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ABSTRACT. Tropomodulin, a tropomyosin-binding protein, caps the slow-growing (pointed) end of the
actin filament regulating its dynamics. Tropomodulin, therefore, is important for determining cell
morphology, cell movement, and muscle contraction. For the first time we show that one tropomodulin
molecule simultaneously binds two tropomyosin molecules in a cooperative manner. On the basis of the
tropomodulin solution structure and predicted secondary structure, we introduced a series of point mutations
in regions important for tropomyosin binding and actin capping. Capping activity of these mutants was
assayed by measuring actin polymerization using pyrene fluorescence. Using direct methods (circular
dichroism and native gel electrophoresis) for detecting tropomodulin/tropomyosin binding, we localized
the second tropomyosin-binding site to residues-1D%94. Despite previous reports that the second binding
site is for erythrocyte tropomyosin only, we found that both short nonmuscle and long muscle
o-tropomyosins bind there as well, though with different affinities. We propose a model for actin capping
where one tropomodulin molecule can bind to two tropomyosin molecules at the pointed end.

Actin is a major component of the cell cytoskeleton and  Tropomodulin, originally discovered as a TM-binding
the sarcomeres of striated muscle and plays a critical role inprotein in erythrocyte membranesg), is the only known
cell morphology, cell movement, and muscle contractign ( pointed end specific capping proteih5j. Presently, there
2). It is known that actin filaments form vastly different are four known Tmod isoformd. g, 19, 20). These isoforms
structures in different cell types and in different locations are 60% identical and 70% similar in amino acid sequence.

within the cell. Regulation of the dynamiCS at actin’s ends Of the four isoforms, the most extensive work has been
is of central importance in the assembly of these various on Tmod1, a 359-residue protein. It is found in erythrocytes,
structures. An actin filament has two distinct ends: a fast- the heart, and slow skeletal muscle. The molecule is
growing barbed end and a slow-growing pointed e8d ( elongated, with distinct N-terminal and C-terminal halves
The exclusive properties of these ends are exploited by over(21, 22). The structure of the N-terminal half shows the
160 distinct actin-binding proteins, including those that cap, domain to be mostly extended, unstructured, and flexe (
sever, or cross-link filaments). Of particular interest is  24). The X-ray crystal structure of the C-terminal half
tropomodulin (Tmod},a tropomyosin-binding protein, which  (residues 166344) reveals the domain to be compactly
regulates actin filament dynamics by capping the pointed folded @5). Unique among all actin-binding proteins, the
end. C-terminal half of Tmod1 contains five tandem leucine-rich
Tropomyosin (TM) is a two-chained coiled coil that binds  repeat motifs.

head-to-tail (N- to C-terminus) along the length of both sides |, 5 yition to structural differences, the N- and C-terminal
of actin filaments, spanning six to seven actin monomers halves are functionally distinct. A’C-terminal fragment

per TM molecule, depending on the isofors).(There are residues 166359) binds and caps actin by itseff6) but
a variety of TM isoforms encoded by different genes. The ((joes not bind T™ ?21)_ N-Termina?fragmen'é, ngélm

{\A—terrr;_im;i of T'\,:I’ W.hiCh pqingsftovx_/atrd th?. poinf[tethenddof or Tmodl_g, bind TM and contain a TM-dependent actin-
e actin filament@), is required for interaction with 1mo capping activity but do not bind or cap actin on their own
(7—9). Best known for its role in muscle contracuoﬂ:O( (14, 26). In Tmodk_gz, the N-terminal fragment of Tmod,
.11)' T™ also regglat_es the st|ﬁqess of actin) and mutating Leu27 to glycine in the first TM-binding region,
!nfluencgs p_olyme_rlzat|on at the pointed er16,(14): Tmod caused a loss of TM binding; changing Thr59, Gly60, and
in com?matl(ér;_t\{vlth T'\l/l forrr;sGa C‘?_E a_tlthe pointed end, Pro61 to alanines resulted in a decrease in capping activity
preventing addition or loss of G-actil-17). by decreasing flexibility, and mutating Leu71 to aspartate

" Supported by American Heart Association Grant 0535328N (to caused a loss of actin-capping activi4(27). The design
A.S.K.) and in part by National Institutes of Health Grant GM63257 Of these mutations was based on information from the NMR
(to Dr. Sarah E. Hitchcock-DeGregori). solution structure of Tmodlg, (24) and primary structure
1028 ey o 1327235-4528. Fa: 732:235- analysis 27) (Figure 1). In the first 92 residues (Tmod,),

. E-mall. Kostyuas@umanj.eau. . . .

L Abbreviations:  Tmod, tropomodulin; TM, tropomyosin; ¢D, the TM-binding domain for both muscle and nonmuscle

circular dichroism. o-tropomyosins was localized to residues38 (24), and
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Ficure 1: Amino acid sequence of Tmod1 aligned to the secondary structure obtained from NMR data (resi@8Blgsécondary structure
prediction (residues 39159), and crystal atomic structure (residues-1884). Helical regions where mutations were done are in bold
type. Residues that are mutated are underlined. Boxed residues represent fragments used for experiments.
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the TM-regulated actin-capping site was localized to residuesand pET(His)Tmodi ss¢ (L27G/L71D) were used as the
48—-92 (14). templates.

The present study addresses three unanswered questions To insert a stop codon instead of Gly160, the oligonucle-
about Tmod by studying TM/Tmod interactions. The first otides used were '855CACCATCGTGAACAAAGAA-
question asks: How many TM-binding sites does a Tmod TAACTTAACAGCGTGATTAAGCCC-3 and 3-GGGCT-
molecule have and what is the specificity? An earlier study TAATCACGCTGTTAAGTTATTCTTTGTTCACGATGGTGC-3
suggested that residues 84 of Tmod1 contain the binding The original plasmid was digested usiipnl, and the
site for skeletal muscle TM, whereas residues-284 mixture was used to transforfscherichia coliimaximum
interact with erythrocyte TMZ8). However, residues 95 efficiency DH5). After plasmid purification, the presence
359 exhibited a 160-fold increase in capping activity in the of the mutations was confirmed by DNA sequencing.
presence of skeletal muscle TM, inferring the presence of a Synthesis of all oligonucleotides and sequence determination
second binding site in this regio2§). The next question  were done at the UMDNJ DNA Synthesis and Sequencing
asks: How many molecules of TM does one Tmod molecule Facility [Robert Wood Johnson Medical School (RWJMS),
bind? Finally, how many molecules of Tmod are required Piscataway, NJ].
to cap the pointed end of the actin filament? Protein Expression and PurificationTmod mutants,

In this paper, we have shown that full-length Tmod1 has Tmod1(L27G), Tmod1(L27G/L71D), Tmod1(T59A/G60A/
two binding sites for both short nonmuscle and long muscle pg1A), and Tmod1(L27G/L71D/I131), were overexpressed
o-tropomyosins. We localized the second binding site 1o in €. coli BL21(DE3)pLysE using the method described in
residues 109144. We evaluated the influence of pOint ref29and puriﬁed according to refl. Tmod]l_lsgfragments
mutations in both TM-binding sites and a TM-dependent were overexpressed i&. coli BL21(DE3)pLysS and ad-
actin-capping site on Tmod1 function. We found that one ditionally purified by reverse-phase high-performance liquid
molecule of Tmod1l binds two molecules of TM and that Chromatography according to rdf4d. The y|e|d of these
this binding is cooperative. peptides was low, their expression was poor, and the
purification was complicated due to the presence of a smaller
peptide that was identified as a-146 residue fragment of

Plasmid Construction.Site-directed mutagenesis was Tmod1l.
performed using a QuikChange site-directed mutagenesis kit Molecular masses of Tmod1 mutants were checked with
(Stratagene, La Jolla, CA). The plasmids were amplified by electrospray mass spectroscopy (Keck Biotechnology Re-

MATERIALS AND METHODS

PCR usingPfuTurbo DNA polymerase and two comple-
mentary sets of oligonucleotides. Mutated triplets are un-
derlined.

source Laboratory, Yale University, New Haven, CT).
Tmodlps-144 Was synthesized by the Tufts University Core
Facility (Boston, MA).

To change Leu27 to glycine, Leu71 to aspartate, and Chicken pectoral skeletal muscle actin was purified from
Thr59/Gly60/Pro61 to alanines, the same oligonucleotides acetone powder as describ&0). G-actin was purified on

as in refs24 and 27 were used.

To change 1le131 to an aspartate, the following oligo-
nucleotides were used:'-58CGGAGCTCTGTGACGAT-
GCTGCCATCCTTGGC-3and 3-GCCAAGGATGGCAG-
CATCGTCACAGAGCTCCGC-3

The plasmid for chicken Tmod1, pET(His)Tmod21j,

was used as the template to obtain pET(His)Tmod1(L27G).

PET(His)Tmod1(L27G) was then used as the template
plasmid to construct pET(His)Tmod1(L27G/L71D). pET-
(His)Tmod1(L27G/L71D) was used as the template plasmid
to construct pET(His)Tmod1(L27G/L71D/1131D).

To construct expression vectors of Tmod N-terminal
fragments, residues-1159, the plasmids pET(His)Tmodse

a Sephacryl S-300 columr8Y) and was stored in liquid
nitrogen. Actin was labeled with pyrenyliodoacetamide, and
the labeling ratios were calculated according to B&snd

33. The degree of the labeling was -899%. Before
experiments, G-actin (labeled or unlabeled) was defrosted
in a 37°C water bath and then centrifuged at 100000 rpm
(TLA-100, Beckman) for 30 min at 4C.

Protein purity was evaluated using SBBAGE (34).
Concentrations of proteins were determined by using the
BCA protein assay kit (Pierce) or measuring their difference
spectram 6 M guanidine hydrochloride between pH 12.5
and pH 7.0 85) using the extinction coefficients of 2357
per tyrosine and 830 per tryptophadgy.
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TM peptides, AcTM1aZip and AcTM1bZip, are designed 3000
chimeric proteins that contain 14 residues of long rat
a-tropomyosin encoded by exon 1a or 19 residues of short ., 2500 1
rata-tropomyosin encoded by exon 1b correspondingly and
the 18 C-terminal residues of the GCN4 leucine zipper
domain @7); their structures were solved using NMBS].
These peptides and N-acetylated striated muscleo-
pomyosin, stTM, were a gift from Dr. Sarah Hitchcock-
DeGregori (RWJIMS, Piscataway, NJ). Recombinant human
gelsolin was a generous gift from Dr. John H. Hartwig
(Brigham and Women'’s Hospital and Hematology Division,
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Binding ExperimentBinding was visualized using native 0 10 20 30 40 50 60
polyacrylamide gel electrophoresis. Polyacrylamide gels (9%) Time, min

that were polymerized in the presence of 10% glycerol Ficure2: Pointed end elongation of gelsolin-capped actin filaments
without SDS were used24). To prepare complexes for (5.6 M) in the presence and absence of tropomodulin and stTM.

. . . 1.1 uM (10% pyrene-labeled) G-actin was mixed with Qui
loading onto gels, equimolar amounts of Tmod were mixed F-actin in F-buffer (100 mM KCI, 2 mM MgG| 1 mM EGTA,

with AcTM1bZip in a 1:2 molar ratio. For titration, stock 0.5 mM DTT, 0.2 mM ATP, 0.2 mM CaGJ 1 mM NaN, 10 mM
solutions of tropomodulin and AcTM1bZip were mixed in imidazole, pH 7.0). Key: @) control, no tropomyosin or tropo-

different ratios in buffer containing 100 mM NaCl. Samples nml\c/l)d':'Jrlfnn(;d((lj) v(;i)thw(i)t'rZS(;lg/ISStl\T/lMs;t'(rvl\/)l V;’gg gg 5nP'th 'I§rtr-1ro'\g f('jl_% gg/
i ; ; ; : ; ou
were analyzed using native polyacrylamide gels, stained with G6OA/PE1A); @) with 0.75,M stTM and 20 nM Tmod1(L27G);

Coomassie R-250, and quantified using a Molecular Dynam- () with 0.754M stTM and 20 nM Tmod1(L27G/L71D).
ics model 300A computing densitometer (Sunnyvale, CA).

Fluorescence Measuremenidie rates of actin polymer- RESULTS

ization were measured using the change in pyrene actin Influence of Mutations in N-Terminal TM-Binding and
fluorescence3?) using a PTI fluorometer (Lawrenceville, ACtin-Capping Sites on the Function of Full-Length Tmod1.
NJ) (excitation, 366 nm, and emission, 387 nm, with a 1 We introduced the same mutations previously used in Tmod

nm slit). To measure polymerization of actin at the pointed fr?]g;?]en'ihTmodtﬂ} 92 into ng?tlength_lec;fdltto d_rel;t/lerbmig_e
end, short filaments capped at the barbed ends with gelsolinW ether the mutations exhibit a simiiar eftect on 1iV-binding

o i and actin-capping activity.
were prepared by ponmgrlzatlon C.)flﬂv' G-actin in th_e Three full-length mutants were expressed: Tmod1(T59A/
presence of 15 nM gelsolin according to def. Polymeri-

Zation was monitored by the incr i fluor nce wh nG60A/P61A), Tmod1(L27G), and Tmod1(L27G/L71D).

ation was monitored by the Increase uo esceo € WNeNTheiy capping ability was assayed in the presence of a striated
the fllgmgnts were diluted 5-fold with G-actin (10% pyre- o-TM, stTM. Pointed end polymerization was nucleated by
nylactin) in F-buffer (100 mM KCI, 2 mM MgGl 1 mM short actin filaments with gelsolin blocking the barbed ends.
EGTA, 0.5 mM DTT, 0.2 mM ATP, 0.2 mM Cagl1 mM

v < All of these mutations, including the L27G/L71D mutation,
NaNs, 10 mM imidazole, pH 7.0) containing TM and Tmod1. \hich previously led to loss of capping ability in Tmads,

The final concentrations_ of F- and G-actin after dilution were paq no significant influence on the capping ability of full-
0.6 and 1.1uM, respectively. length Tmod (Figure 2).

Gelsolin-capped filaments were prepared in sets of four, TM-binding properties of Tmod1 and mutants were studied
and fluorescence measurements were carried out in paralleusing AcTM1bZip, a designed chimeric peptide that contains
in a four-cuvette holder with actin as a control in each set the N-terminus of short nonmusatetropomyosin encoded
as described 14). Exponential curves were fit to the by exon 1b, and AcTM1aZip, which contains the N-terminus
polymerization data using SigmaPlot, and initial rat& (  Of long skeletal muscle-tropomyosin encoded by exon 1a

were calculated as the first derivatives at time zero. (37, 38). AcTM1bZip and AcTM1aZip both form a coiled
coil, melt as one cooperative unit, and have the major

properties of full-length TM’s N-terminus. They bind tro-
pomodulin ©, 14, 24, 26), bind C-terminal TM fragments,
and form a ternary complex with troponid1).

Circular Dichroism Measurement€CD measurements
were made using an Aviv model 215 spectropolarimeter
(Lakewood, NJ) as previously describ&8,39). The protein

concentrations were 10M in 100 mM NaCl and 10 mM Binding of Tmods to AcTM1bZip was directly analyzed
sodium phosphate, pH 7. The dissociation constants of the,,sing native polyacrylamide gel electrophoresis (Figure 3).
Tmod1/TM peptide complexe&q, were determined using  ap additional band corresponding to a complex between each
the relationshipky = exp(-~AAG/RT), whereAAG is the  Tmod and AcTM1bZip appeared when they were combined.
difference in free energy of folding of the complex minus Tmoed1 mutants with the L27G mutation retain binding to
that of the TM fragment alon} is the gas constant, afld  the AcTM1bZip fragment as indicated by the presence of a
is the temperaturet(). The equations used for determining  Tmod/TM complex, implying binding of the AcTM1bZip
the dissociation constants and the thermodynamics of folding peptide at a second TM-binding site. To our surprise, there
of the two-chain TM peptide and the three-chain TM/Tmod1 was a noticeable difference in complex band position. The
peptide complex from the changes in their circular dichroism complex for Tmod1(L27G) or Tmod1(L27G/L71D) runs
as a function of temperature have been described in detailfaster than that of wild-type Tmod1 and Tmod1(T59A/G60A/
previously 9, 38). P61A).
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Ficure 3: Complex formation between AcTM1bZip and Tmod1
mutants monitored by nondenaturing polyacrylamide gel electro- *
phoresis. AcTM1bZip is positively charged and does not enter the
gel. Lanes: 1 and 3, Tmod1; 2 and 4, Tmod1 and AcTM1bZip; 5,
Tmod1(L27G); 6, Tmodl1(L27G) and AcTM1bZip; 7, Tmodl-

(L27G/L71D); 8, Tmod1(L27G/L71D) and AcTM1bZip; 9, Tmod1- - 207
(L27G/L71D/1131D); 10, Tmod1(L27G/L71D/1131D) and AcTM1bZip;
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llidegrees, 222 nm

mi

11, Tmod1(T59A/G60A/P61A); 12, Tmod1(T59A/GB0A/PE1A) N

and AcTM1bZip. The TM:Tmod molar ratio in lane 4 is 1:1; in all o

other lanes with AcTM1bZip it is 2:1. Arrows indicate TM/Tmod1 Temperature, 0C

complexes; arrowheads indicates Tmod1. Ficure 4: Binding of Tmod1-159 mutants to a TM model peptide
measured using circular dichroism spectroscopy. The temperature

We were unable to detect on native gels binding to another dependence of the ellipticity at 222 nm was measured for unmixed

: : . and mixed AcTM1bZip and AcTM1aZip. Panels: (A) Tmadikg
TM peptide, AcTMlaz_lp. Alternanvely, _another way 0 T and AcTMlaZip;p(B) TmOdiL-159V\5)T and AcT(M)leip; ©)
detect complex formation is by measuring the change in TmodL_15¢L27G/L71D) and AcTM1aZip: (D) Tmodil 1s4L27G/
ellipticity during melting of a Tmodl and TM peptide L71D) and AcTM1bZip. Key: ©) Tmodl_ise alone; @) TM
mixture. Unfortunately, the heat denaturation of Tmod1 is peptide; ¢) sum of the folding curves of the TM peptide and

irreversible; Tmod1 begins aggregating 264 °C (23). Tmodl-1s0alone; ) the folding of the mixture of the TM peptide
Mixing Tmod1 with TM peptides does not prevent aggrega- and Tmodi-1se

tion, but it does change the melting curves, indicating that 1.0 —
there is binding of Tmod1 to the TM peptides (results not

shown). However, it is impossible to analyze the unfolding 5 08

curves because of the aggregation. Since aggregation is g 0.6

associated with the C-terminal LRR domain (residues-160 & ' o
359) 23), we decided to express fragments long enough to &, 04

contain the second binding site, but which do not aggregate éﬁ

when melting. The C-terminal domain does not bind TM 02 o
(21, 25) or contain TM-dependent actin-capping activi2g) 0.0 s

therefore, we expressed two fragments, Tmog} and (') fo 2}) 3'0 40 5}) 6}) 7'0 180
Tmodl—15dL27G/L71D), that do not aggregate during
thermal denaturation.

TM-Binding and Actin-Capping Abilities of Tmod1 Wild- FiGure 5: Dependence of inhibition of actin polymerization on
Type and Mutated N-Terminal Fragments, Residueg39. ~ modLiseconcentration in the presence of 014 StTM. Initial
Binding of Tmod_1s0 and Tmod1 15¢(L27G/L71D) with ;_at_es R) were calculated as the first derivatives at time zero after

] . - ! itting. The inhibition of polymerization was calculated &g,/
AcTM1bZip and AcTM1aZip was analyzed using circular R, where Reonrol = 1 (in the absence of TM and Tmod1
dichroism (CD) spectroscopy (Figure 4). The CD measure- fragments). Key: @) TmodL_1sdWT; (O) TmodL_154L27G/
ments at 222 nm indicated that there is no cooperativity in L71D); () the value shown for stTM in the absence of tropo-
the melting of Tmodi 156 consistent with the absence of Medulin fragmentgn = 3).
definite tertiary structure in this regio21—23). Unlike full- nM. However, increasing the concentration further does not
length Tmod1, thermal denaturation of complexes of change the inhibition effect for this mutant.

Tmodl_;s9 fragments and TM peptides was reversible and  Localization of the Second TM-Binding Sit®ur data
highly cooperative. There was an increase in both the melting indicate that there is a second binding site for muscle and
temperatureT,, and helical content in the mixture relative nonmuscle a-TMs within residues 93159. Secondary
to the sum. This indicates that there was binding of Tmod1 structure analysis of the amino acid sequence of Tmodl
fragments to botl-TM peptides and that additional helices predicts the presence of several additional helices in this
formed during the binding. region (Figure 1). Our hypothesis is that these helices might

In the absence of TM, Tmodl;s9 has no effect on actin ~ be important in forming the second TM-binding site. The
polymerization at concentrations used for our experiments longest predicted helix, residues 12835, is mostly com-
(5—175 nM). To compare the inhibitory activities of wild- posed of hydrophobic amino acids; all of these residues are
type and mutated Tmodlse the dependence of the initial conserved except Cys139. Our previous d2#aZ7) suggest
rate of polymerization on Tmodl;s9 concentration was  that hydrophobic interactions are important for Tmod binding
measured (Figure 5). The TM-dependent capping ability of at the pointed end. The hydrophobic side of this helix is
wild-type Tmodl-150 is comparable to full-length Tmodl formed by Leul28, lle131, Alal32, lle134, and Leul35. We
activity and higher than Tmodly, activity (14). The mutated a conserved lle131 in the middle of the helix to
inhibitory activity of the Tmod1-,15L27G/L71D) reaches  Asp, destroying the hydrophobic surface. Tmod1(L27G/
50% inhibition effect at a concentration 6f30 nM while L71D), the mutant lacking the first TM-binding and actin-
wild-type TmodZl-159 reaches 50% inhibition effect at 3.5 capping sites, was used as a template. Tmod1(L27G/L71D/

Tmod fragment concentration, nM
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Tmodl concentration (nM) Ficure 7: Binding of Tmodlgs-144 to TM model peptides

. ) . ) _measured using circular dichroism spectroscopy. The temperature
Ficure 6: (A) Pointed end elongation of gelsolin-capped actin gependence of the ellipticity at 222 nm was measured for unmixed
filaments (5.6 nM) in the presence and absence of Tmod1(L27G/ and mixed AcTM1bZip and AcTM1aZip. (A) Tmogds 144 and
L71D/1131D) and 0.7%M stTM. 1.1 uM (10% pyrene-labeled) AcTM1azZip. (B) Tmodlige-144 and AcTMi1bZip. Key: ©)

G-actin was mixed with 0.6M F-actin in F-buffer (100 mM KClI, TmodZlis 144alone; @) TM peptide; &) sum of the folding curves
2 mM MgCl,, 1 mM EGTA, 0.5 mM DTT, 0.2 MM ATP, 0.2 mM ot the TM peptide and Tmod1.s, alone; () the folding of the

CaCb, 1 mM NaN;, 10 mM imidazole, pH 7.0). Key: &) control, mixture of the TM peptide and Tmogkh- 144
no tropomyosin or tropomodulin®) with 0.75uM stTM and 50

nM Tmod1(L27G/L71D/1131D); ¥) with 0.75xM stTM and 200 .

nM Tmod1 (L27G/L71D/1131D); ¢) with 0.75xM stTM and 500~ Ments (data not shown). Therefore, residues—1¥e0 are

nM Tmod1(L27G/L71D/1131D); M) with 500 nM Tmod1(L27G/ not required for formation of the second TM-binding site.
L71D/1131D). (B) Dependence of inhibition of actin polymerization On the basis of sequence conservation and the probability
on Tmod1l concentration. Initial rateQ)(wel’e calculated as the to form Secondary Structure’ we Chose res|dues_m for

first derivatives at time zero after fitting. The inhibition of : f -~ P .
polymerization was calculated 8.y/Reonro, WhereReomro= 1 (in a synthetic peptide containing the second binding site.

the absence of TM and Tmod1 fragments). Key: Tmod1WT with Binding of Tmodios-144to both TM peptides was measured
(®) and without ) 0.75uM stTM; Tmod1(L27G/L71D) in the using CD (Figure 7). The dissociation constants of

presence of 0.7aM stTM (O); Tmod1(L27G/L71D/1131D) with  Tmodli9-144 estimated from the changes in ellipticity, were
_(V) and without ) 0.75uM StTM; (m) the value shown for stTM 2.5+ 1.1 nM for AcTM1bZip and 1.3+ 0.3 uM for
in the absence of tropomodulin & 3). AcTM1laZip. These data show that the second TM-binding
site, earlier suggested to be for erythrocyte TM or#2§)(

[131D) lost the ability to bind AcTM1bZip in a native gel also binds other TM isoforms.

(Figure 3, lane 10). There was no change in melting )
temperature or helical content when this mutant was mixed ©One Tmod Molecule Binds Two TM Moleculeghe
with AcTM1aZip or AcTM1bZip. Therefore, lle131 localizes ~ 9uestion now is how many TM molecules does one Tmod
the second TM-binding site. Studies of actin-capping ability molecule bind? There are several possibilities: one Tmod
for this mutant showed at least a 30-fold decrease in could bind two different TM molecules at the same time,
inhibitory activity (Figure 6). Tmod1(L27G/L71D/I131) both sites could bind the same TM molecule; the sites could
reaches a 50% inhibition effect at a concentration~&0 be mutually exclusive so that TM binding to one site makes
nM, while wild-type Tmod1 reaches a 50% inhibition effect binding to the other sitg impossible. In the first case, one
at~2 nM. Increasing concentrations of Tmod1(L27G/L71D/ Tmod molecule would bind two TM molecules, while in the
1131D) up to 500 nM in the presence of TM increased other two cases, a Tmod molecule would bind only one TM
inhibition of actin polymerization. However, it is difficult ~molecule.
to distinguish what part of this inhibition is TM-dependent =~ On a native gel, the distance between the Tmodl band
because at high concentrations Tmod1(L27G/L71D/1131D) and the TM/Tmod1 complex depends on the molecular mass
itself inhibits polymerization even in the absence of TM (~8.6 kDa) and positive chargel(p- 10) of the TM peptide,
(Figure 6). which binds to Tmod. Complexes of the TM peptide with
As a contamination to the Tmogdlsefragments, a peptide  Tmod1 and its mutants migrate differently (Figure 3). The
of smaller molecular weight was copurified. According to distance between the Tmod1 band and complexes of the TM
mass spectroscopy results this peptide corresponds to geptide with either wild-type Tmodl or Tmodl((T59A/
1—-146 residue fragment of Tmodl. The Tmedls frag- G60A/P61A) is twice the distance seen between the Tmod1
ments, both wild type and mutated, were still able to bind band and complexes of the TM peptide with Tmod1(L27G)
the TM peptide on a native gel showing the same difference or Tmod1(L27G/L71D), mutants with the first binding site
in mobility of complexes as Tmodl and Tmadise frag- destroyed. This drastic difference in mobility may be
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different concentrations of TM peptide. The decrease of free
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site, was done by Greenfield and Fowler and shows a 1:1
stoichiometry 9). Our data demonstrate that 1 mol of full-
length Tmod binds not 1 but 2 mol of TM peptide.

DISCUSSION

We localized a second binding site for both short and long
TM isoforms on Tmodl within residues 16944. This
region contains a predicted helix, residues 4285. The
calculated dissociation constant of Tmegdl;44 for AcTM1b-

Zip is 2.5+ 1.1 nM. This is 2 orders of magnitude tighter
than the calculated dissociation constant of Tmoghl(0.22

+ 0.10 uM) (14) and Tmod1 130 (0.23 & 0.15 uM) (9).
The dissociation constant of Tmo@d-144 for AcTM1aZip

is 1.3+ 0.3 uM, the same as the dissociation constant of
TmodL-13 (1.1 + 0.4uM) (9). However, the difference in
inhibitory activity of Tmod/TM on actin capping between
short and longo-TMs is about 5-fold 14). It is possible
that kinetic properties of the TM-binding sites, e.g., higher
on-rate binding of long TM to this site or higher cooperativity
of this binding, may minimize the difference in dissociation
constants.

Figure 9A shows the location of the TM-binding and actin-
capping sites identified in the present and previous studies.
Our binding studies show that one Tmod1 molecule binds
two TM molecules in a cooperative manner and lead to a
new model for Tmod1 and TM binding at the pointed end

tropomodulin and the increase of the complex were monitored by Of the actin filament (Figure 9B).

scanning and quantifying the Tmod1 band in native polyacrylamide
gels. (A) 9% native gel and (B) 15% SDS gel scanned on a
densitometer. (C) Dependence of the amount of free Tm@J1 (
and density of the complex band) on the amount of AcTM1bZip
added (TM/Tmod molar ratio). Lanes on the gels correspond to
points on the graph. Lanes-13 contain AcTM1bZip/Tmod1 in

ratios of 0, 0.125, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.5, 3.0,

and 4.0. Error bars show standard deviation=4).

explained by one Tmod1l molecule binding two molecules
of TM, while Tmod1 with the L27G mutation binds only
one TM. However, mobility of proteins on native gels

The L27G mutation destroya-helix formation in the
helical region, residues 2485, located in the first TM-
binding site 24). This mutation causes a loss of TM-binding
ability in TmodL-g,. However, Tmodi-;s¢ and full-length
Tmod1 with this mutation are still able to bind TM, because
the second TM-binding site is intact. All of these mutants
inhibit actin elongation at the pointed end with effectiveness
close to wild type.

Mutation L71D inhibits formation of the hydrophobic
surface in the amphipathic helix, residues-6%, which we

depends not only on molecular weight and charge but alsoshowed to be important for TM-dependent actin capping.
on shape of a protein or protein complex. Since there is a Together, mutations L27G and L71D led to the loss of
probability that change in the protein shape may have causedcapping activity in Tmodi.s, (27). However, the effect of
the difference in mobility, we used titration to determine the these mutations became less significant with the increasing
stoichiometry. size of the Tmod1 fragment. Tmads«L27G/L71D) was
Full-length Tmod1 was titrated with AcTM1bZip. The still able to inhibit actin polymerization although10-fold
decrease of free Tmod in the mixtures was monitored by less effectively than wild-type Tmadise. These mutations
scanning and quantifying the Tmod band as well as the had no effect on the capping activity in full-length Tmod1.
complex band in native polyacrylamide gels (Figure 8A). Therefore, destruction of the first actin-capping domain by
In Figure 8B, the same samples are shown on a 15% SDSthe L71D mutation is inconsequential for full-length Tmod,
gel. Standard deviation of the loaded Tmod1 is no more thanwhich contains an intact C-terminal capping domain. Inter-
4%, estingly, Tmod-15L27G/L71D) never completely inhibits
Quantification of complex bands was impeded because ofactin polymerization and is onk50% effective compared
the smear. According to the CD measurements, Tmod/TM to the wild-type fragment. Two of three sites crucial for TM
binding is very tight. Thus, this smear is not a result of binding and actin capping are destroyed in this fragment, so
exchange between free and bound molecules but is the resulit cannot be well fixed at the pointed end. The 50%
of partial dissociation of the complex due to heating during effectiveness may reflect the probability of the Trads-
gel electrophoresis. The density of the complex cannot be (L27G/L71D) polypeptide chain to be found in a position
converted to moles and therefore cannot be averaged. Thevhere it prevents the next actin molecule from binding to
amount of unbound Tmod1 and the density of the complex the pointed end.
are shown in Figure 8C as a function of the TM:Tmod ratio. = The third mutation, 1131D, postulated to destroy the
At 1:1 ratio 63+ 10% of Tmod is still free. Both curves  hydrophobic surface in a putative helix, residues-1285,
show saturation between a ratio of 2:1 and 2.5:1. Titration caused a loss of TM binding in full-length Tmod1 and a
of the Tmod1l fragment, containing only the first binding 30-fold decrease of capping ability when L27G/L71D
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Ficure 9: (A) Schematic model of the TM-binding and actin-capping sites. (B) Cartoon representation of the pointed end. The N-terminal
half of Tmod1 binds to both TMs and interacts with actin. Two actin molecules at the pointed end are shown as transparent.

mutations were also present. This result confirms the location AcTM1bZip to the second site is tighter than to the first site;
of the second TM-binding site within residues 814 and however, we do not see an intermediate band corresponding
demonstrates that correct folding of the helix is crucial for to a complex with one TM fragment bound. Therefore, there
the formation of this site. Our evidence that residues-109 is cooperativity in the binding of 2 mol of TM to 1 mol of
144 contain a second TM-binding site is consistent with Tmod1. The two-state transition in the melting curves for
results from other studies. Original evidence of a second TM- complexes of Tmodliss and TM peptides confirms this
binding site was shown in the ability é#3-labeled eryth- conclusion.
rocyte TM (a heterodimer ak andy short TM) to bind to The presence of one of two TM-binding sites and one of
Tmodlys—359 immobilized on nitrocellulose2g). Since we two actin-capping sites is sufficient for successful functioning
began our work, Vera et al2§) mapped a binding site for ~ of Tmodl. The duplication of binding sites makes Tmod
TM5 (a short erythrocyte TM encoded by theTM gene) function more resistant to mutations. The mutation T59A/
to residues 105127, and Kong et al4@) found that residues ~ G60A/P61A in the flexible region of Tmod1, which caused
L134 and L135 are crucial for TM5 binding. However, all a 10-fold decrease of capping ability in Tmadg, had no
three studies used qualitative assays to measure interactiongffect in full-length Tmod1. When the Tmod1 molecule is
methods that were unable to quantify the affinity or stoichi- bound at both binding sites to two different TM molecules
ometry of the complex. Tmod binding to long-TM is at the pointed end, a change in flexibility of the region
weaker than to short TMs and therefore difficult to detect between these binding sites is less important for capping than
with the methods used. Our assays appear to be morein a molecule with one binding site. Our data suggest that,
sensitive and allow detection of binding to both muscle and at the pointed end, one Tmod molecule binds both TM
nonmusclex-TM isoforms (stTM and TM5a). molecules. Therefore, one molecule of Tmod is necessary
It was shown that a Tmod1 fragment consisting of residues and sufficient for capping at the pointed end (Figure 9). This
1-130 binds only one TM peptided). According to our completely changes the previous concept of pointed end
data, the second bhinding site cannot be formed in this organization, whereby one molecule of Tmod binds to one
fragment because half of the putative helix, residues-126 molecule of TM @). This model should be subject to further
135, is missing. Our data support the conclusion that full- investigations.
length Tmod1 contains both TM-binding sites and binds two
TM molecules. Several experimental results confirm this ACKNOWLEDGMENT
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