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Background: Tropomodulin is a tropomyosin-dependent actin-capping protein.

Results: Mutations in tropomodulin-1 that reduce its affinity for tropomyosin (R11K, D12N, Q144K) reduced inhibition of actin
pointed-end polymerization in vitro and decreased assembly of tropomodulin-1 in skeletal myocytes.

Conclusion: The tropomyosin-binding ability of tropomodulin-1 directly influences its actin filament regulatory activity.
Significance: Creating a tool for studying the roles of different tropomodulin isoforms in living cells.

Tropomodulin (Tmod) is an actin-capping protein that binds
to the two tropomyosins (TM) at the pointed end of the actin
filament to prevent further actin polymerization and depo-
lymerization. Therefore, understanding the role of Tmod is very
important when studying actin filament dependent processes
such as muscle contraction and intracellular transport. The cap-
ping ability of Tmod is highly influenced by TM and is 1000-fold
greater in the presence of TM. There are four Tmod isoforms
(Tmod1-4), three of which, Tmodl, Tmod3, and Tmod4, are
expressed in skeletal muscles. The affinity of Tmod1 to skeletal
striated TM (stTM) is higher than that of Tmod3 and Tmod4 to
stTM. In this study, we tested mutations in the TM-binding sites
of Tmod], using circular dichroism (CD) and prediction analy-
sis (PONDR). The mutations R11K, D12N, and Q144K were
chosen because they decreased the affinity of Tmodl to stTM,
making it similar to that of affinity of Tmod3 and Tmod4 to
stTM. Significant reduction of inhibition of actin pointed-
end polymerization in the presence of stTM was shown for
Tmodl (R11K/D12N/Q144K) as compared with WT Tmod]l.
When GFP-Tmod1l and mutants were expressed in primary
chicken skeletal myocytes, decreased assembly of Tmodl
mutants was revealed. This indicates a direct correlation
between TM-binding and the actin-capping abilities of
Tmod. Our data confirmed the hypothesis that assembly of
Tmod at the pointed-end of the actin filament depends on
its TM-binding affinity.
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Actin filaments are dynamic structures of the cytoskeleton
responsible for cellular processes such as cell motility, division,
and intracellular transport (for review, see Refs. 1 and 2). Actin
filaments are a major component in muscle cells. For example,
actin forms thin filaments in sarcomeres, the contractile struc-
ture in striated muscle cells. In addition, actin filaments are part
of many diverse structures and bind to many different proteins.
Actin filaments are formed by the polymerization of globular
actin (G-actin)* monomers. Polymerization is ATP-dependent
and occurs differentially on either fast- (barbed) or slow-grow-
ing (pointed) ends of the actin filament. Polymerization is
tightly controlled by a wide variety of proteins. In striated mus-
cles, the length of the thin filaments depends on actin polym-
erization/depolymerization at the pointed ends that are capped
by the tropomyosin-tropomodulin (TM-Tmod) complex
(3-6).

The TM protein family contains a wide variety of isoforms
encoded, in vertebrates, by four genes (a, B, y, and ) that
undergo alternative splicing (for review, see Ref. 7). TM is a
coiled-coil protein consisting of two a-helical coils. TM binds
head to tail along the actin filament on both sides. One strand of
TM spans six or seven actin monomers depending on the TM
isoform. TM plays a key role in regulating actin/myosin binding
and the stiffness of the actin filament. Striated muscle TM
(stTM) is the long a-TM isoform most commonly found in
muscle sarcomeres. The N terminus of TM faces the pointed
end of actin filaments and interacts with Tmod to influence
capping (for review, see Ref. 8).

There are four Tmod isoforms (Tmod1-4) specific to differ-
ent tissues (9). Skeletal muscles contain Tmod1l, Tmod3, and
Tmod4, which are 60% identical and 70% similar in amino acid
sequence. Tmodl and Tmod4 cap a-actin thin filament
pointed ends. Tmod3 localizes at the pointed ends of y-actin

“The abbreviations used are: G-actin, globular actin; Tmod, tropomodulin;
TM, tropomyosin; CD, circular dichroism; stTM, striated TM.
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filaments associated with the sarcoplasmic reticulum compart-
ment (10). However, the sequence similarity enables Tmod iso-
forms to replace each other at the pointed ends of the different
actin filaments. For example, it was shown that knocking out
Tmod1 in embryonic mice skeletal muscle resulted in replace-
ment of Tmod1 with Tmod3 and Tmod4 at the pointed ends of
a-actin filaments (11). Furthermore, both Tmod3 and Tmod4
were detected at the sarcomeric pointed ends in adult skeletal
muscles after Tmod1 knock-out.

The Tmod molecule can be divided into two functionally and
structurally distinct halves, an intrinsically disordered N-termi-
nal domain and a highly conserved compact C-terminal
domain (12). The N-terminal domain contains three binding
sites: TM-binding sites 1 and 2 (residues 1-38) and (residues
109 -144), respectively, and the TM-dependent actin-capping
site (residues 48 —92).

TM binding to Tmod is isoform-specific; for example,
Tmod1 binds to a-TM more strongly than all other Tmod iso-
forms (13). We hypothesized that changes in TM-binding abil-
ity should affect the actin-capping properties of Tmod. In this
study, we designed and tested mutations that potentially could
impair the TM-binding ability of Tmodl. Three mutations,
R11K and D12N in site 1 and Q144K in site 2 of Tmod1 were
found to decrease the TM-binding ability of Tmod1, making it
similar to that of Tmod3 and Tmod4. Supporting our hypoth-
esis, these mutations decreased both the actin filament capping
abilities of Tmod1 in pyrene-actin polymerization assays and
the localization of Tmod1 at the pointed ends in chicken skel-
etal myocytes.

EXPERIMENTAL PROCEDURES

Intrinsic Disorder Prediction—Predictions of intrinsic disor-
der in Tmod proteins and their mutations were performed
usinga PONDR® VLXT predictor, access to which was provided
by Molecular Kinetics, Inc. PONDR® (Predictor of Natural Dis-
ordered Regions) is a set of neural network predictors of disor-
dered regions; the predictors are based on local amino acid
composition, flexibility, hydropathy, coordination number, and
other factors. These predictors classify each residue within a
sequence as either ordered or disordered. PONDR® VLXT inte-
grates three feed forward neural networks: the VL1 (variously
characterized long version 1) predictor (14); the XN (x-ray crys-
tallography characterized N terminus) predictor (15), and the
XC (x-ray crystallography characterized C terminus) predictor
(15). Output for the VL1 predictor starts and ends 11 amino
acids from the termini. The XT predictors output provides pre-
dictions up to 14 amino acids from their respective ends. A
simple average is taken for the overlapping predictions; and a
sliding window of nine amino acids is used to smooth the pre-
diction values along the length of the sequence. Unsmoothed
prediction values from the XT predictors are used for the first
and last four sequence positions.

Protein Sequences—Sequences of Tmodl—-4 from selected
vertebrates were downloaded from UniProt, Ensembl, or NCBI.
Below is a list of analyzed Tmod1, Tmod2, Tmod3, and Tmod4
isoforms together with their corresponding accession numbers:
Gallus gallus (NP_990358.1; XP_413805.1; NP_001005813.1;
NP_990105.1), Homo sapiens (NP_001159588.1; AAF31668.1;
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NP_055362.1; NP_037485.2), Mus musculus (NP_068683.1;
AAF31669.1; NP_058659.1; NP_057921.1), Rattus norvegi-
cus (NP_037176.2; NP_113801.1; NP_001011997.1; NP_
001099919.1), Bos taurus (NP_001073108.1; XP_610595.3;
NP_001069455.1; NP_001068683.1), Canis familiaris (XP_
532002.2; XP_535484.2; XP_862973.1; XP_861607.1).

Peptides—Tmod fragments, WT and mutated, correspond-
ing to the first and second TM-binding sites, and N-acetylated
TM peptide («TM1aZip) were synthesized by the Tufts Uni-
versity Core Facility (Boston, MA). The chimeric TM peptide
designed for structural and functional studies (16) contained 14
N-terminal residues of long a-TM, encoded by exon la. To
stabilize the coiled-coil structure, the TM peptide contained an
additional 18 C-terminal residues of the GCN4 leucine zipper
domain. The quality of the synthetic peptides was confirmed
using mass spectroscopy; molecular weights of the peptides
were the same as the predicted ones.

Plasmid Construction—The plasmid for chicken Tmodl,
pET(His)Tmodl (17), was used as the template to obtain
pET(His) Tmod1(Q144K). pET(His)Tmod1(Q144K) was then
used as the template plasmid to construct pET(His)Tmodl-
(D12N/Q144K), which was further used as a template plasmid
to construct pET(His)Tmodl1(R11K/D12N/Q144K). Site-di-
rected mutagenesis was performed using a QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA). The plas-
mids encoding Tmod1 were amplified by PCR using Pfu Turbo
DNA polymerase (Agilent Technologies) and two complemen-
tary sets of oligonucleotides. The original plasmid was digested
using Dpnl (New England Biolabs), and the mixture was used to
transform Escherichia coli (max efficiency DH5a). To change
Gln-144 to lysine, Asp-12 to asparagine, and Arg-11 to lysine,
the following oligonucleotides were used, respectively: 5'-CAC
ACCTTG ATG AGT AAC AAG CAG TAC TAC GAG GCA
CTG-3' (gTmodl Q144K); 5'-CTG GAA AAA TAC CGG
AAC CTG-GAT GAA GAC AAG ATC-3' (gTmodl D12K);
and 5'-GAA CTG GAA AAATACAAGAACCTG GAT GAA
GACAAGATCCTC-3' (gTmodl R11K/D12N). Mutated trip-
lets are underlined.

For transfection experiments, the plasmid for the mouse
Tmodl (accession no. NM_21883) was subcloned into
pEGFP-C1 (18). To insert Q144K, D12N/Q144K, and R11K/
D12N/Q144K mutations in GFP-Tmod]1, the following oligo-
nucleotides were used, respectively: 5'-CAC ACT CAT GAG
CAACAAGCAGTACTACCAAGCC-3' (mTmodl Q144K);
5'-GAG AGC TGG AGA AAT ATC GAA ACC TGG ATG
AGG ATG-3' (mTmodl D12N); and 5'-CAG ACG AGA GCT
GGA GAA ATA TAA AAA CCT GGA TGA GGA TG-3'
(mTmod1 R11K).

Synthesis of all designed oligonucleotides was done at Inte-
grated DNA Technologies, Inc. After plasmid purification, the
presence of the mutations was confirmed by DNA sequencing
(GENEWIZ, Inc.).

CD Measurements—Far-UV CD spectra of Tmod1 (WT and
mutants) was measured using an Aviv Model 400 spectropola-
rimeter in 1-mm cuvettes. Changes in helical content during
temperature denaturation were monitored at 222 nm. Meas-
urements were done using 10 um Tmod1 and 10 um oTM1azip
in 100 mM NaCl and 10 mm sodium phosphate buffer pH 7.0 as
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described in Ref. 19. Binding constants were calculated as
described previously (20).

Protein Expression and Purification—Tmodl (WT and
mutants) were overexpressed in E. coli BL21(DE3) pLysE using
the method described (21) and purified according to Ref. 17.

Chicken pectoral skeletal muscle G-actin was purified from
acetone powder as described in Refs. 22 and 23 and used fresh in
fluorescence experiments. Pyrene iodoacetamide-labeled
G-actin was prepared (24), labeling ratios were calculated
according to Ref. 25, and protein was stored in liquid nitrogen.
Before experiments, pyrene actin was defrosted at 37 °C and
centrifuged to remove aggregates.

N-Acetylated stTM was purified from chicken pectoral mus-
cles by modified protocol (26). 10 g of alcohol ether powder
were extracted with 200 ml of buffer A (25 mm Tris-HCI, pH
7.5, containing 1 M KCl, 1 mm DTT, 1 mm EDTA, 1 mm pefa-
bloc, 1 mm NaNj) overnight at 4 °C. The mixture was filtered
through a Whatman filter under vacuum. Liquid was collected,
and residue was re-extracted for 1 h at room temperature with
100 ml of the same buffer. Combined supernatants were acidi-
fied to pH 4.6 —4.65 with 7.5% acetic acid (on ice), dropwise,
with stirring. The precipitate was allowed to settle for 1 h and
then collected by centrifugation at 20,000 rpm (Sorvall SA-300
Rotor), 4 °C, for 10 min. The pellet was resuspended in buffer A,
and pH was adjusted up to 7.0 with 1 m Tris. The solution was
kept on ice for 40 min and centrifuged at 20,000 rpm (Sorvall
SA-300 Rotor), 4 °C, for 20 min. The supernatant was further
fractionated by precipitation with (NH,),SO,. At 40% satura-
tion, the mixture was incubated for 30 min at 4 °C, and precip-
itate was removed by centrifugation at 20,000 RPM (Sorvall
SA-300 Rotor), 4 °C, for 20 min. The (NH,),SO, concentration
was further increased to 70% saturation, and the mixture was
stirred overnight at 4 °C. The precipitate contained stTM and
was centrifuged (20,000 rpm, Sorvall SA-300 Rotor, 4 °C, 20
min), resuspended in buffer B (20 mm Tris-HCI, pH 7.5; 0.5 mm
DTT) and dialyzed against buffer B overnight at 4 °C. The dia-
lyzed stTM solution was loaded onto a DE52 preswollen micro-
granular DEAE cellulose (Whatman), pre-equilibrated with
buffer B. The column was first washed with buffer B, and then
stTM was eluted by linear 0—1 m NaCl gradient. Fractions con-
taining stTM were combined, dialyzed against 50 mwm
NH,HCO,, and lyophilized. The protein concentration was
determined by measuring difference spectra in 6 M guanidine
HCl between pH 12.5 and 7.0 (27), using extinction coefficients
of 2357 per tyrosine and 830 per tryptophan (28).

Fluorescence Measurements—The rates of actin polymeriza-
tion were determined using the change in pyrene actin fluores-
cence using a Photon Technology International fluorometer
(Lawrenceville, NJ) (excitation, 366 nm; emission, 387 nm, with
a 2-nm slit). To measure polymerization of actin at the pointed
end, short filaments capped at the barbed ends with gelsolin
were prepared by polymerization of 3 um G-actin in the pres-
ence of 15 nm gelsolin. Polymerization was monitored by the
increase in fluorescence when the filaments were diluted 5-fold
with G-actin (10% pyrenyl actin) in F-buffer (100 mm KCl, 2 mm
MgCl,, 1 mm EGTA, 0.5 mm DTT, 0.2 mm ATP, 0.2 mm CaCl,,
1 mMm NaNj;, 10 mMm imidazole, pH 7.0), containing a saturated
concentration of stTM (1 wm) and Tmod1 (3, 5, 10, 15, and 20
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nM). The final concentrations of F- and G-actin, after dilution,
were 0.6 um and 1.1 um, respectively. Exponential curves were
fit to the polymerization data using SigmaPlot, and initial rates
(R) were calculated as the first derivatives at time zero accord-
ing to Ref. 29. Recombinant human gelsolin was a generous gift
from Dr. John H. Hartwig (Brigham and Women’s Hospital &
Hematology Division, Boston, MA).

To measure actin nucleation, 1 um G-actin (10% pyrenyl
actin) was mixed with 20, 50, and 100 nm Tmodl (WT and
mutants), and the reaction was initiated by addition of polym-
erization buffer (as described above). Spontaneous actin nucle-
ation in the absence of Tmod was measured as control for each
set of Tmod concentrations.

Cell Culture and Transfection Procedure—Skeletal muscle
cultures were prepared from day 11-12 chick embryonic pec-
toralis muscle and maintained as described (30, 31). Isolated
cells were plated in 35-mm tissue culture dishes containing
12-mm round glass coverslips coated with Matrigel (Fisher Sci-
entific, Pittsburgh, PA) for staining (~1 X 10° cells/dish).
Transfection was performed using Effectene (Qiagen, Valencia,
CA) as described (18).

Immunofluorescence Microscopy—Four days after transfec-
tion, myotubes were incubated in relaxing buffer (150 mm KCl,
5 mm MgCl,, 10 mm MOPS (pH 7.4), 1 mm EGTA, and 4 mm
ATP) for 20 min and fixed with 4% paraformaldehyde in relax-
ing buffer for 20 min. Coverslips were washed and stored in PBS
at 4 °C until staining. Transfected chick myotubes were stained
as described previously (32). Briefly, the fixed cells were per-
meabilized in 0.2% Triton X-100/PBS for 20 min. The cells were
incubated first in blocking solution (2% BSA plus 1% normal
donkey serum in PBS) and then for 1 h with primary monoclo-
nal anti-sarcomeric «a-actinin antibodies (1:10,000) (EA-53,
Sigma-Aldrich). The cells were then incubated with Alexa
Fluor 350-conjugated goat anti-mouse IgG (1:350) (A21049,
Invitrogen) in PBS for 1 h. All coverslips were mounted on
slides using Aqua Poly/Mount (Polysciences, Warren, PA).
More than 200 cells were observed for each treatment/condi-
tion on a Zeiss Axiovert microscope using a 100X (numerical
aperture, 1.3) objective. The cells analyzed were chosen based
on 1) evidence of relaxation (distance between Z-lines via a-ac-
tinin staining) and 2) the presence of moderate GFP expression
levels. GFP-positive skeletal myocytes were scored based upon
the thin filament pointed end localization of GFP-Tmod1 and
its mutants: “consistent” refers to clear and well defined striated
staining (>90% of sarcomeres contain GFP striations); “incon-
sistent” refers to faint and partial striated staining (<90% of
sarcomeres contain GFP striations) with high levels of diffuse
cytoplasmic staining; and “diffuse” refers to no detectable stri-
ated staining. The data are presented as the percentage of the
total number of GFP-positive skeletal myocytes in each group
(mean = S.D.). Data are from three independent cultures. Rep-
resentative images were captured using a Deltavision RT sys-
tem (Applied Precision) with an inverted microscope (IX70;
Olympus), a 100X (NA 1.3) objective, and a charge-coupled
device camera (CoolSNAP HQ; Photometrics) using SoftWoRx
software (version 3.5.1, Applied Precision). The images were
then deconvolved using SoftWoRx and processed using Photo-
shop CS (Adobe).
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FIGURE 1. Alignment of TM-binding site 1 (A) and site 2 (B) for Tmod1,
Tmod3, and Tmod4 from Gallus gallus and Tmod2 from Mus musculus.
Dark gray, identical; light gray, may have identical residues (in other
orthologs); underlined, variable within orthologs for the same isoform. Aster-
isks show position of residues that should not be responsible for isoform
differences; arrows show residues that were tested.

RESULTS

Using Alignment to Exclude Residues Not Important for Affin-
ity Differences—The aim was to alter Tmod binding to TM by
mutating a minimal number of residues in Tmod. We chose
residues in Tmod1 for which the mutation may decrease stTM
binding. To determine the residues that may be responsible for
difference in TM-binding affinity, sequences of all isoforms
(Tmod1-4) from different orthologs (mammals and avians)
were analyzed. In Fig. 1, the alignments of fragments corre-
sponding to TM-binding sites 1 and 2 that were used in our
experiments are presented.

Identical residues are marked by dark gray. Light gray shows
positions of residues that are identical in orthologs different
from those shown in this picture. As a result of the alignment,
we excluded 19 of 38 residues in site 1, and 19 of 36 residues in
site 2 as positions that should not be responsible for differences
in TM-binding affinity (indicated by asterisks). Residues that
were variable within orthologs for the same isoform were
underlined.

Using Circular Dichroism Spectroscopy to Evaluate Protein-
Protein Interactions—To test the effect of changes in the
Tmod1 sequence on oTM1azip binding, CD spectroscopy was
used as a very sensitive technique to analyze protein-protein
interactions (e.g. Ref. 33). TM and Tmod1 fragments were syn-
thesized. The chimeric peptide («TM1lazip) contained 14
N-terminal residues of long a-TM and an additional 18 C-ter-
minal residues of the GCN4 leucine zipper domain, which
helped to stabilize the TM coiled-coil structure (34). Tmod
fragments, Tmodlsl and Tmodls2, corresponded to TM-
binding site 1 and site 2 of Tmodl with designed changes,
respectively.

The far-UV CD spectra were measured to monitor formation
of complexes of TM and Tmod fragments. We successfully
used this approach in our previous studies (13). The CD spectra
of all Tmod1 peptides (WT and mutated) were typical for the
mostly unfolded polypeptide; the CD spectrum of aTM1lazip
was typical for the a-helical polypeptides. Spectra of mixed
Tmod and TM fragments differed from the sums of their indi-
vidual curves. The increase in helicity indicated complex for-
mation and likely resulted from folding of the Tmod fragment
upon binding to the TM peptide.

Stability of the complexes of TM and Tmod fragments was
analyzed using changes in CD during temperature denatur-
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FIGURE 2. R11K/D12N mutations in the TM-binding site 1 of Tmod1
decrease its binding to aTM1azip. Binding of Tmod1s1 fragments, WT and
mutants, to aTM1azip was measured using CD spectroscopy. The graph
shows the unfolding curves for individual peptides (X, aTM1azip; inverted
triangle, Tmod fragments), the unfolding curves of the mixture (diamonds),
and sums of the individual unfolding curves of aTM1azip with Tmod peptides
(circles).

ation at 222 nm (Fig. 2 and see Fig. 4). Full-length Tmod cannot
be used in this experiment because it aggregates irreversibly
upon heat denaturation (35). The increase in the melting tem-
perature of the mixtures (AT,,) was calculated by subtracting
the melting temperature of the sum of curves for individual
peptides from the melting temperature of the mixture curves.
The dissociation constants (K ;) were calculated from unfolding
curves of the complexes compared with the curves for Tmod
and TM peptides alone.

Mutations Chosen for Site 1—It was shown that Tmod bind-
ing to TM is isoform dependent, and dissociation constants
(K,) for all possible complexes between Tmod isoforms and
TM isoforms were determined (13). For example, the affinity of
aTM1lazip for Tmod2s1 was the lowest, whereas the affinity of
aTM1lazip was the highest for Tmod1s1 among other isoforms
(K, = 1.1+ 0.4um 4.7 + 0.4 um, 1.9 + 0.3 uv, and 2.4 + 0.6 pm
for Tmodlsl, Tmod2sl, Tmod3sl, and Tmod4sl, respec-
tively). In a previous study, we made changes in the Tmod1sl
sequence to increase its binding affinities for fragments of y-
and 6-TMs. The Tmodlsl fragment with R11K, D12N, and
A21K substitutions was tested with yTM1bzip and 6TM1bzip
and had no effect.” However, this fragment had a drastic effect

® A. S. Kostyukova, unpublished data.
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on binding to aTM1azip (fragment of a-TM), increasing the K,
to 2.3 = 0.1 uMm (Fig. 2).

We wanted to find out what residue is responsible for
decreasing the efficiency of the aTM1lazip binding. Of three
substitutions, the choice that looked obvious was the residue at
position 21 in the Tmod1 sequence. There is a big difference in
physicochemical properties between the hydrophobic Ala-21
residue in Tmod1 and charged residues Lys-21 (in Tmod2 and
Tmod3) and Glu-21 (in Tmod4) (Fig. 14). We tested the
Tmod1sl fragment with an Ala to Lys substitution. Surpris-
ingly, no changes were observed in TM-binding ability; the
increase in the melting temperature (AT,,) resulting from the
complex formation of WT Tmodl and Tmod1(A21K) with
aTMlazip was the same, 9.1 = 2.4 °C and 8.9 * 1.5 °C, respec-
tively (Fig. 2). Therefore, our next choice was both Asp-12 and
Arg-11 of the Tmod1 sequence. Negatively charged Asp is the
same residue for Tmod3 and Tmod4, but Tmod2 has an
uncharged Asn in the corresponding position. Arg-11 is iden-
tical for both Tmodl and Tmod4, but there is a Lys in the
corresponding position in Tmod2 and Tmod3.

The Tmod1s1 fragment with R11K and D12N replacements
was tested for complex formation (Fig. 2). The difference in
melting curves clearly shows that binding of the double mutant
Tmod1(R11K/D12N) to aTMlazip is weaker than that of the
WT Tmodl. These substitutions decreased the ability of
Tmod1sl to bind «TMlazip almost 2-fold. To minimize the
number of residues to mutate, we used the R11K/D12N
replacement for actin-capping and cell experiments.

Mutations Chosen for Site 2—The TM-binding dissociation
constant of Tmod2s2 is 4.4 = 0.5 um; it is the highest among
otherisoforms (1.3 = 0.3 um, 2.1 £ 0.4 um, and 3.6 = 1.2 uM for
Tmod1s2, Tmod3s2, and Tmod4s2, respectively) (13).

For the second TM-binding site (s2), we took into consider-
ation only residues in the C-terminal half of the Tmod1s2 pep-
tide. According to our antiparallel model of TM-Tmod inter-
action in site 2, only the C-terminal half of Tmod1s2 should
interact with the TM sequence in the chimeric peptide (36).
The clear candidate for change was the residue in position 144
that is different in all isoforms (Gln for Tmod1, Pro for Tmod2,
Asp for Tmod3, and Lys for Tmod4). However, because this
residue was the last one in the fragment, we were not sure
whether changing it would produce effective modulation of the
Tmod-TM interactions. Therefore, we decided to use the dis-
order prediction method (PONDR® VLXT) to evaluate the
potential role of this mutation on the predicted disorder pro-
pensity of this peptide. We were looking for differences
between Tmod1l and Tmod4 because among muscle Tmod iso-
forms that bind stTM, Tmod4 has the lowest affinity. Therefore
two other residues (position 128 and 138) were chosen for test-
ing. Residues in position 128 (Lys) and 138 (His) of the Tmod1
sequence are identical for the corresponding residues in
Tmod2 and Tmod3, whereas the Tmod4 sequence contains
Met and Tyr, respectively, at the corresponding positions. The
Tmodls2 sequences with L128M, H138Y, and Q144K were
analyzed by a disoder prediction method PONDR® VLXT that is
known to be sensitive to functional disordered regions (Fig. 3)
(37-39). In fact, the PONDR® VLXT predictions might identify
potential binding sites as short regions of predicted order
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FIGURE 3. Predicted disorder distribution profiles of sequences corre-
sponding to the site 2 of the wild type Tmod 1, Tmod4, and three mutants
Tmod1(L128M), Tmod1(H138Y), and Tmod1(Q144K).

bounded by regions of predicted disorder. Based on these
observations, it has been proposed that such “signatures” in the
PONDR® prediction plots, where short regions of predicted
order are bounded by extended regions of predicted disorder,
might correspond to potential binding sites, called molecular
recognition features, which undergo disorder-to-order transi-
tions upon complex formation (37-39). We have already uti-
lized this approach to compare different Tmod isoforms from
nine species (13). That earlier analysis revealed that the N-ter-
minal region of Tmods possess a large variation in the number
and appearance of “dips” and that for a given Tmod, the disor-
der distribution was mostly conserved even for proteins from
distant species. Importantly, such conservation was obvious
not only for the ordered C-terminal domains but also for the
significant portions of the disordered N-terminal domains of
various Tmods (13).

Fig. 3 represents the results of the PONDR® VLXT analysis of
the region corresponding to site 2 of WT Tmodl, WT Tmod4,
and three mutants Tmod1(L128M), Tmod1(H138Y), and
Tmod1(Q144K). This figure clearly shows that the L128M
mutation has a minor effect on the disorder profile, whereas the
Tmod1(H138Y) disorder profile was different from profiles
from both WT Tmodl and WT Tmod4. Finally, the Q144K
mutation in Tmod1 resulted in a dramatic change in the disor-
der profile, making it similar to that of the WT Tmod4. Based
on these observations, we hypothesized that both H138Y and
Q144K mutations in Tmodl might have significant effects on
the binding affinity of this protein to aTMlazip, with the
Q144K mutation expected to have aTM1azip binding parame-
ters similar to those of the WT Tmod4.

This hypothesis was tested using the CD spectroscopy-based
approach described above. CD experiments were performed
using Tmod1(H138Y) (data not shown) and Tmod1(Q144K)
(Fig. 4). This analysis revealed that as a result of a single change
of His-138 to Tyr, the affinity of Tmod1 to aTM1azip decreased
2-fold. The K, was increased from 1.3 = 0.3 um (for the WT
Tmod1) to 2.8 um, making it close to the affinity of Tmod3s2
(2.1 £ 0.4 um). Another single change, Q144K, caused a 3-fold
increase in the K, value, from 1.3 = 0.3 um (for the WT Tmod1)
to 3.5 £ 0.2 uM and made it close to the affinity of Tmod4s2 to
aTM1lazip (3.6 = 1.2 um). Therefore, our CD results were in a
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FIGURE 4.Q144K mutation in the TM-binding site 2 of Tmod1 decreases
its binding to aTM1azip. Binding of Tmod4s2 WT and Tmod1s2(Q144K)
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good agreement with the results of disorder predictions. Based
on the results of this analysis, we chose R11K, D12N, and
Q144K mutations to introduce into full-length Tmod1 for fur-
ther studies.

Correlation between TM-binding and Actin-capping Abilities
of Tmodl—To investigate the correlation between reduced
TM-binding affinity and actin capping, mutations D12N/
Q144K and R11K/D12N/Q144K were introduced into full-
length Tmod1 and the two mutants were tested in the pyrene
actin polymerization assay.

To measure polymerization of actin at the pointed end only,
seeds (short filaments capped at the barbed ends with gelsolin)
were prepared by polymerization of G-actin in the presence of
gelsolin. Pyrene actin assays were run upon the addition of 1 um
G-actin in the presence of 1 um stTM and Tmod1 at various
concentrations (3, 5, 10, 15, and 20 nm). Polymerization was
monitored by the increase in fluorescence of pyrene actin (Fig.
5, A-E). Exponential polymerization curves were fit to the
polymerization data and derivatives of curves at time 0 were
taken to calculate initial rates (Fig. 5F). Decreased actin-cap-
ping ability was observed for both mutants as compared with
WT Tmodl. A 50% inhibition effect for WT Tmodl was
observed at 5 nMm, whereas for Tmod1(D12N/Q144K) and
Tmod1(R11K/D12N/Q144K), it was observed at 10 and 15 nm,
respectively (Fig. 5F). These data support our hypothesis that
the actin-capping ability of Tmod isoforms is influenced by
their TM-binding affinity.

Interestingly, in our pyrene actin polymerization assay the
shape of the polymerization curve for 20 nm Tmod1(R11K/
D12N/Q144K) differs from the other curves. After a few min-
utes of inhibition, the fluorescence started to increase rapidly so
the curve looked like there was a lag phase. This type of curve
can be obtained when two simultaneous processes are happen-
ing: capping and nucleation. During nucleation, Tmod may
bind two actin monomers that cause formation of new barbed
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ends and therefore faster polymerization happens at these ends.
Indeed, the nucleation effect of the mutant Tmod1 was higher
than that of wild type (data not shown).

Effect of Mutations in the TM-binding Sites on Assembly of
Tmodl in Skeletal Myocytes—For expression in chicken skele-
tal muscle cells, the same three mutations were introduced
into GFP-Tmod1. Three mutants GFP-Tmod1(Q144K), GFP-
Tmod1(D12N/Q144K), and GFP-Tmodl(R11K/D12N/Q144K)
were used for transfection. It was shown that single, double,
and triple mutations in Tmodl decreased its assembly at
the pointed ends, correlating with our in vitro data (Fig. 6).
Consistent assembly of Tmodl with the single mutation
Q144K in the second TM-binding site was ~10% lower com-
pared with wild-type Tmod1, whereas consistent assembly of
Tmod1(D12N/Q144K) and Tmod1(R11K/D12N/Q144K) was
~30 and ~35% lower, respectively.

DISCUSSION

Skeletal muscle cells contain three of four Tmod isoforms:
Tmodl, Tmod3, and Tmod4. It was shown earlier that Tmod1
binds to the long muscle a-TM, stTM, tighter than any other
Tmod isoform (11, 13). The aim of this study was to find corre-
lations between TM-binding ability, actin-capping activity, and
pointed end localization of Tmod.

We introduced point mutations to both TM-binding sites of
Tmod]1 to decrease its ability to bind stTM and to study the
consequences of this decrease. We expected that changing
A21K in Tmod1 should decrease stTM affinity in site 1 because
this residue differs from corresponding residues in other iso-
forms. However, the A21K replacement had no effect on stTM
binding. The double substitution R11K/D12N turned out to
decrease TM binding. Interestingly, although A21K had no
effect by itself, adding this change to R11K/D12N decreased
stTM-binding affinity even more. We suggest that not one
but many residues are involved in the attenuation of stTM
binding in Tmod isoforms. Multiple residues might work in
a cooperative manner to produce an affinity specific for each
isoform.

According to the previously published possible binding mod-
els of Tmodl to TM, the Tmod molecule loops around the
N-terminal domain of TM and bundles it at site 1 (36). The
formation of this bundle incorporates many residues and pro-
vides a binding environment for TM at the same time. There-
fore, in this site, the isoform-dependent difference in binding
may need cooperation of several residues in the Tmodl
sequence.

The model for site 2 suggests that the Tmod molecule lies
along the N terminus of the second TM molecule in an antipa-
rallel fashion (36). Because a change in the nature of an amino
acid seems to be non-compensable due to the interaction of
Tmod with two strands of TM in this site, a single mutation may
reduce TM-binding affinity significantly. We showed that
introduction of an extra positive charge by the Q144K mutation
decreased the affinity of Tmod1 greatly. Gln-144 belongs to a
region in site 2 where ionic interactions dominate. Introducing
positively charged Lys instead of Gln made a significant impact
on TM-binding ability of Tmod1.
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FIGURE 5. A-E, time courses of pointed end elongation of gelsolin-capped actin filaments in the absence and presence of stTM (1 um) and Tmod1 (3,5, 10, 15,
and 20 nm) detected as increase of fluorescence. F, dependence of inhibition of actin polymerization on Tmod1 concentration. Initial rates were calculated as
the first derivatives at time zero after fitting. The inhibition of polymerization was calculated as Rq, /R ontror Where R o) = 2 (in the absence of TMand Tmod).
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and Tmod1(R11K/D12N/Q144K).

Introducing mutations into full-length Tmod, which
decreases its TM-binding affinity, resulted in significantly
decreased inhibition of actin polymerization by the mutants
when compared with wild type. This result supports the
hypothesis that the actin-capping ability of Tmod isoforms is a
function of their affinity for TM. Unexpectedly, mutations in
TM-binding sites also caused increased nucleating activity. Our
mutations in the first TM-binding site of Tmodl made it act
similar to Tmod2 and Tmod3, which are known to bind and
nucleate actin monomers (40, 41). Fisher et al. (41) suggested
that residues 31— 40 of Tmod3, which are within the TM-bind-
ing site 1 (42), could be responsible for G-actin binding. It is
possible that mutations in positions 11 and 12 led to a confor-
mational change that enhanced the ability of Tmod1 to bind
and nucleate actin monomers. However, the exact structure of
the TM-Tmod complex is not known yet and it must be inves-
tigated furthermore to verify the interrelation between the TM-
and actin-binding sites of Tmod.

The assembly experiments using chicken skeletal myocytes
showed decreased assembly of Tmodl mutants at the pointed
ends of thin filaments. Tmodl containing only the mutation
Q144K in site 2 had a slight decrease in assembly compared
with WT Tmodl. When the affinity of Tmodl for TM was
weakened in both TM-binding sites, its assembly became more
perturbed. Interestingly, adding the third mutation R11K did
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not cause a dramatic difference in localization compared with
Tmod1(D12N/Q144K), although it significantly decreased the
actin-capping ability and TM-binding affinity of Tmodl in
vitro. We conclude that TM-binding is important for localiza-
tion of Tmodl1 in living myocytes.

When residues Leu-27 and Ile-131, which were shown to be
crucial for TM binding were mutated, the mutation 1131D in
site 2 caused an ~90% decrease in assembly with more than half
of Tmod1 observed to be diffusely localized, whereas mutation
L27E caused an ~20% decrease in assembly (18). Introduction
of both mutations caused a dramatic loss of consistent assem-
bly, with most staining appearing diffuse (e.g. soluble). Here, the
mutation in site 2 had only a slight effect, suggesting that we did
not disrupt residues essential for TM binding but only residues
important for isoform affinity.

We conclude that the TM-binding property of Tmod regu-
lates its interaction with actin for capping, and tight binding of
Tmod to TM results in proper capping function. The binding
affinity of Tmod for TM is also an important factor for the
localization of Tmod in cells. Weakening the interaction
between Tmod and TM instigates improper targeting of Tmod
to the pointed ends of thin filaments. Our ability to alter the
affinity of Tmod for TM, making one isoform similar to others,
creates a tool for further studies of the roles of different iso-
forms in living cells.
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