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ABSTRACT. Tropomyosin binds along actin filaments and regulates actiyiosin interaction in muscle

and nonmuscle cells. Seven periodic amino acid repeats are proposed to correspond to actin binding sites,
and the middle periods are important for cooperative activation of actin by myosin. The functional
contributions of individual periods were studied in mutants in which periegg\®ere individually deleted

from rat striated musclexa-tropomyosin or replaced with a leucine zipper sequence. Unacetylated
recombinant tropomyosins were assayed for actin binding, regulation of the actomyosin ATPase with
troponin, cooperative myosin S1-induced binding to actin, and thermal stability. Tropomyosin function is
relatively insensitive to deletion of period 2, but loss increases as the deletion is shifted toward the
C-terminus. Retention of function upon deletion of the periodic repeats is in the order & 2 4 ~

6> 5. Internal periods are important for specific functions and are not quasiequivalent. Deletion of period

5 (residues 166207), and especially deletion or replacement of residues-188, a constitutively
expressed region encoded by exon 5, had severe consequences on actin affinity and cooperative myosin
S1-induced binding to actin. Period 6, residues-2282, part of the troponin binding site, is required for

full inhibition of the actomyosin ATPase in the absence of calcium. The effect of the deletion can depend
on its context, suggesting that sequence alone is not the only factor important for function. We propose
that the local structure and stability, and consequent flexibility, of the coiled coil are major determinants
of actin affinity.

Actin filament dynamics and function in muscle and correspond to an integral number of periods and actin
nonmuscle cells are modulated by tropomyosin M monomers in the filament; seven in 284-residue muscle and
parallel, two-chained coiled coil that binds along the length nonmuscle forms and six in 247-residue nonmuscle isoforms.
of the actin filament1—4), reviewed by §). Tropomyosins In addition, yeast has tropomyosins that span the length of
are a family of highly conserved proteins expressed in musclefour and five actin monomerd{, 18).
and nonmuscle cells that stiffen and stabilize actin filaments e contributions of individual periods to tropomyosin
and regulate myosin-dependent motile function. Cooperative fnction have been evaluated by deleting or replacing one
regulation of actin filament function in striated muscle by r more repeat. Deletion analysis of striated muscleo-
myosin and troponin (Tn) depends on tropomyosin [reviewed o myosin showed that the presence of an integral number
by (5)]. Tropomyosin regulates actin filament dynamics in o periodic repeats and an uninterrupted coiled coil are
multiple ways. Tropomyosin alone, and with tropomodulin, yeqired for actin binding1©, 20) but that regions of the
§tab|llzes the “po'”te‘?'" end of the fllamer.ﬁ—(m), protects . molecule contribute differentially to regulatory functidif
filaments from severing and depolymerization by proteins 53 14 and three period deletions within the molecule have
such as cofilin and DNase 1, 12), and inhibits the Arp2/3 g1 effects on actin affinity but big effects on activation
qomplex-nucleated actin polymerization and branch forma- of the thin filament by C&, as measured using actomyosin
tion (13)', ) . ATPase and motility assay2@-23). Deletion of certain

The highly conserved tropomyosin sequence containSinterna| regions impair myosin S1-induced binding of tro-
periodic patterns of amino acids that relate to its structure pomyosin to actin Z3), and tropomyosin binding to acto-
and its function. In addition to the characteristic heptapeptide myosin S1 2), leading to the suggestion that the allosteric
repeat of hydrophobic amino acids characteristic of coiled activation of the actin filament by tropomyosin is promoted
coils, there is a poorly conserved 7-fold periodic repeat )0 strongly by the middle of the molecule than the ends
proposed to represent quasiequivalent _actin binding _sites 24). We have inferred that period 5 is of particular
(14-16). The lengths of naturally occurring tropomyosins significance for myosin S1 promotion of tropomyosin binding

to actin in the “open” conformation required for full thin
T Supported by National Institutes of Health Grants GM36326, filament activation 23).
GM63257, and HL35726 to SEHD and NJG. . . . L
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individual periods have specific functions. The deletion

mutants are widely different in actin affinity and myosin-
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Following ligation and cloning in DH& cells, the DNA
from a single colony was purified. The presence of the

induced tropomyosin binding to actin. The periods also differ mutation was confirmed by sequence determination of one

in their importance for Ca-dependent regulation by tropo-
nin.

EXPERIMENTAL PROCEDURES

DNA Constructions, Protein Expression, and Purification.

A rat striated muscler-tropomyosin cDNA clone, a gift of
Dr. B. Nadal-Ginard Z5), was used for expression of wild-

type tropomyosin and for construction of all mutants reported

for the first time here. The cDNA was previously cloned
into pET11d 26) at Ncol and BamH1 sites for expression
in Escherichia coli The dAc5, dAc4/5, dAc5, dAc5N,

dAc5-C, dAc6, and TM-5Nzip mutants created for the

strand of the cDNA at the UMDNJ DNA Synthesis and
Sequencing Facility at Robert Wood Johnson Medical
School, Piscataway, NJ. For protein expression, the pET11d
vector carrying the wild-type or tropomyosin cDNA was
transformed intcE. coli strains BL21(DE3) or BL21(DE3)
pLysS @6) for expression and purification as previously
reported 23, 27, 28) by ammonium sulfate fractionation,
chromatography on DE52 cellulose, and hydrolylapatite.
Other Proteins Actin was isolated from White Leghorn
chicken pectoral muscle acetone powd29)( except that
actin was polymerized by addition of KCI and Mg@b 20
and 0.7 mM, respectively, and incubated at °€7 for 10

present study were made using oligonucleotide-directed yin pefore polymerization at room temperature. Myosin was

mutagenesis of double stranded DNA (in pET11d) using a
Stratagene ExSite or Quick-change PCR-based site-directe

mutagenesis kits (La Jolla, CA) with Taq or Pfu DNA

repared from chicken pectoral muscle; myosin S1 was
Cs;repared by papain digestion of myos80). Troponin was
purified from chicken pectoral muscle (a gift of Dr. J. Fagan,

polymerase. Two synthetic olig_onucleotides served as prim- Rutgers University, New Brunswick, NJ) according to the
ers for the PCR for each mutation. One was complementary yethod of Potter31) with modifications described ir8Q).

to the region of the cDNA adjacent to the first codon to be

deleted at the 'send of the cDNA. The second oligonucle-

The concentrations of actin, myosin, myosin S1, and
troponin were spectrophometrically determined using the

otide was complementary to the noncoding stand starting atyyinction coefficients (0.1%) of 1.1, 0.53, 0.83, and 0.45,

the last codon to be deleted, extending toward then8 of

the cDNA. All oligonucleotides were synthesized by the
UMDNJ DNA Synthesis and Sequencing Facility, Robert

Wood Johnson Medical School, Piscataway, NJ.

The sequences of the mutagenic oligonucleotides were a

follows:

dAc4, 5 end:
3-CCGACTCTTCCGACGTCTACTCTCA-5

dAc4, 3 end:
5-GCCCGTAAGCTGGTCATCATCGAGAG-3

dAc4/5, 8 end:
3-CTTCTTTTCTACCTCTAAGTCCTCTAG-5

dAc4/5, 3 end:
5-AAATGTGCGGAGCTTGAAGAAGAGT-3

dAc5, 5 end:
3-CTTCTACGACTGGCTTTCATACTTCTCCAC-5

dAc5, 3 end:
5-GAGGCTCAGGCTGAGAAGTACTCTC-3

dAc5—N, 5 end: same as dAcb5

dAc5—N, 3 end:
5-GAAGGCAAATGTGCGGAGCTTGAAG-3

dAc5—-C, 5 end:

3'-GCCTCCTCTCCCGACTCGAGAGC-5
dAc5—C, 3 end: same as dAc5

dAc6, 5 end:
3I-CTTTTGCCACTGCTTGTTGAACTTCAGTGAC-5

dAc6, 3 end: 3-GAGAGATCAGTAACC
AAATTGGAGAAAAGC-3'

TM—5Nzip, Bend:
3TCTACGACTGGCTTTCATACTTCTGAACTT
CTATTTCAACTTCTTGAAGACAGATTTTTGATG
GTAGAATTTTTGCTTCAACGAGCAGAATTTCHIG

TM—5Nzip, 3 end:  same as dAc4/5

respectively. Concentrations of recombinant tropomyosin
were determined by differential absorption spectra of tyrosine
as previously describe@8, 33, 34).

Circular Dichroism MeasurementsCD measurements
Swere carried out and analyzed using an Aviv model 62 DS
spectropolarimeter as previously describ@s) (The helical
content was estimated from the mean residue ellipticity (deg
cn? dmol1) at 222 nm using the following formula:

% helix = ([6],,, + 5000)/(-43 000+ 5000)

where —5000 is the ellipticity of all the fully unfolded
tropomyosins and-43 000 is the maximal ellipticity ob-
served at C°C.

Actin Binding AssaysTropomyosin binding to F-actin was
directly measured using a cosedimentation assay as previ-
ously described3g) with modifications £8). The amounts
of bound and free tropomyosin in the pellets and superna-
tants, respectively, were quantitated by densitometry of
SDS—polyacrylamide gels (12%) stained in Coomassie Blue
(37) using a Molecular Dynamics model 300A computing
densitometer (Sunnyvale, CA). Despite the high concentra-
tions of tropomyosin used for some mutants, trapping and/
or nonspecific binding was less than 10% for most mutants.
Where the trapping exceeded these levels, the data from the
binding isotherm were corrected for the trapped tropomyosin.
The free tropomyosin in the supernatants was calculated from
standard curves for wild-type tropomyosin, or dAcC4TM.

The appareni, (Kapp of tropomyosin for F-actin and the
Hill coefficient (nH) were determined by fitting the experi-
mental data to the following equation using SigmaPlot (SPSS
Science, Chicago, IL):

nH

_ H
v = (N[TM] ™K aon

H H
aon V(L + [TM] ™K

wherev = fraction maximal tropomyosin binding to actin,
n = maximal tropomyosin bound, and [TMF [TM] free
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The TM:actin ratio was normalized to 1.0 by dividing the
TM:actin ratio obtained from densitometry by the observed
TM:actin ratio for saturating, stoichiometric binding. We
have previously shown that the density ratio at saturation
reflects stoichiometric binding of tropomyosin to actg8).

Myosin S1-Induced Tropomyosin Binding to Acfatin
(3 uM) and tropomyosin (3«M) in 30 mM NacCl, 0.5 mM
MgCl,, 1 mM DTT, 10 mM imidazole, pH 7.0, were mixed
with myosin S1 (6-4.2 uM). The mixture was incubated at
room temperature for 30 min to ensure hydrolysis of residual
ATP from F-actin and then centrifuged in a TLA-100 rotor
for 25 min, at 60 000 rpm, 20C, in a Beckman TL-100
ultracentrifuge (Fullerton, CA). The pellets were washed with
assay buffer and then solubilized in actin extraction buffer
(5 mM imidazole, pH 7.0, 0.5 mM DTT, 0.1 mM Cagl
0.1 mM ATP) by sonication in an ultrasonic cleaner. Pellets
were electrophoresed on 12% SBBAGE gels 87). Pro-
teins were visualized with Coomassie brilliant blue. The

composition of proteins sedimented in pellets was analyzed

by densitometry. The results were plotted as the TM:actin
and S1l:actin ratio obtained from intensities of protein bands
on the gel versus the initial S1:actin molar ratio. The data
were normalized to the value for stoichiometric binding at
saturation.

Actomyosin MgATPase Assalhe actomyosin ATPase
activity was measured as a function of tropomyosin con-
centration using 2.4M actin, 0.6 uM myosin, 1 uM
troponin, and 6-10 uM tropomyosin depending on the actin
affinity, typically 1—1.6 M, in 40 mM NaCl, 5 mM MgC},

5 mM imidazole, pH 7.0, 0.5 mM DTT, and either 0.2 mM
CaCl or 0.2 mM EGTA. Assays were carried out in 96-
well microtiter plates at 28C in a thermoequilibrated
Molecular Devices ThermoMax microtiter reader (Menlo
Park, CA). The reaction was initiated by adding MgATP to
final concentration 5 mM and terminated after 15 min by
adding SDS and EDTA to final concentration 3.3% and 30
mM, respectively. The amount of inorganic phosphate
released was determined colorimeticaB®)( The plates were
read in a Molecular Devices ThermoMax plate reader with
a 650 nm filter (Menlo Park, CA).

RESULTS

Mutant Design.The mutations were deletions of single
periodic repeats proposed to represent quasiequivalent acti
binding sites (Figure 1A): 35 amino acids (periods 3 and 6)
or 42 amino acids (periods 2, 4, and 5) following the Phillips’
proposal 16). The designation of the periods takes into
account the helical (azimuthal) position of thehelix as
well as the linear (supercoil) position of each amino acid,
with an average repeat of 89 amino acids. Also, the
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A B
Periodic Repeats Deletion Mutants Leucine Zipper Replacement Mutants
Periodic Repeats Periodic Repeats
Wild Wildi
i N<Clz[s[#[s]e]7Ke ‘mim n{Glz[3]4a[s5]6]7Kc
dAc2 )
sepites (] IASIel7K Mzb (GCHeTalsTe]7]
sz ([2] [Als[6[7K  tus
249a (ressotopy LL12HE814]16]6]7
eites (12]s] [s]e]7]
s aa testessy LU T2T3]4 Eb[e[7K
dAc4/5
ares.d47-188 <1 [2]3J4: 15[ 6] 7] TM-5Czi
2422a (res.188.213) 2]31415H 617

dAc5

ares166207 <[1[2[3[4] [e]7]}
24223
dAcs-N

ares.te6-186 [ 1 [2[3]4]i5[6]7]
270 aa
dACS-C

ares.187207 {1 ] 2] 845 [6]7]
270 aa

dAce
weszoezs (1] 2[5 [4]5]
aa
{ 7

L JzTsT4Ts]e[7[s]oK

exons

[1T2Ts[4]s]e]7[¢]9]
exons
C . .
Sequences of Leucine Zipper Replacements
a d a d
47QKKLKGTEDELDKY 60
TM-2zip EDKVEELLSKNYHL
a d a d
89 NRRI QLVEEELDRAI102
Tm-3zip EDKVEELLSKNYHL
d a d a d a d
165VARKLVII ESDLERAEERAELSEGIS8
TM-5Nzip LEDKVEELLSKNYHLKNEVARLKD
a d a d a d a
19 KCAELEEELKTVTNNLKSLEAQAEK?213
TM-5Czip KVEELLSKNYHLENEVARLKKLVAE

Ficure 1: Design of the deletion mutants. The numbered blocks
represent the seven periodic repeats in 284-residue tropomyosins.
Each block (period) corresponds to the length of an actin monomer
spanned by tropomyosin in the thin filament. The pointed (N-
terminus) and barbed (C-terminus) ends reflect the orientation of
tropomyosin on the actin filament. The designation “N” or “C”
refers to the N-terminal or C-terminal region of the period. (A)
The deletions are of individual periods or half periods. In the
diagram the blocks represent the regions remaining in the mutants.
Each mutant is named, the region deleted, and remaining number
of amino acids listed. At the bottom of the figure, the coding exons
are listed, aligned with the corresponding periods. (B) The zipper
motifs show where GCN4 leucine zipper sequence replaces
tropomyosin sequence and the residues that were replaced. All

Mutants are 284 residues in length. (C) The amino acid sequences

of regions of tropomyosin (top) that were replaced with GCN4
leucine zipper sequencd®). The a andd refer to the interface
positions in the coiled coil heptad repeat. The FBNzip mutants
contains two changes from the GCN4 sequence: 180K (instead of
E) and 188D (instead of K).

Contributions of Indiidual Periodic Repeats to Actin

deletions, being 35 or 42 amino acids, are multiples of seven Affinity. A universal tropomyosin function is the ability to
to retain the heptapeptide repeat of hydrophobic residuesbind cooperatively to F-actin. The actin affinity was mea-

important for coiled coil function40, 41). We also made
two half-period deletions (21 amino acids) of period 5 based
on our earlier work showing that a half-period deletions of
period 2 had little effect on functior1g). Mutations replacing

sured by cosedimentation with F-actin in the presence of
troponin, with C&" (36, 43). Recombinant striated muscle
o-tropomyosin expressed iB. coli is unacetylated at the
N-terminal Met and requires troponin for reasonable actin

tropomyosin sequence with GCN4 leucine zipper sequenceaffinity (36). The deletions all reduced the affinity of
maintained the length of wild-type tropomyosin (284 amino tropomyosin for actin, but removal of period 5 had the most
acids, Figure 1B). Figure 1C shows the GCN4 leucine zipper severe effect (Figure 2A, Table 1). Removal of period 2
sequences compared to the tropomyosin sequences. Workeduced actin affinity less than 10-foltig, 20). Deletion of

on some of these mutants is publish&d, (20, 42). periods 4 and 6 caused +30-fold reductions in affinity,
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Ficure 2: Binding of tropomyosin deletion mutants to actin with troponin. Tropomyosin at concentrations ranging from Q:ké, 20
depending on the mutant, was cosedimented witM5actin in 150 mM NacCl, 10 mM TrisHCI, pH 7.5, 2 mM MgC}, 0.5 mM dithiothreitol

with either 0.2 mM CaGl (A, B) or 0.2 mM EGTA (C). The troponin concentration was at a 1.2-fold molar excess over tropomyosin. The
curves were fit to the data using the Hill equation. 'Kag are reported in Table 1. The Hill coefficients were typicaly43 (A) Binding

of single period deletion mutants to actin with troponirCa2™. Symbols: @, wild-type; O, dAc4; v, dAc4/5; B, dAc5; A, dAc6. (B)
Binding of period 5 mutants to actin with troponi#tCea*. Symbols: v, dAc4/5 (same data as in panel A; dAc5 (same data as in panel

A); A, dAc5-C; O, TM—5Nzip. dAc5-N does not hind. (C) Binding of period 5 mutants to actin with tropofigGTA. Symbols: O,

dAc5, +EGTA; B, dAc5, +C&"; v, dAc5—N, EGTA; A, dAc5-C, EGTA, a, dAc5-C, C&*; &, TM—5Nzip, EGTA.

Table 1: Summary of Measured Parameters of Tropomyosin Mutants

actin affinity S1/Actin for S1/TM Tw unfolding,°C
+Tn, C&* 1/2 max 1/2 max Tw unfolding,°C major dissociating
protein Kapp(M™1 x 1076) TM binding TM binding overalPk transitior?
wild-type 12.8+ 0.3 0.2+ 0.02 14 42.6+ 0.5 45.0+ 1.0
dAcz 14+0.1 0.24+ 0.04 1.4 43.4 45.9
dAcZ 0.5+0.1 0.57+ 0.09 34 36.4 37.9
dAc4 1.1+ 0.2 0.65+ 0.02 3.9 50.3 50.8
dAc4/5 0.48+ 0.18 0.40+ 0.05 2.4 43.1 45.7
dAc5 <0.1 >1.0 not saturated 41.3 44.2
dAc5—N <0.1 no binding not saturated 42.9 48.5
dAc5-C 0.25 0.76 4.9 35.2 48.2
d191-211 0.174+0.01 1.12 43.1 44.9
dAc6 0.39+ 0.01 ~0.7 ~4.2 44.4 47.3
TM—2zip 1.7+0.1 - - 43.8 45
TM—3zipf 1.3+0.1 0.68+ 0.04 4.8 43.9 45.4
TM—5Nzip <0.1 no binding not saturated 56.4 68.3
TM—-5Czigd 17+ 0.1 0.21+0.01 15 36.9 50
D121N 7.6 - - 434 45.9
D175N° 7.14+0.3 - - 43.8 45.6
E180CG 3.7+0.1 - - 40.5 47.9

aThis is the temperature where the protein is 50% folded, assuming that it is completely fold&d ah@ the temperature of complete unfolding

was experimentally determine®This is the transition with the highe3t,, assumed to accompany chain dissociatfoFhese mutations were in

chicken striatedx-tropomyosin. The description and analysis of these mutants have been previously pul2@hg&t€ K, for wild-type is 9.6

+ 0.5 x 10° M~%, 9The description and analysis of these mutants have been publiéBed e tropomyosins differ from those in the present

study in that residues 380 are encoded by exon 2a, whereas those in the present study are encoded by exon 2b. The values are compared to a
wild-type in which there are 2a- and 6a-encoded regions (vs 2b and 6b in the present wildKygpdar actin, 70x 10° M~%; overall Ty, 35.2

°C; S1/actin ratio for half-maximal binding, 0.18The description and analysis of these hypertrophic cardiomyopathy-causing mutations in human
striated muscle-tropomyosin were previously published i60( 61). Kapp of wild-type TM for actin, 10.3+ 0.3 x 10° M~%; overall Ty, 44.5°C.

similar to that previously reported for period 20j. (dAc4/5) deleted residues 14188, corresponding to exon
Surprisingly, however, deletion of period 5 resulted in loss 5 and part of exon 4, totaling 42 residues. Two were of half-
of measurable affinity for actin with troponir;Ca*, though period deletions of the N- and C-terminal halves of period
it did bind weakly in the absence of &a(Kapp = 0.54 + 5: residues 166186 in dAc5-N and residues 187207 in
10° M1, at least 200-fold weaker than wild-type tropomyo- dAc5—C, corresponding approximately to exons 5 and 6,
sin). The results suggested that period 5, residues 268, respectively. The half-period deletions were based on the
is more important for actin binding than the other four McLachlan and Stewart proposal that there are fourteen
internal periods. guasiequivalent actin binding sites in tropomyodiB)(We
Period 5 (residues 166207) is encoded by most of exon previously reported that deletion of half (21 residues) or all
5 (residues 165188), a constitutively expressed exon, and (42 residues) of period 2 had similar mild effects on function,
most of exon 6 (residues 18213), an alternatively spliced  but nonintegral deletions (14 or 28 residues) resulted in loss
exon, with exon 6b expressed in muscle tropomyosli’s ( of function @4, 45). Deletion of dAc4/5 and dAc5C
18). To determine which region of exon 5 is important for weakened the actin affinity of tropomyosin with troponin
function, we made three additional mutants (Figure 1A). One below that of dAc4 (Figure 2A,B, Table 1). The dAe&
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deletion did not saturate, and the binding was noncooperative,
but only dAc5-N mimicked the dAc5 mutation in exhibiting
loss of measurable affinity for F-actin with troponiaCa2*
(Table 1). In the absence of &awith troponin, dAc5-C
bound with higher affinity than dAc5, and both exhibited
cooperative, saturable binding (Figure 2C). The binding of
dAc5—N did not saturate, indicating the actin affinity is at
least 1000-fold weaker than that of wild-type tropomyosin
(Figure 2C), similar to the effect of deleting the N or C
terminus.

To begin to understand the specificity of the sequence
encoded by exon 5 for actin affinity, we replaced it with a
GCN4 leucine zipper sequencts]. The consequences were
as deleterious as for the deletion itself in that F&Nzip
had unmeasurable affinity for actin with troponin in the
presence as well as in the absence of'Q&igure 2B,C).

In contrast, substitution of regions of period 2 (F\zip),

3 (TM—3zip), or the C-terminal half of period 5 (exon 6,
TM—5Czip) with leucine zipper sequence (Figure 1C, Table
1) reduced actin affinity less than 10-foldQ; 42). On face

value the results suggest that the sequence itself, not the

deletion of the period, per se, is significant for function (See
Discussion).

Effect of Deletions and Leucine Zipper Replacement
Mutants on Myosin S1-Induced Binding to F-Actiuopera-
tive activation of the thin filament by myosin depends on
tropomyosin. Tropomyosin alone is thought to be in equi-
librium between the closed and open states, in terms of the
Geeves and Lehrer modet1—49). Myosin binding shifts
the equilibrium of actirtropomyosin to favor the open,
force-producing state in which both tropomyosin and myosin
bind with higher affinity. The functional states have been
associated with different positions of tropomyosin on the
actin filament b0). Deletion of period 2 had little effect even
though it reduced actin affinity 7-fold (Figure 3, Table 1).
In contrast, dAc5 and dAe5N were unable to bind, even
at saturating myosin S1. The others were also impaired, but
did bind to F-actin in the presence of saturating myosin S1.
The dAc6 mutant maximally bound the actin filaments at 1
myosin S1:1 actin, but binding was less than stoichiometric.
The low values for the myosin Sl-induced binding of
dAc5—-C and dAc6 may be influenced by their low actin
affinity. Considering the cooperativity of myosin-induced
binding of tropomyosin in terms of the length of the
tropomyosin molecule (6 or 6.5 vs 7 actins, rather than the
occupancy of actin by myosin S1), the significance of periods

u
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FiGUrRe 3: Myosin S1-induced binding of tropomyosin mutants to
actin. Binding of tropomyosin (&M) and myosin S1 to actin (3

M) were measured as a function of myosin S1 concentratien (0
4.8 uM) in 30 mM NacCl, 10 mM imidazole, pH 7.0, 0.5 mM
MgCl,, 1 mM dithiothreitol as described in Experimental Proce-
dures. The conditions were selected where tropomyosin binding in
the absence of myosin S1 is minimal, and the binding of most
mutants is stoichiometric at saturating amounts of S1. The points
are averaged from-25 independent experiments. Standard devia-
tions are shown for wild-type and for one, arbitrarily chosen mutant.
The tropomyosin:actin ratio of the pellets were normalized to the
ratio obtained with wild-type tropomyosin at saturation. (A) Myosin
S1-induced binding of single period deletion mutants. Symbols:
@, wild-type; O, dAc2; v, dAc3; Vv, dAc4;l, dAc5;0, dAc6. (B)
Binding of period 5 mutants to actin with myosin S1. Symbols:
©®, wild-type; v dAc4/5;l, dAc5; v, dAc5—N; a, dAc5-C; <,
TM—5N zip. The inserted graph shows that binding of myosin S1
to actin is linear from 0 to 1.0 Sl:actin molar ratio.

14 1.6

To address the specificity of internal periods for S1-

3—6 becomes even more apparent (Table 1). The results arenduced tropomyosin binding, we assayed the leucine zipper

consistent with previous studies where myosin S1 failed to
promote the actin binding of tropomyosins with multiperiod

deletions lacking period 5, even one that bound well to
F-actin 3).

The amount of S1 required for binding of these internal
deletion mutants was greater than for tropomyosins with
mutations at the N- and C-terminal ends that cause similar
reductions in actin affinity32). To have saturable binding
of dAc3, dAc4, and dAc5C, higher concentrations of
tropomyosin were used (3 vsdM in earlier studies, with 3
uM F-actin). The results suggest that internal regions of
tropomyosin are required in a specific fashion for myosin
promotion of tropomyosin binding to actin in the open, force
producing conformation. However, the binding positions of
these tropomyosins on the actin filament are unknown.

mutants. Replacement of exon 5 (residues-18638) with a
leucine zipper sequence (TWbNzip) resulted in loss of the
ability to bind to actin, even in the presence of myosin
(Figure 3B). In contrast, TM5Czip, with leucine zipper in
the C-terminal half of period 5, encoded by exon 6 (residues
189-213), had normal myosin S1-induced binding, as did a
variant with an exon 6a (vs exon 6b)-encoded sequence
(unpublished results). TM3zip did bind to actin with
myosin S1 but, like dAc3, required stoichiometric binding
of myosin S1 to actin illustrating the specificity period 3 for
this function (Table 1).

Certain anomalies are, by now, apparent to the reader. The
impact of the deletion or substitution depends on the context.
The effect of deleting residues 16807 was severe when
deleted alone (dAc5N), or with the rest of period 5 (dAc5),
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Ficure 4: Regulation of the actomyosin ATPase by tropomyosin mutants with troponin. The ATPase activity was assayed as a function
of tropomyosin concentration. The ATPase relative to wild-type was calculated for the tropomyosin concentration at which the effect on
the ATPase was saturated to account for differences in affinity among the different tropomyosin mutants. The ATPase of abt)n (2.4
myosin (0.6uM), 1 uM troponin, and as a function of tropomyosin concentration10u«M, typically 0—1.6 uM, depending on the actin

affinity, was measured at 2& in 40 mM NaCl, 5 mM imidazole, pH 7.0, 5 mM Mg£10.5 mM dithiothreitol, and either 0.2 mM CaCl

or 0.2 mM EGTA. The error bars are included for2 independent experiments. (A and B) The values for maximal ATPas&)(Ca
relative to that with wild-type tropomyosin (set at 1.0) at a tropomyosin concentration at which the effect of the mutant was saturated. The
results for dAc5 (d5) were not included because the mutant does not bind to actin. Values less than 1.0 reflect a combination of incomplete
relief of inhibition by troponin and incomplete activation of the regulated thin filament in the presencéo{Cand D) Relative inhibition

in the absence of C&. A value of 1.0 is the maximal inhibition of the actomyosin ATPase by tropomydsaponin in the absence of

Cat, typically 18-20% of the actomyosin ATPase in the absence of tropomyosin. This 80% inhibition is set at 1.0. A lower relative value
represents poorer inhibition in the absence of'C@he relative values for the mutants were taken at tropomyosin concentrations, at which
the effect of the mutant was saturated. In FBICzip, residues 3980 are encoded by exon 2a, not 2b as in the other tropomyosins. The
ATPase data were normalized to allow comparison of data collected over a period of years.

but relatively mild when deleted with part of period 4 (dAc4/  Tropomyosin lacking periods 3 or 4 did not fully relieve
5). It is also surprising that the consequence of deleting of inhibition (or activate) the thin filament in the presence of
residues 187207 (dAc5-C) was much greater than that Ca* (Figure 4A). Replacement of the N-terminal region of
with a deletion shifted just three residues toward the C period 3 with a leucine zipper sequence (F8kip) also
terminus (d19%+211). However, d191211 (and also TM impaired the ATPase-:C&", while the activity was normal
5Czip) differ from the other tropomyosins in the study in when leucine zipper sequence was introduced into period 2
that residues 3980 are encoded by exon 2a, a smooth (TM—2zip) or the C-terminal part of period 5 (TWbCzip,
muscle-specific exon, rather than exon 2b. Another illustra- Figure 4B). The dAc5N and TM—5Nzip mutants could
tion of the long-range importance of context is in that not be evaluated because they do not bind to actin. However,
tropomyosins with an exon 9d-encoded C-terminus (found the C-terminus of period 5 is not crucial since dAdS

in smooth and nonmuscle isoforms), the residue-1211 exhibited normal ATPase in the presence of'Cas did
deletion or TM—5Czip replacement both lost measurable dAc6 and the residuel9211 deletion mutant4@).
actin affinity @2). With the exception of dAc6, and possibly dAe®& and

Cazt-Dependent Regulation of the Actomyosin ATPase. the leucine zipper replacement in this region (¥5C zip),
Previously published work has emphasized the importanceall tropomyosins inhibited the actomyosin ATPase in the
of internal regions of tropomyosin for stabilization of the absence of Ca as well as wild-type tropomyosin, even
open, force-producing state of the thin filament+{23, 51). dAc5, which bound with low affinity in the absence of €a
Study of the mutants generated for the present study showsFigure 4C,D). dAc5N and TM-5N zip were not tested
that residues 81186 are required for relief of inhibition of ~ since they do not bind to actin with troponin, even in the
the actomyosin ATPase by troponin in the presence 8f Ca absence of Ca.
and residues 208242 for full inhibition in the absence of Conformational Analysis Using Circular Dichroism Spec-
cat. trometry.The functional assays of the tropomyosin mutants
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Fraction Folded

Fraction Folded

Fraction Folded

40 60 80

Temperature, °C
Ficure 5: Temperature dependence of the unfolding of tropomyo-
sin mutants using circular dichroism at 222 nm, a measure of
a-helix. Conditions: 0.1 mg/mL (1.BM for wild-type tropomyo-
sin) in 500 mM NaCl, 10 mM sodium phosphate, 1 mM EDTA, 1
mM dithiothreitol, pH 7.5. (A) Symbols®, wild-type; O, dAc2;
A, dAc3;0, dAc4. (B) Symbols: @, wild-type; ®, dAc5; v,dAc4/
5; A,dAc6. (C)®, wild-type; B, dAc5; v, dAc5—N; A,dAc5-C;
<O, TM—5N zip.
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(Figure 5C). Introduction of leucine zipper sequence at every
location resulted in multiple transitions, with a portion of
the molecule unfolding at a higher temperature and with
lower cooperativity than the main transition of wild-type
tropomyosin (Table 1)35). Typically the change was-15

°C, but for TM—5N zip, the T, of the major transition
increased by>20 °C, and its unfolding was cooperative
(Figure 5C). From these results we suggest that regional
stability is an important determinant of tropomyaosin function.
Tropomyosin function may be altered by stabilization or
destabilization of a particular region.

DISCUSSION

The present analysis of the individual internal periodic
repeats in striated musctetropomyosin shows that there
are regions central to specific tropomyosin functions, and
that the periods are not functionally quasiequivalent. We
illustrate the importance of individual periods for function
in Figure 6, where the function relative to wild-type is
represented by saturation of a gray scale: white equals full
saturation and full, wild-type function, while black equals
absence of color and loss of detectable function.

All the functional assays we used depend on actin affinity.
Through analysis of sequential periodic deletions we defined
period 5 (residues 166207), and especially the N-terminal
half of the period (residues 16686), to be the most
important for binding to filamentous actin, with or without
myosin S1. Replacement of residues $888, the region
encoded by the constitutively expressed exon 5, with a
leucine zipper sequence to maintain the wild-type molecular
length similarly results in loss of function. Two mutations
that cause hypertrophic cardiomyopathy are in this region
[D175N, E180G %1)].

Period 5 is the most highly conserved period of tropomyo-
sin, with 31% of the residues identical throughout the animal
kingdom, compared to an average of 17% for the other six
periods (15% for the internal periods-B). Residues 166
186 are even more highly conserved, 38%. In all periods
the conserved residues are distributed throughout the seven
positions of the heptapeptide repeat suggesting they are
involved in universal tropomyosin functions, beyond main-
tenance of the coiled coil structure.

The consequence of deleting period 5 on actin affinity
depends in a complicated fashion on the context. While
deleting period 5 alone devastates actin affinity, larger

show that the periodic sequence repeats are not functionallydeletions that include period 4 retain the ability to bind
equivalent. Analysis of the secondary structure showed thatcooperatively to actin. Tropomyosins lacking periods53

most mutants had-helical contents>90% of the wild-type
value at 20°C, except for dAc5 and dAc6. However, they
varied widely in the temperature of the major unfolding
transition associated with chain dissociation and in the
number and cooperativity of the transitions (Figure 5, Table

1). The effects of the deletions and leucine zipper replace-

or periods 4-6 bind actin and inhibit the regulated acto-
myosin ATPase in the absence of?C422, 23). Context
also affects the N- and C-terminal halves of period 5. A
mutant lacking residues 166886 together with the C-
terminus of period 5 (dAc4/5) binds to regulated actin,
though with lower affinity than that with deletion of period

ments are influenced by the context, as is the function. The 4, and of all the mutants studied its thermal stability is closest

mutants with unfolding isotherms most similar to wild-type
were dAc?2 (Figure 5A) and dAc4/5 (Figure 5B). The dAc3
mutant was less stable, dAc4 more stable. The ovéral

of dAc5 and dAc6 were similar to that of wild-type, but the
unfolding was less cooperative with a significant fraction
unfolding below physiological temperature (Figure 5B). Both
half period deletions in period 5, dAeS\ and especially

dAc5—-C, destabilized a significant fraction of the molecule

to that of wild-type. A deletion mutation of the C-terminal
part of period 5 that differs by only four residues, residues
191-211, has much higher actin affinity andla closer to
that wild-type @2) than the dAc5-C mutation reported here
with deletion of residues 187207. In the d19%+211 mutant,
residues 39-80 are encoded by exon 2a, a smooth muscle
o-tropomyosin-encoded exon, versus exon 2b in all the other
tropomyosins in this study. Furthermore, deletions and
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Functions of Tropomyosin Periods:
Loss of Function of Deletion Mutants
Period deleted 1 2 3 4 5 6 7

Actin affinity
(with troponin, +Caz2+)

Myosin S1-induced
binding

Actomyosin ATPase
activation, +Ca2+

Actomyosin ATPase
inhibition, -Ca2+

Ficure 6: Summary of contributions of individual periodic repeats to tropomyosin function, based on the results with the deletion mutants
Each block represents an internal periodic repea6.2Z'he functional importance of the ends (periods 1 and 7, crosshatched) is not included

in this analysis. White represents saturation with color (full function), and black represents absence of color (no detectable function). The
gray scale relates linearly to function except for actin affinity. Actin affinity: the log of the ratio of mutant to wildypevas normalized

to the wild-type; myosin S1-induced binding of tropomyosin to function.=2.8yosin S1l:actin ratio for half-maximal saturation of actin

with wild-type tropomyosin. ATPase, €3 from Figure 4A. Calcium sensitivity, from Figure 4C. Crosshatched regions: not included in

the present analysis. X-ed regions: could not be studied because mutants do not bind to actin.

substitutions in this region are sensitive to the sequence ofalong tropomyosin and proposed to allow flexibility through
the C-terminal 27 amino acid€t?), inferring long range bending, may be sites of local unfolding.
influences. We suggest that, along with specific sequence require-
While we are far from having a specific explanation for ments, the punctuation of tropomyosin’s coiled coil with
the apparent contradictions, we propose that the localregions of instability or flexibility that form boundaries
sequence, structure and stability, and consequent flexibility, between stable coiled coil domains, are critical for actin
of the coiled coil together determine actin affinity. Just as binding. The less helical regions may be the binding sites
the context influences actin affinity, it also affects thermal themselves or may allow movement of tropomyosin on the
stability and the cooperative unfolding of extensive regions filament surface to position itself for productive interaction.
of the molecule. For example, deletion of residues-166 The results with the leucine zipper replacement mutants
186 alone, or as part of period 5, destabilizes much of the provide support for the idea that regions of local unfolding
molecule. When deleted with part of period 4 (in dAc4/5), or stability are important for actin binding. Three of the
the thermal stability is virtually unchanged from wild-type. mutants (TM-2zip, TM—3zip, and TM-5Czip) are in
The structure of the residue 16686 region may influence  regions with typical coiled coil interface residues. While the
function. The region contains an alanine cluster (Ala/Ser at highly stable leucine zipper sequence does increase the
two d positions of the heptad, and an Ala at the intervening Stability of part of the molecule2(, 35), the overall effect
a position) witha sequence similar to residues-187 in is not great. These three mutants bind to actin with reasonable
the first period where in the crystal structure thénelices  affinity. In contrast, the leucine zipper in T*Nzip replaces
pack closer and are bent relative to the coiled coil on either an alanine cluster resulting in a stretch of 10 heptads with
side 62). A pyrene probe at Cys190 has served as a Stable interface residues, the most stable region of the
conformational probe for period 5. In unfolding studies itis Mmolecule. The resulting tropomyosin is has a major transition
sensitive to the pretransition during which about 20% of the >20 °C higher than that of wild-type and does not bind to
ellipticity at 222 nm is lost before cooperative unfolding and actin. We suggest that the introduction of the leucine zipper
chain dissociation53). Although the structure of the region has resulted in the loss of a region of local instability, and
and of the intermediate remain to be established, Lehrer'sflexibility, that is required for tropomyosin to bind to actin.
original work and subsequent studies have led to the Previous work showed that increasing the stability of the
appreciation that at physiological temperatures significant C-terminus of tropomyosin impairs troponin T bindirig|.
regions of tropomyosin are not fully coiled coil. Just as too stable a coiled coil impairs actin binding,
Observations of multiple unfolding transitions in tro- tropomyosins that have extensive unstable regions or that
pomyosin detected using calorimetr$4( 55), circular unfold noncooperatively have, in general, lower affinity.
dichroism and the fluorescence of specific prot&8),(and Replacement of a coiled coil sequence with a random coil
pressure denaturatiofq) have led to the idea that there are Sequence or creation of a skip by deleting a nonintegral
multiple local unfolding domains where the stable coiled coil heptad repeat (unpublished results) locally destabilizes the
is interrupted by segments without stable secondary structure coiled coil 35) and reduces actin affinity2().
The structures of such regions are unknown, and aside from Whereas actin affinity appears to depend on segmental
the Cys190 region, the locations in the tropomyosin sequencedifferences in stability (flexibility), the regulatory functions
are not established. It is attractive to speculate that the alanineof tropomyosin can be related to specific regions of tro-
clusters, noticed by Brown et ab?) to occur periodically pomyosin. Deletion of periods 3, 4, or 5 individually,
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replacement of sequence in periods 3 and 5 with leucine 21.Landis, C. A., Bobkova, A., Homsher, E., and Tobacman, L. S.

Zipper sequence (this paper), or deletion of multiple internal
periods 1—23) all impair production of the open, force-

(1997)J. Biol. Chem. 27214051-14056.

22. Landis, C., Back, N., Homsher, E., and Tobacman, L. S. (1999)

N

producing state of the actin filament, as measured by the 23

actomyosin ATPase in the presence of Cand myosin S1-

induced binding of tropomyosin to actin (Figure 6). A

dominant lethal mutation irbrosophila tropomyosin has

24
25

been mapped to a conserved residue toward the C-terminus 26

of period 3 £9). Introduction of the mutation, Asp121Asn,
into rat striated muscle-tropomyosin had no effect on actin

affinity with troponin, but did inhibit activation of the
actomyosin ATPase in the presence of C@able 1, Figure
4B). Our results support the Tobacman propo$&d) that

the midregion of tropomyosin is important for myosin to shift

the thin filament to the open state.

Period 6 and possibly the C-terminal half of period 5 are
required for full inhibition of the actomyosin ATPase with

troponin in the absence of €a even though they fully

activate in the presence of €aThese regions of tropomyo-

sin are part of the troponin binding site [reviewed in Bgf
Interestingly, dAc5 inhibits normally in the absence ofCa

where troponin promotes its binding to actin. Apparently the
parameters important for actin binding and for myosin
activation of the thin filament are not crucial for switching

the actin filament into the blocked, inhibited state where

tropomyosin occupies a different site on the filames)(
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