant, which
exhibits decreased G-actin-binding activity (Figs. 2 and 4), we
selected two other mutants (L134D and L138V) whose muta-
tions are located in a-helix3 located in the G-actin-binding
region (residues 43-189). Both Tmod3-L134D and Tmod3-
L138V cross-link to G-actin in a cross-linking assay (Fig. 2), and
the L134D and L138V mutations disrupt a-helix3 in Tmod],
thereby abolishing tropomyosin-binding activity (29, 44). We
also introduced one or two point mutations in four C-terminal
Tmod3 residues (K317A, K344A, and R345A/R346A) that are
highly conserved among Tmod isoforms (Figs. 54 and 9B) and
located on the molecular surface based on the crystal structure
of the C-terminal half of chicken Tmod1 (50).

Tmod3-L134D and L138V nucleated actin polymerization,
creating new free barbed ends in a similar manner as wild-type
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FIGURE 4. G-actin and Tmod3 form a 1:1 complex in gel filtration chroma-
tography. Indicated concentrations of G-actin, Tmod3, or a mixture of G-ac-
tin and Tmod3 were loaded on a Superdex 200HR column and eluted in a low
ionic strength buffer. A, elution profiles. B, SDS-PAGE analysis of eluted frac-
tions. The fractions marked “A:T” correspond to a Tmod3-actin complex that
elutes as the first major peak from the column. The peaks of unbound G-actin
(A) and Tmod3 (T) were also indicated. The asterisk in the elution profile indi-
cates a small peak at the void volume present in the actin samples that may
represent low amounts of seeds in the actin preparations. mAU, milli-absor-
bance units.

Tmod3, indicating that a-helix3 of Tmod3 is not necessary for
its actin-nucleating activity (Fig. 7, A, C, and D). On the other
hand, the other four mutant proteins (L73D, K317A, K344A,
and R345A/R346A) exhibited significantly decreased actin-nu-
cleating activity (Fig. 7, B and E-G). Tmod3-L73D and R345A/
R346A had no detectable effect on actin polymerization,
whereas Tmod3-K317A and K344A exhibited weak actin-nu-
cleating activity in a concentration-dependent manner (Fig. 7,
B and E-G). The effects of Tmod3-K317A and K344A on the
concentration of new barbed ends were only ~1.3- and ~1.8-
fold greater than the actin-only control, respectively, at the
highest concentration tested (Fig. 7H). This is significantly
weaker than wild-type Tmod3, which induced an ~3.2-fold
increase in the concentration of barbed ends compared with the
actin-only control (Fig. 7H).
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Next, we examined the interaction of the Tmod3 C-terminal
mutants (K317A, K344A, and R345A/R346A) and the N-termi-
nal mutants (L73D, L134D, and L138V) with G-actin using
nondenaturing PAGE. As first shown in Figs. 3 and 5, the inten-
sity of the actin band decreased as the concentration of wild-
type Tmod3 increased (supplemental Fig. S4). Increasing
amounts of Tmod3-L73D did not form a complex with G-actin
(supplemental Fig. S4), corroborating our previous results from
cross-linking and gel filtration assays (Figs. 24 and 4). The other
five mutant proteins all formed complexes with G-actin, based
on diminution of intensity of the actin band upon increasing
concentrations of the mutant Tmods, indicating that these
mutant proteins have intact G-actin-binding activity (sup-
plemental Fig. S4). Because Tmod3-L73D was unable to bind
G-actin or to nucleate actin assembly, these two activities
appear to be related. However, the three C-terminal mutant
proteins (K317A, K344A, and R345A/R346A) bind G-actin
normally (Fig. 8) but show decreased actin-nucleating activity
(Fig. 7). Therefore, in contrast to a-helix2 containing Leu-73,
the C-terminal residues of Tmod3 contribute to actin nucle-
ation without contributing to G-actin binding.

Our previous study showed that 38 residues at the C termi-
nus of chicken Tmod1 were critical for actin pointed end-cap-
ping in the absence of tropomyosin (20). Based on these results,
we sought to determine whether or not the pointed end-cap-
ping activity of Tmod3 is linked to its actin-nucleating activity.
To address this, we tested the pointed end-capping ability of
wild-type and mutant Tmod3 proteins by measuring actin
elongation rates from gelsolin-capped actin seeds (19, 20).
Wild-type Tmod3 inhibited elongation from the pointed ends
of gelsolin-capped actin filaments in a concentration-depen-
dent manner, as expected, with 4 maximum inhibition at
~0.18 uMm (Fig. 8, closed circle). On the other hand, all three
C-terminal mutants (K317A, K344A, and R345A/R346A) were
less effective at inhibiting actin polymerization from pointed
ends (Fig. 8, open circle, triangle, and square, respectively). The
extent of pointed end-capping by wild-type Tmod3 plotted in
Fig. 8 appeared to have an exponential dependence on Tmod
concentration, whereas the plots for the Tmod3 C-terminal
mutants appeared to have a relatively linear dependence on
Tmod concentration. One possible explanation is that G-actin
sequestration by Tmod3 may contribute to inhibition of actin
elongation in these assays, accounting for the apparent pointed
end-capping activity of Tmod3 C-terminal mutants that can
still bind actin monomers (supplemental Fig. S4).

To address this possibility, we estimated the concentration of
the G-actin-Tmod3 complex in each assay by using the K, value
of human Tmod3 for G-actin binding (~0.51 um) that was
determined previously from Tmod3 inhibition of G-actin bind-
ing to thymosin-B4 (31). We subtracted the concentration of
the G-actin-Tmod3 complex from the total G-actin concentra-
tion, and we then calculated a theoretical polymerization rate
assuming that Tmod3 possesses only G-actin-binding and -se-
questering activity but does not cap pointed ends (also see
“Experimental Procedures”) (Fig. 8, closed diamond with
dashed line). The theoretical rate was close to the rate measured
in the presence of the Tmod3-(43-189) fragment (Fig. 8, closed
triangle with dashed line), which is a minimal fragment that
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FIGURE 5. Tmod3 fragments containing residues 43-189 bind to G-actin but do not promote actin polymerization. A, schematic diagram of structural

domains of Tmod3 based on data from Tmod1, locations of Tmod3 fragmen

ts, and sites of mutations for proteins analyzed in Figs. 7-9. B, Coomassie

Blue-stained gel of recombinant Tmod3 fragments. 0.5-ug amounts of each fragment were electrophoresed on a 12% SDS-polyacrylamide gel. C, nondena-
turing PAGE analysis of G-actin binding to full-length Tmod3 or Tmod3 fragments at indicated concentrations, as in Fig. 3. Red dots, actin. Blue dots, Tmod3

fragment. Green dots, G-actin-Tmod3 fragment complex. D, effects of Tmod3 fra

bound G-actin but did not nucleate actin assembly, suggesting
that the theoretical values were accurate. The polymerization
rate in the presence of each Tmod3 C-terminal mutant was less
than predicted for a Tmod3 that can only sequester monomers,
thus indicating that the Tmod3 C-terminal mutants still pos-
sess some residual pointed end-capping activity. Importantly,
Tmod3 R344A exhibited the strongest pointed end capping
(Fig. 8, opened triangle) and actin nucleating (Fig. 7) activities of
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gments on spontaneous actin polymerization, as in Fig. 1. AU, arbitrary units.

the three C-terminal mutants, providing further evidence that
these two activities of Tmod3 are correlated.

DISCUSSION

In this study, we demonstrate that mammalian Tmod1-3 all
nucleate actin assembly, creating free barbed ends. Our data
characterizing truncated fragments and point mutations of
Tmod3 suggest that two distinct actin-binding activities of
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FIGURE 6. Sequence identification of chemically cross-linked peptides between Tmod3 and G-actin indi-
cates the N-terminal domain of Tmod3 interacts with actin subdomains 1 and 2. A, full-length Tmod3 (left)
or Tmod3 fragment 43-189 (right) was incubated with G-actin in the presence or absence of EDC/sulfo-NHS.
The resulting samples were analyzed by 10% BisTris NUPAGE. Each upper band (U) and lower band (L) of
cross-linked bands was analyzed by a combination of in-gel trypsin digestion and LC-MS/MS. B, Schutt actin
model (Protein Data Bank code 2BTF (67)), with the position of lysine residue (K61 in red) cross-linked with
Tmod3-(69-75)- or -(76 - 81)-peptide, aspartic acids (D24 in yellow and D25 in cyan) cross-linked with Tmod3-
(52-58)-,-(94-96)-,-(94-101)-,-(95-101)-, or-(164-172)-peptide, and glutamic acids (E99in orange and E100in
gray) cross-linked with Tmod3-(94-96)-peptide are shown. Actin subdomains (/-/V) are also indicated. C, dis-
tance between actin residues Asp-24 (yellow) and Glu-99 (orange) is about 15 A. A Tmod residue Lys-94 (blue)
located between these two residues as illustrated would be within cross-linking distance of both sites as

observed in the current cross-linking experiments.

Tmod3 support its actin-nucleating activity. The first is G-ac-
tin-binding activity, which is present in the mostly unstruc-
tured N-terminal domain utilizing residues between 43 and 189
in Tmod3, and the other is actin filament pointed end-capping
activity, conferred by residues in the B-sheet of fifth LRR and
a6-helix in the folded C-terminal domain.

Seven types of actin-nucleating proteins have been described
as follows: Arp2/3 (7), formins (51), spire (10), cordon-bleu (8),
Lmod2 (11), JMY (9), and vinculin (15). Compared with most of
these other actin-nucleating proteins, the actin-nucleating
activity of Tmod1-3, which increases the rate of polymeriza-
tion up to 3-5-fold, is relatively weak. The activated Arp2/3
complex is the strongest of these actin nucleators as it enhances
the nucleation rate up to several thousandfold at nanomolar
concentrations (52). Spire, cordon-bleu, and JMY exhibit simi-
lar degrees of actin-nucleating activity, increasing the nucle-
ation rate ~10-fold at nanomolar concentrations (8 —10). Fif-
teen formin proteins identified in mammals exhibit a wide
range of actin-nucleating activities with most formin proteins
showing stronger activity than Tmodl-3 (51). However,
because formins promote both nucleation and elongation pro-
cesses during actin assembly (53), it is difficult to compare their
activity directly to Tmods using the data that we collected using
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B-end

Tmod3 E74, E79 bulk pyrenyl-actin polymerization
assays. The effect of vinculin on the
rate of nucleation has not yet been
demonstrated (15).

The retention of a lag phase of
polymerization in the presence of
Tmod1-3 suggests that Tmod1-3
accelerate actin assembly but do not
bypass nuclei formation (Fig. 1).
Indeed, Tmod3 forms a 1:1 complex
with G-actin (Fig. 4), which is differ-
ent from the stoichiometry of spire,
cordon-bleu, and JMY that bind
multiple G-actins via their tandem
WH2 domains, thereby bypassing
the nucleation process starting from
G-actin  (8—-10). Therefore, we
hypothesize that Tmods promote
actin assembly by stabilizing spon-
taneously forming actin nuclei in a
similar manner to actin assembly
induced by CapZ, an actin filament
barbed end-capping protein (54,
55). CapZ, which caps barbed ends
of actin filaments, but does not have
G-actin-binding activity, promotes
actin assembly with nanomolar con-
centrations (54, 55). However,
importantly, Tmods are also differ-
ent from CapZ in that actin assem-
bles from free barbed ends in the
presence of Tmods (Fig. 10C),
whereas CapZ stabilizes actin nuclei
which polymerize from pointed
ends (56).

Tmods share their domain organization with Lmod2, which
contains a Tmod-like unstructured N-terminal domain fol-
lowed by a Tmod-like C-terminal LRR domain in the first ~340
residues of Lmod2 that are ~40% identical and ~60% similar to
Tmods (11, 14). Lmod2 further contains a C-terminal extension
with ~150 amino acids that include a polyproline region, two
predicted helical structures, and a WH2 domain (11, 14). Due to
the presence of this WH2 domain in its C-terminal extension,
Lmod2 shows much stronger actin-nucleating activity than
Tmods, and it increases the nucleation rate up to several thou-
sandfold at nanomolar concentrations, similar to the activated
Arp2/3 complex (11, 52). However, the Lmod?2 fragment 1-342
containing the Tmod-related domains increases the nucleation
rate only ~9-fold (11), which is relatively similar to the actin-
nucleating activities of Tmod1-3. Thus, Tmod1-3 and the
Tmod-related domains of Lmod2 might nucleate actin assem-
blyin a similar manner. Future studies to characterize the G and
F-actin-binding sites and affinities of the Tmod-like regions of
Lmod2 will be required to investigate this question.

Actin Monomer Binding by Tmod—Characterization of the
Tmod3 L73D mutant revealed that the predicted a-helix2 (res-
idues 67-77) in the G-actin-binding region (residues 43—-189)
of Tmod3 is necessary for both the G-actin binding and actin-

Tmod3
K53, K94, K96, K169

JOURNAL OF BIOLOGICAL CHEMISTRY 33275



Mammalian Tropomodulins Nucleate Actin Assembly

TABLE 2
Identification of peptide cross-links between Tmod3 and G-actin

Cross-linked Peptides®

Mass

Tmod Gel Observed Error

Construct Band MH+ " (ppm)
43-189 Upper 2201.11475 3 2.9
43-189 Lower 2201.11499 3 3.0
43-189 Lower 2201.11133 4 1.3
Full Length Lower 2201.11060 4 1.0
43-189 Lower 2061.00220 3 1.3
43-189 Upper 2061.00098 3 0.7
Full Length Lower 2061.00391 3 2.1
43-189 Upper 1289.65955 3 0.1
43-189 Upper 1888.04248 3 0.7
43-189 Lower 1759.94897 4 0.1
Full Length Lower 1289.65930 3 0.3
Full Length Lower 1888.04382 4 0.3
43-189 Upper 1790.87781 4 0.1
43-189 Lower 1790.88013 3 1.2

Full Length Lower

43-189 Upper 1975.00403 4 0.5
43-189 Upper 1975.00659 3 1.7
43-189 Lower 1975.00403 4 0.5
43-189 Lower 1975.00671 3 1.8
Full Length Lower 1975.00708 3 2.0
Full Length Lower 1975.00305 4 0.1
43-189 Upper 2269.25879 3 1.7
43-189 Lower 2269.25879 3 1.7
43-189 Lower 2269.25586 4 0.4
43-189 Lower 2269.25488 5 0.1
Full Length Lower 2269.25854 3 1.6

Accurate Mass Precursor Ion confirmed®

Tmod Actin
LLSYLEK (74) DSYVGDEAQSKR (61)
LLSYLEK (74) DSYVGDEAQSKR (61)
LLSYLEK (74) DSYVGDEAQSKR (61)
LLSYLEK (74) DSYVGDEAQSKR (61)
QALEHK (79) DSYVGDEAQSKR (61)
QALEHK (79) DSYVGDEAQSKR (61)
QALEHK (79) DSYVGDEAQSKR (61)
KGK (94) AGFAGDDAPR (24/25
KGKIFIPK (96) AGFAGDDAPR (24/25
GKIFIPK (96) AGFAGDDAPR (24/25
KGK (94) AGFAGDDAPR (24/25
KGKIFIPK (96) AGFAGDDAPR (24/25
QKNQTSK (53) AGFAGDDAPR (24/25)
QKNQTSK (53) AGFAGDDAPR (24/25)
FPNVVKGEK (169) AGFAGDDAPR (25)
FPNVVKGEK (169) AGFAGDDAPR (25)
FPNVVKGEK (169) AGFAGDDAPR (25)
FPNVVKGEK (169) AGFAGDDAPR (25)
FPNVVKGEK (169) AGFAGDDAPR (25)
FPNVVKGEK (169) AGFAGDDAPR (25)
KGK (94) VAPEEHPTLLTEAPLNPK(99/100)
KGK (94) VAPEEHPTLLTEAPLNPK(99/100)
KGK (94) VAPEEHPTLLTEAPLNPK(99/100)
KGK (94) VAPEEHPTLLTEAPLNPK(99/100)
KGK (94) VAPEEHPTLLTEAPLNPK(99/100)

“ Cross-linked residues are highlighted in boldface type, and residue numbers based on full-length protein sequence without extra residues from cloning are shown in
parentheses. When MS/MS spectra could not distinguish between adjacent candidate cross-link sites, both sites are highlighted.

bz = charge state of precursors in MS scan.

¢ Cross-linked peptide confirmed by the presence of expected precursor ion at correct retention time using an extracted ion chromatogram with a 5 ppm mass error window; no

ms/ms spectra were triggered.

nucleating activities of Tmod3. Residues 74 and 79 in Tmod3
a-helix2 and immediately following this helix are in direct con-
tact with G-actin because they were cross-linked to the actin
peptide residues 51-62 in subdomain 2, which is the exposed
domain on pointed ends of actin filaments. Previous studies
suggest that this a-helix2 of Tmodl is required for high affinity
capping of actin filament pointed ends (K, ~ 50 p™) in a tro-
pomyosin-dependent manner (29, 30). These data suggest that
a-helix2 of Tmod3 could interact with an identical site located
in subdomain 2 of G-actin and at the pointed end of tropomy-
osin-coated actin filament.

Characterization of the G-actin-binding ability of the Tmod3
fragments also indicated that residues distal to a-helix2 in the
N-terminal domain (residues 93-189) are also required for
interaction with G-actin, because Tmod3 fragment 1-92 exhib-
its no G-actin-binding activity (Fig. 5C). This is supported by
the observation that Tmod Lys-53, Glu-74, Glu-79, Lys-94, Lys-
96, and Lys-169 all cross-link to G-actin residues in both sub-
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domains 1 and 2, indicating that the G-actin-binding region of
Tmod3 interacts with G-actin over an extended interface (Fig.
6B and Table 2). In our previous study, we had identified two
potential G-actin-binding sites in human Tmod3 based on
tryptic digestion and peptide mapping by LC/MS analysis of an
EDC/sulfo-NHS cross-linked G-actin-Tmod3 complex (31).
However, the previous study was only able to identify the dis-
appearance of peptides upon cross-linking rather than direct
identification of cross-linked products because that study used
a less sensitive low mass accuracy mass spectrometer. In con-
trast, this study exploited the high sensitivity and high mass
accuracy of an LTQ Orbitrap mass spectrometer along with
improved data analysis strategies and focused on the more
informative high confidence identification of cross-linked res-
idues rather than the disappearance of peptides upon cross-
linking. In the previous study, the two Tmod peptides that were
observed to disappear upon cross-linking were residues 31—40
and 149-169. The first peptide is not present in the mouse
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exhibited similarity to the C-termi-
nal end of thymosin-B4 (sup-
plemental Fig. S6). Thymosin-B4 is
a conserved and abundant actin-se-
questering protein with a molecular
mass of about 5 kDa (57). Chemical
cross-linking, NMR spectroscopy,
and crystallographic studies have
shown the C-terminal helix of thy-
mosin- 34 interacts with the inter-
face between actin subdomains 2
and 4 (58-60). Although the pre-
cise actin residues that interact with
thymosin- 34 do not match the actin
subdomain 2 peptide cross-linked
to a-helix2 of Tmod3, it is attractive
to speculate that thymosin-B4 and
Tmod3 might share convergent
structural features for binding in
similar but nonidentical sites of sub-
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FIGURE 7. Mutational analysis shows that a-helix2 in the N-terminal domain and the C-terminal tail of
Tmod3 are both required to promote actin polymerization. A-G, effect of Tmod3 mutant proteins on
spontaneous pyrenyl-actin polymerization was analyzed as in Fig. 1A. H, concentration of barbed ends as a
function of increasing wild-type and mutant Tmod3 concentrations. The concentration of barbed ends was
calculated as in Fig. 1B. Data shown are means of two independent experiments. AU, arbitrary units.

Tmod-(43—-189), which was the focus of the current cross-link-
ing analysis. The human Tmod peptide-(149 —169) identified in
the previous study overlaps the mouse Tmod peptide-(164 —
172) containing Lys-169, which is shown to be cross-linked to
actin Asp-25 in this study and is conserved in both the mouse
and human proteins. Therefore, the disappearance of the
human-(149 —169)-peptide upon cross-linking in the previous
study was most likely due to the formation of the Tmod Lys-
169-actin Asp-25 cross-link observed in this study.

We could not find any linear sequence similarities either in
the G-actin-binding region of Tmod3 or in its entire sequence
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ping by Tmod—The C-terminal half
(residues 160-344) of chicken
Tmodl-(1-359) has been crystal-
lized and is composed of a series of
five LRRs, each consisting of an
a-helix/B-sheet pair, followed by a sixth a-helix («6) (50) (Fig.
9A). This C-terminal structure is conserved among all Tmods,
and following the a6-helix each Tmod isoform has a unique
C-terminal tail with a distinct length (Fig. 9B). The truncation
of the C-terminal a6-helix and/or the C-terminal tail of chicken
Tmod1 reduces pointed end-capping activity (20). Based on
analysis of the crystal structure, Kreiger et al. (50) proposed a
docking model for the Tmod1 C-terminal fragment 160 —344 at
the actin filament pointed end. In this model, the positively
charged B-surface of the LRR of Tmod1 interacts with the neg-
atively charged actin helix Ala-181 to Glu-195, placing the tip of
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FIGURE 8. Tmod3 K317A, K344A, and R345A/R346A mutations in the
C-terminal domain reduce ability of actin filament pointed end-cap-
ping by Tmod3. Inhibition of pointed end elongation by wild-type
Tmod3, Tmod3 mutants, or Tmod3 fragment 43-189 is plotted as the
initial rate of elongation in the presence of Tmod3 mutants or the frag-
ment, divided by the initial rate of elongation for actin alone (rate/control
rate) as a function of concentration of Tmod3 or fragments. Row data of
each assay is shown in supplemental Fig. S5. Wild-type Tmod3 (closed
circle), Tmod3-K317A (open circle), K344A (open triangle), R345A/R346A
(open square), Tmod3 fragment 43-189 (closed triangle with dashed line),
and the theoretical model (c/losed diamond with dashed line) assume that
Tmod3 possesses only G-actin-binding activity.

the a6-helix at the entrance of the major groove of the actin
filament. The cluster of basic residues (RKRR; residues 340 —
343 in Tmod1, see Fig. 9B) at the C-terminal end of the a6-helix
is proposed to interact with the highly negatively charged
groove on the actin filament, and a hydrophobic region further
up this a6-helix is proposed to interact with the hydrophobic
“plug” on actin. Our mutational analysis with Tmod3-K344A
and R345A/E346A mutants strongly supports this model,
because mutations in this cluster of basic residues (RKRR) of
the a6-helix of Tmod3 effectively reduce the pointed end-cap-
ping activity (Fig. 8). Interestingly, mouse Tmod4 has two glu-
tamine substitutions for these basic residues and a very short
C-terminal tail (Fig. 9B). Therefore, it is possible that mouse
Tmod4 has a weaker affinity for the pointed end of the actin
filament compared with the other Tmod isoforms, resulting in
alack of significant actin-nucleating activity. In addition, muta-
tion of Lys-317 in the B-sheet of the fifth LRR (Fig. 8) also
reduces the pointed end activity. Although our previous study
showed that chicken Tmod1 fragment 1-322 containing the
LRRs did not interact with the actin filament pointed end (20),
the LRRs may play a role in positioning the a6-helix relative to
actin, as proposed in the docking model, but themselves bind to
actin with weak affinity. The other possibility is that Lys-317 is
critical for folding the a6-helix and/or the C-terminal tail.
Additional mutational studies in the LRRs and structural anal-
ysis of the Tmod3 mutant proteins are required for further pro-
gress in defining the molecular interaction of the C-terminal
actin-capping domain of Tmod with the actin filament pointed
end.

Actin Nucleation by Tmods—Based on our results and the
previous studies on the interaction between Tmods and actin as
described above, we propose a mechanistic model of actin
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nucleation by Tmod1-3 (Fig. 9C). First, we expect that Tmod
could form a 1:1 complex with G-actin in a low salt buffer via
the N-terminal G-actin-binding region. Next, after polymeriza-
tion is initiated by adding salts, a free G-actin interacts with the
G-actin already bound to Tmod, forming an “actin dimer.”
Finally, the C-terminal pointed end-capping region of Tmod
binds to the pointed end of the “actin dimer,” thereby stabiliz-
ing it as a nucleus for polymerization (Fig. 9C, model I). Alter-
natively, the C-terminal pointed end-capping region of
Tmod may bind to the pointed end of a spontaneously
formed actin dimer, independent of the G-actin molecule
bound by the N-terminal domain Tmod. Then the three
actin molecules bound to Tmod may rearrange and form an
actin trimer that is stabilized when Tmod caps its pointed
end (Fig. 9C, model II). Additional experiments will be
required to gain more insight into the actin nucleation
mechanism by Tmods. Comparison of the G-actin depend-
ence of Tmod-induced polymerization with theoretical
models that estimate the largest stable oligomer as a nucleus
might provide a clue whether nucleation by Tmods occurs
via stabilization of an actin dimer or trimer (61).

Tmods contain two tropomyosin-binding sites («-helix1 and
a-helix3) and one tropomyosin-dependent pointed end-cap-
ping site (a-helix2) in their N-terminal domains (Fig. 94) (29).
The N-terminal domain can cap tropomyosin-coated actin
filament pointed ends independently from the C-terminal
domain (20). On the other hand, in our model, the C-termi-
nal but not the N-terminal domain of Tmod predominantly
caps the pointed end of an actin nucleus (Fig. 9C). Therefore,
simultaneous actin nucleation and tropomyosin-dependent
pointed end-capping by Tmod may be unlikely. Indeed, dis-
ruption of each tropomyosin-binding site by introducing a
point mutation in a-helix] or a-helix3 of Tmod3 has no
effect on its actin-nucleating activity (Fig. 7 and data not
shown) while completely abolishing its tropomyosin binding
and tropomyosin-dependent actin capping activities (29, 30,
44). However, it is possible that tropomyosin could bind to
the N-terminal domain of a Tmod whose C-terminal domain
caps the pointed end of an actin nucleus, which then may
further bind and stabilize actin filament growth from that
nucleus.

Do Tmods function as actin nucleators in vivo? Although
this is still unclear, comparison of actin-nucleating activities
among mammalian Tmod isoforms demonstrated that neu-
ronal tissue-specific Tmod2 exhibits the strongest activity,
whereas skeletal muscle-specific Tmod4 shows no activity
(Fig. 1). Previous studies have shown that dynamic rear-
rangement of the actin cytoskeleton occurs in neuronal cells
to form axons and dendrites (62, 63), whereas actin filaments
in mature myofibrils in skeletal muscle are relatively stable
(64, 65). Because actin nucleation increases the number of
barbed filament ends where polymerization and depolymer-
ization occur, thereby enhancing actin dynamics, these dif-
ferences in the actin-nucleating activities might be specifi-
cally adopted for different actin dynamics in neuronal and
muscle cells. In addition to that, we have estimated that the
total intracellular concentration of Tmod3 in human micro-
vascular endothelial cells (HMEC-1) is ~0.5 uM (27). There-
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FIGURE 9. Models for actin nucleation by Tmods. A, schematic diagram of structural domains of Tmod3 based on data from this study and from previous
studies on Tmod1 (50). B, amino acid sequence comparisons of C termini for various Tmod isoforms 1-4. Basic residues are indicated in boldface type, and the
residues of mutations for mouse Tmod3 proteins analyzed in Figs. 7-9 are colored in red. The first and the last residues indicated for each isoform are numbered.
C, models for actin nucleation by Tmod1-3. First, Tmod forms a 1:1 complex with G-actin in a low salt buffer via the N-terminal G-actin-binding region. After
polymerization is initiated by adding salts, a free G-actin interacts with the G-actin already bound to Tmod, forming an actin dimer, and then the C-terminal
pointed end-capping region of Tmod binds to the pointed end of the actin dimer, thereby stabilizing it as a nucleus for polymerization (model I). Alternatively,
the C-terminal pointed end-capping region of Tmod binds to the pointed end of a spontaneously formed actin dimer, independent of the G-actin molecule
bound by N-terminal domain of Tmod. The three actin molecules bound to Tmod rearrange and form an actin trimer that is stabilized when Tmod caps its

pointed end (model Il).

fore, because Tmod3 is expressed ubiquitously (14), suffi-
cient Tmod3 is available to nucleate actin assembly in cells,
based on >50 nm concentrations required for actin nucle-
ation in vitro (Fig. 1). However, although Tmod3 localizes to
lamellipodia in HMEC-1 cells, ectopic expression of GFP-
Tmod3 reduces free barbed ends in the lamellipodia,
whereas depletion of Tmod3 expression by siRNAi has the
opposite effect (27). These observations are inconsistent
with actin nucleation by Tmod3 in lamellipodia, which fur-
thermore contain considerably more potent actin nucleators
such as Arp2/3 and formins (2, 7). On the other hand, Tmod3
localizes to lateral membranes in human intestinal polarized
epithelial Caco-2 cells, and reduction of Tmod3 levels by
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shRNA leads to a loss of actin filaments from these mem-
branes (26). In this case, Tmod3 may increase the number of
actin filaments at lateral membranes by nucleating actin
polymerization in Caco2 cells and then stabilize these fila-
ments by capping their pointed ends. Alternatively, the
pointed end-capping activity of Tmod3 may be itself suffi-
cient to maintain the concentration of actin filaments on
lateral membranes without the additional activity of nucle-
ation. Future cell biological studies with our truncated frag-
ments and point mutants will address which actin-binding
properties of Tmods are relevant for their in vivo functions,
providing tools to uncover clues regarding Tmods’ actin reg-
ulatory mechanisms in cells.
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