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Structure and Interactions of the Carboxyl Terminus of Striated Muscle
a-Tropomyosin: It Is Important to be Flexible

Norma J. Greenfield, Thomas Palm, and Sarah E. Hitchcock-DeGregori
University of Medicine and Dentistry of New Jersey-Robert Wood Johnson Medical School, Piscataway, New Jersey 08854-5635 USA

ABSTRACT Tropomyosin (TM) binds to and regulates the actin filament. We used circular dichroism and heteronuclear NMR
to investigate the secondary structure and interactions of the C terminus of striated muscle «-TM, a major functional
determinant, using a model peptide, TM9a,5;_»g4. The "H* and "3C* chemical shift displacements show that residues 252 to
277 are a-helical but residues 278 to 284 are nonhelical and mobile. The "H™ and '*C’ displacements suggest that residues
257 to 269 form a coiled coil. Formation of an “overlap” binary complex with a 33-residue N-terminal chimeric peptide
containing residues 1 to 14 of a-TM perturbs the "H™ and '°N resonances of residues 274 to 284. Addition of a fragment of
troponin T, TnT,,_4,0, to the binary complex perturbs most of the "HN-"5N cross-peaks. In addition, there are many new
cross-peaks, showing that the binding is asymmetric. Q263, in a proposed troponin T binding site, shows two sets of
side-chain ">N-"H cross-peaks, indicating conformational flexibility. The conformational equilibrium of the side chain changes
upon formation of the binary and ternary complexes. Replacing Q263 with leucine greatly increases the stability of
TM9a,5,_o54 and reduces its ability to form the binary and ternary complexes, showing that conformational flexibility is crucial

for the binding functions of the C terminus.

INTRODUCTION

The tropomyosins (TMs) are a highly conserved family of
actin binding proteins found in most eukaryotic cells. They
are two-chained parallel coiled-coil a-helical proteins that
bind cooperatively in the long pitch grooves of the helical
actin filaments. Tropomyosin is critical for actin filament
stabilization and for cooperative regulation of many actin
functions (for review, see Gordon et al., 2000; Perry, 2001;
Hitchcock-DeGregori, 2002).

The N- and C-terminal ends of the TMs play major roles
in modulating actin affinity and in the cooperative regula-
tion of contractile function with troponin (Tn) and myosin.
The effects of removal of the ends are consistent with the
proposal that the last 9 to 11 residues of TM interact with
the first 9 to 11 residues of the N terminus to form an
“overlap” complex, originally proposed by McLachlan and
Stewart (McLachlan and Stewart, 1975; Tawada et al.,
1975; Mak and Smillie, 1981; Dabrowska et al., 1983; Cho
et al., 1990). In addition to their importance for N-terminal
to C-terminal TM association and actin affinity, the pres-
ence of the C-terminal 9 to 11 amino acids is critical for the
cooperative allosteric effects of myosin on thin filament
activation by TM (Walsh et al., 1985; Heeley et al., 1989;
Pan et al., 1989; Lehrer and Geeves, 1998; Moraczewska
and Hitchcock-DeGregori, 2000).

The differences between smooth/nonmuscle and striated
a-TM in actin affinity, myosin S1-induced binding, and Tn
affinity are largely defined by the C-terminal residues, in
particular the C-terminal nine residues (Hammell and Hitch-
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cock-DeGregori, 1996, 1997; Moraczewska and Hitchcock-
DeGregori, 1998, 2000; Moraczewska et al., 1999). The
entire region encoded by striated muscle specific exon 9a
(residues 258-274), however, is required for Tn to promote
fully high affinity actin binding with the first 18 residues
being critical for the interaction of Tn with TM in the
presence of Ca®" (Hammell and Hitchcock-DeGregori,
1996). We have proposed that this region of TM forms a
three-chained coiled coil with residues 92 to 110 of human
cardiac TnT (Palm et al., 2001).

Circular dichroism and calorimetric studies have shown
that the unfolding of TM as a function of temperature is not
completely cooperative and that some regions of the TM
molecule are more stable than others (Lehrer, 1975, 1978;
Krishnan et al.,, 1978; Potekhin and Privalov, 1982;
Privalov, 1982; Holtzer and Holtzer, 1990; Sturtevant et al.,
1991; Ishii et al., 1992; Holtzer et al., 1995; Lehrer et al.,
1997). It has been suggested that the flexibility of TM is
essential for its end-to-end interactions and regulatory func-
tions (Ohyashiki et al., 1976; Phillips et al., 1980; Phillips,
1986; Phillips and Chacko, 1996; Lehrer et al., 1997).
Phillips et al. (1980), from examination of the motions of
TM within crystals, suggested that the C-terminal half is
very flexible and partially unfolded at physiological tem-
peratures. Evidence that the C-terminal 9 to 11 “overlap”
residues are highly flexible and different in structure from
the bulk of the TM structure comes from a *H NMR study
in which several sharp peaks (indicative of regions of high
flexibility) were lost upon carboxypeptidase removal of the
last 9 to 11 residues (Stewart and Roberts, 1983).

Whereas the «-helical coiled-coil structures of the N-
termini of three TM variants are known at atomic level
resolution (Greenfield et al., 1998, 2001; Brown et al.,
2001), the structures of the C terminus and the overlap
complex are not known. In the present work we used
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TABLE 1 Oligonucleotide, vector, and peptide DNA sequences

Oligonucleotide Sequence
Oligo 1 CAGGAAACAGACCATATGTCGTACTACC
Oligo 2 GATGAGAGAAGATCTGTCAGCCTGATAC

His-tagged multicloning site from pProEX-HTb

CATATGTCGTACTACCATCACCATCACCATCACGATTACGATATCCCAACGACCGAA

AACCTGTATTTTCAGGGCGCCATGGGATCCGGAATTCAAAGGCCTACGTCGACGA
GCTCAACTAGTGCGGCCGCTTTCGAATCTAGAGCCTGCAGTCTCGAGGCATGCGG
TACCAAGCTTGGCTGTTTTGGCGGATGAGAGAAGATCT

His-tagged TM9a,s,_,5, between Ndel and
Kpnl (coding sequence in italics)

CATATGTCGTACTACCATCACCATCACCATCACGATTACGATATCCCAACGACCGAAAACC
CTGTATTTTCAGGGCTGCGGCAAAAGCATTGACGACTGGAAGACGAACTTTACGCTCAG

AAACTTAAATACAAAGCTATCTCTGAAGAACTTGACCATGCTCTTAAAGACATGACTTCTA
TCTAATAGAATTCAAAGGCCTACGTCGACGAGCTCAACTAGTGCGGCCGCTTTCG
AATCTAGAGCCTGCAGTCTCGAGGCATGCGGTACC

Oligo 3
Oligo 4
Oligo 5

GAGACGAACTTTACGCGTTGAAACTTAAATACAAAGCTATC
GAAGACGAACTTTACGCTGCGAAGCTTAAATACAAAGCTATC
ATGGATGCGATCAAAAAAAAAATGCAGATGCTTAAGCTGGATAACTACCATCTTGA

AAACGAAGTTGCTCGG

Oligo 6

GCCCTGAAAATACAGGTTTTCGGTC

three-dimensional NMR to determine the residue-specific
secondary structure of the C-terminal region of striated
a-TM in a peptide. Our results show that the C-terminal
seven residues of striated muscle «-TM are not helical and
are relatively mobile in solution. Upon complex formation
with an N-terminal model TM peptide, the C-terminal 11
residues were perturbed. Formation of a ternary complex
with a TnT peptide resulted in structural changes along the
length of the C-terminal TM peptide. Of particular interest
was that the mobile conformation of the side chain of Q263,
postulated to be in a TnT binding site (Hammell and Hitch-
cock-DeGregori, 1996; Oliveira et al., 2000; Palm et al.,
2001), changed upon complex formation. Evidence is pro-
vided to support the importance of the flexibility of this
region of TM for functional interactions.

MATERIALS AND METHODS

Gene synthesis, peptide expression,
and purification

The peptides used in this study were designed, expressed, and purified
using methods similar to those previously reported (Greenfield et al.,
2001). Briefly, DNA sequences were designed using DNA* (DNASTAR,
Inc., Madison, WI) to encode the desired amino acid sequence plus an
N-terminal His-tag to facilitate purification. All the DNA sequences were
confirmed by restriction analysis and automated sequencing (UMDNJ
DNA Core Facility, Piscataway, NJ). Specific details of the gene designs
are given below. The DNA was expressed in Escherichia coli using
modified pET (Studier et al., 1990) and pSBET (Schenk et al., 1995)
vectors. The cells were grown in minimal medium with either *>C- or
13C-uniformly labeled glucose and either **N- or **N-(NH,),SO, as the
sole sources of carbon and nitrogen. The His-tagged peptides were purified
by affinity chromatography on Ni-NTA agarose column (Quiagen, Valen-
cia, CA). Following isolation, the His-tags were removed with Tobacco
Etch Virus protease, leaving an N-terminal glycine, and the peptides were
purified to homogeneity using high-performance liquid chromatography.

PET3-HTb, pET11-HTb, and pSBET-HTb vectors

Using polymerase chain reaction site-directed mutagenesis and the oligo-
nucleotides 1 and 2 (Table 1) and their reverse complements, an Ndel-site
and a Bglll-site were created in pProEX HTb (Life Technologies, Rock-
ville, MD) before the sequence for the His-tag and after the multicloning
site, respectively (Table 1). The DNA was digested with Ndel and BgllIl,
and the fragment with the multicloning site and the His-tag was cloned into
pSBETc, pET3a, and pET11a cut with Ndel and BamHI.

TM9a,51_284

The DNA encoding His-tagged TM9a,5;_,g, Was cloned into pSBET-HTbh
between Ndel and Kpnl and expressed in E. coli BL21(DE3) pLysS (Table
1). The purified peptide was cross-linked by air oxidation of the cysteine
residues at pH 8.0 to form a disulfide as previously described (Palm et al.,
2001).

Q263L-TM9a,s5,_p54 and Q263A-TM9a,5,1_sg4

Q263 of TM9a,5,_,g, Was changed to leucine by polymerase chain reaction
site-directed mutagenesis using the oligonucleotides 3 (Table 1) and its
reverse complement. These oligonucleotides were designed to contain an
analytical Mlul-site to facilitate the selection of positive clones. In the same
manner, Q263 was changed to alanine using the oligonucleotides 4 (Table
1) and its reverse complement. These oligonucleotides introduce an ana-
lytical Hindlll-site. The Q263L-TM9a,s, .54 DNA was cloned into
pET11-HTb between Ndel and Kpnl and expressed in E. coli BL21(DE3).
The Q263A-TM9a,5,_,5, DNA was cloned into pET3-HTb between Ndel
and Kpnl and expressed in E. coli BL21(DE3) pLysS. Both peptides were
isolated, cross-linked, and purified in the same manner as the wild-type
peptide.

T™1a,_;4

TM1a,_,, has the sequence of TMZip (Greenfield et al., 1998) (also called
AcTM1aZip (Greenfield and Fowler, 2002)) previously described with an
N-terminal glycine residue replacing the N-terminal acetyl moiety in
TMZip. The synthetic gene for His-tagged TM1a,_,, was generated from
Sfol-digested GlyTM1bZip in pProEX HTa (Greenfield et al., 2001) using
the oligonucleotides 5 and 6 (Table 1). An Ndel site was introduced at the
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5’-end of the initiating ATG using oligo 1 and its reverse complement to
allow cloning into pET3-HTb between Ndel and Kpnl. TMla, ,, was
expressed in E. coli BL21(DE3) pLysS. Acetylated TM1a,_,, (AcTM1a,_,,4,
originally referred to as TMZip and AcTM1aZip (Greenfield et al., 1998;
Greenfield and Fowler, 2002)) was purchased from SynPep Corp. (Dublin,
CA).

TnT70_170

A fragment of human cardiac TnT, TnT,_,70, Was expressed and purified
as previously described (Palm et al., 2001).

Circular dichroism spectroscopy

Circular dichroism studies were performed as described previously (Palm
et al., 2001). The dissociation constants of the TM9a,5;_,g./ACTM1a,_;,
complexes were estimated from the differences in the ellipticity at 222 nm
as a function of temperature of the individual peptides and complexes
assuming that one molar equivalent of the complex cooperatively dissoci-
ates to yield one molar equivalent of unfolded TM9a,5,_,5, and two molar
equivalents of unfolded AcTM1a,_,,, as described previously (Greenfield
and Fowler, 2002). The helical content of the TM9a,s,_,g,4 peptides were
estimated from the ellipticity as a function of wavelength using the pro-
gram CDNN (Bohm et al., 1992).

Native gel electrophoresis

Samples for electrophoresis were all prepared in 10 mM potassium phos-
phate, pH 6.5, containing 10% glycerol. Native gel electrophoresis was
carried out as described by Katayama and Nozaki (1982) with the follow-
ing modifications: 10% acrylamide/bis-acrylamide (30:0.8) glycerol slabs
(10 cm X 6 cm) were prepared in 20 mM Tris-HCI and 120 mM glycine,
pH 8.8, containing 10% glycerol. Samples were separated at constant
voltage (150 V) until a bromophenol blue marker was at the end of the gel
(1.5 h).

NMR measurements

NMR data were collected on a Varian Inova 600 spectrometer (Varian,
Inc., Palo Alto, CA) equipped with four independent channels. All spectral
measurements were made in susceptibility-matched NMR tubes (Shigemi,
Inc., Allison Park, PA) at 10°C. All samples were dissolved in 100 mM
NaCl, 10 mM sodium phosphate, pH 6.4. The program VNMR (Varian,
Inc.) was used for data processing. The program Sparky (T. Goddard and
T. Kneller, University of California at San Francisco, unpublished data)
was used for peak peaking (i.e., finding the centers of the cross-peaks) and
manual alignment of the spectra.

Backbone resonance assignments

The assignments of the resonances of the N, H, C*, CP, C’, and H~ atoms
were determined as described previously (Greenfield et al., 2001), but the
resonances were aligned manually rather than automatically since some of
the spectra were unsuitable for use with the program AutoAssign (Zim-
merman et al., 1997) due to poor transfer of magnetization.

RESULTS
Peptide design

We have developed a model system to study the structures
of the ends of TM and complex formation with the TM
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Heptad Repeat a d a d
TMY92,,,, GCGKSI DDLEDELYAQKL
a-TM Residue 251 256 261

a d a d a d
KYKAI SEELDHALKDMTSI
266 271 276 281

FIGURE 1 Sequence of TM9a,s;_,g4. The last 34 residues correspond to
the sequence of the C terminus of full-length striated a-tropomyosin and
are numbered according to the sequence of the full length protein. In
addition, the peptide has a three amino acid extension at its N terminus,
GCG. In TM9a,5,_,g4, N279 of wild-type a-TM is replaced with lysine, as
shown in italics. Residues at the a and d position of the coiled-coil heptad
repeat are labeled.

binding domain of TnT in solution (Palm et al., 2001). The
model was originally used to investigate the effect of dis-
ease-causing mutations in TnT on binding to TM where the
TM peptides were chemically synthesized. Here the TM
peptides have been modified to allow the production of
recombinant peptides in E. coli for structural studies.

C-terminal tropomyosin peptide, TM9a,5,_sg4

A 37-residue peptide, TM9a,5;_,54, based on a peptide used
in previous studies (Palm et al., 2001), was designed to
study the structure and binding functions of the C terminus
of striated muscle a-TM (Fig. 1). TM9a,5,_,5, CONtains the
last 34 C-terminal residues of striated muscle «-TM: resi-
dues 251 to 257 encoded by exon 8 followed by residues
258 to 284 encoded by the striated muscle-specific exon 9a
of the rat «-TM gene (Ruiz-Opazo and Nadal-Ginard,
1987). Three residues, GCG, precede the TM sequence. The
cysteine was placed at the first N-terminal d position of the
coiled-coil heptad repeat to allow oxidative cross-linking of
the peptide via disulfide formation, which stabilizes coiled-
coils (Lehrer, 1975; Hodges et al., 1981; Zhou et al., 1993;
Greenfield et al., 1994). The initial glycine is left following
Tobacco Etch Virus protease cleavage of the His tag, and a
glycine following the cysteine was included to relieve strain
caused by disulfide formation.

TM9a,5,_,5, Was designed using the rat striated a-TM
sequence from the Protein Information Resource protein
data bank, locus B27407. The data base sequence contains
an error with a lysine instead of asparagine at residue 279,
as was correctly published (Ruiz-Opazo and Nadal-Ginard,
1987). The mutation N279K did not change the peptide’s
binding properties for the TM N terminus or a TnT fragment
(Palm et al., 2001) but advantageously increased the T,, of
unfolding of TM9a,5;_,5, from 16°C to 24°C, allowing the
present NMR structural studies at 10°C.

Design of the N-terminal tropomyosin peptide, TM1a,_,,

The N-terminal peptide contains the first 14 N-terminal
residues found in long rat o-TM isoforms, including striated
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FIGURE 2 The *H-**N-HSQC spectra of *>N-TM9a,s; ., alone, 0.4 mM, (red) and its complex, 0.2 mM, with unlabeled TM1a, ,, (cyan). The
cross-peaks are labeled with the residue number corresponding to full-length rat striated-muscle a-TM. The Q263 side chain exhibits two sets of amide
cross-peaks. Formation of a 1:1 complex with unlabeled TM1a,_, , results in displacements of the cross-peaks arising from the most of the backbone amides
of residues 274 to 284 and causes a large change in the relative intensities of the two sets cross-peaks arising from the Q263 side chain.

muscle TM, and the last 18 C-terminal residues of the
GCN4 (a yeast transcriptional activator of amino acid bio-
synthetic genes) yeast transcription factor leucine zipper
(Landschulz et al., 1988). In TM1a,_,,, M1 is preceded by
a glycine residue, which remains following cleavage of the
His-tag from the E. coli expressed peptide (see Materials
and Methods). We previously determined the structure of
the chemically synthesized peptide in which the initial me-
thionine was N-acetylated (TMZip (Greenfield et al., 1998),
also called AcTM1laZip (Greenfield and Fowler, 2002)).
Replacing the acetyl group with glycine lowered the stabil-
ity of the peptide from 28°C to 21°C at a concentration of
15 uM but did not change the ellipticity when folded. At 1
mM, the concentration used for the NMR studies, TM1a;_,,
has a fully folded two-chain coiled-coil conformation.
TM1a,_,, formed binary complexes with TM9a,s;_,g, and
ternary complexes with the C-terminal peptide and ThT,,_170
with almost the same affinity as the acetylated peptide

(Palm, T., N. J. Greenfield, and S. E. Hitchcock-Degregori,
manuscript in preparation). It also had the same binding
affinity as the acetylated peptide for tropomodulin (Green-
field and Fowler, 2002).

Secondary structure determination of TM9a,5,_,g,4
Sequential assignments

The 'H-'N heteronuclear single quantum coherence
(HSQC) spectrum of TM9a,s5, 584 (Fig. 2) resolved 30 of
the expected 36 backbone peaks, and two intense peaks
attributed to the side chain of Q263. At a lower intensity
threshold four additional backbone HM resonances were
observed as well as a minor set of Q263 side-chain cross-
peaks. Most of the backbone atoms of TM9a,s5;_554 Were
uniquely assigned using NMR techniques that detect signals
arising from atoms linked to each other through covalent
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TABLE 2 Experimental details of spectra used to assign the resonances of TM9a,5,_5z,4

Concen-

Nuclei Data size
trations Assign-
Spectrum Label mM wlatoms wl w2 w3 wl w2 3 ments References
Backbone
IN-'H HSQC N 04 N BN H 512 1024 36  (Bodenhausen and Ruben, 1980; Kay et al., 1992)
HN(CA)CO N, 3C 04 Carbonyl 13C 5N 'H 256 128 256 9 (Clubb et al., 1992)
HNCO N, C 0.4 Carbonyl *C >N !H 256 128 256 32 (Boucher et al., 1991; Feng et al., 1996)
H(CA)CONH N, *C 14 H 4 1N !4 256 128 256 27  (Muhandiram and Kay, 1994)
H(CA)NH BN, BC 14  He H N 'H 256 128 256 50  (Montelione and Wagner, 1989, 1990; Feng et al., 1996)
CA(CO)NH BN, BCc 14 co BC N !H 256 128 256 26  (Boucher et al., 1991; Feng et al., 1996)
CANH BN, BC 04 cC* BC N 'H 256 128 256 62  (Montelione and Wagner, 1989, 1990; Feng et al., 1996)
CBCA(CO)NH ™N,*C 14 C*andCF 3C N 512 1024 256 12 (Grzesiek and Bax, 1992a,b; Rios et al., 1996)
CBCANH BN, BC 14 C*andCP ¥C N !H 256 128 256 47  (Grzesiek and Bax, 1992a,b; Rios et al., 1996)
Side Chain
HCCH-cosy BN, BC 14 H H ¥C 'H 256 128 256 199  (Bax et al., 1990; Kay et al., 1990)
CCH-cosy 1N, BC 14 C BCc 18C 4 256 128 256 200 (Bax et al., 1990; Kay et al., 1990)
BC-H-HSQC N,¥®C 04 C BCc H 2561024 64  (Bodenhausen and Ruben, 1980)

bonds. To assign the **C, *°N, and *H resonances of the
backbone atoms, eight heteronuclear three-dimensional-
NMR spectra were collected. The details of the parameters
used for data collection of these spectra are summarized in
Table 2. Four of the spectra (HNCO, CA(CO)NH, CBCA-
(CO)NH, and H(CA)(CO)NH) exhibited cross-peaks be-
tween the *3C atoms or protons of a given residue (i) to the
15N and *H atoms of the sequential residue (i + 1). The
other four spectra (HNCACO, CANH, CBCANH, and
H(CA)NH) showed cross-peaks to the *>N and *H atoms of
both the same residue (i) as well as the sequential (i + 1)
residue. By aligning the CANH and CA(CO)NH spectra and
the H(CA)NH and H(CA)(CO)NH peaks it was possible to
assign uniquely and sequentially most of the cross-peaks
observed in the *H->N HSQC spectrum. These “through-
bond” connections are summarized in Fig. 3. The CA-
(CO)NH, CBCANH, and CBCA(CO)NH had very low sig-
nal-to-noise and could only be used to confirm the
assignments of the last nine residues. Two residues, Lys-
251 and Glu-272, had identical *H->N cross-peaks but
could be assigned on the basis of their unique C* reso-

TM9a,g1.054 (Residue)

251 261 271 281

C(xi GCGKSIDDLEDELYAQKLKYKA|ISEELDHALKDMTS |

S I . . ;. |
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S H E Il | ] ]
C é [ |
N
H

FIGURE 3 Summary of the intra residue (light gray) and sequential
(dark gray) connectivity data used to determine the sequential assignments
of TM9a,s; sga-
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nances. The *H*, *HN, and **C“ resonances of Asp-255 and
Asp-256 were very broad in the “through bond” data sets,
but their assignments were confirmed using *C- and *°N-
edited nuclear Overhauser effect spectroscopy data (unpub-
lished results).

Secondary structure of TM9a,5;_5g4

The chemical shifts of *H*, *HN, *3C, and *3C* atoms (Fig.
4) provided information about the secondary structure and
coiled-coil domain of TM9a,z5; g, At 10°C the displace-
ments of the chemical shifts compared with reference values
and periodicity of the displacements, showed that residues
252 to 277 are a-helical and that residues 257 to 269 appear
to form a coiled coil. The *H* and *3*C* resonances of the
last four residues were not displaced, showing that they are
not helical. In addition, the cross-peaks from these residues
in the HNCO, CANH, CA(CO)NH, H(CA)NH, and H(CA)
(CO)NH spectra had very high relative intensities, suggest-
ing that they are mobile.

The HN resonances of coiled coils display a characteristic
periodicity (Oas et al., 1990; Goodman and Kim, 1991;
Junius et al., 1996; Marti et al., 2000). Such periodicity was
seen for residues 257-269, suggesting that they form a
coiled coil, but no clear periodicity was seen for residues
270-280, suggesting that, although they are helical, they do
not form a coiled coil. Note that Li et al. (2002) have
recently published an x-ray structure of a C-terminal chi-
meric peptide containing residues 253-284 of striated
a-TM, which shows that residues 263-280 are helical but
do not form a coiled coil. Their structure, however, cannot
be directly compared to TM9a,s;_,54, because the chimeric
peptide was crystallized at pH 8.3 under conditions where it
formed a C-terminal to C-terminal binary complex. No such
complex formation is seen for TM9a,s;_,54, Which was
studied at pH 6.5 at physiological ionic strength.
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FIGURE 4 Displacements of the chemical shifts of TM9a,5;_,g, COM-
pared with those of statistical coils. The chemical shifts of the *H* protons
of residues 252 to 277 (A) were displaced upfield, whereas the **C*
resonances (B) were displaced downfield, consistent with these residues
being in an «-helical conformation (Wishart et al., 1992; Wishart and
Sykes, 1994). The displacements of the HN protons (C) of residues 257 to
269 had the periodicity characteristic of coiled-coil proteins in that the
chemical shifts of the HN protons in a and e positions of the coiled-coil
heptad repeat were displaced downfield, whereas those of the ¢ and f
positions were displaced upfield relative to those of references for disor-
dered peptides (Oas et al., 1990; Goodman and Kim, 1991; Junius et al.,
1996; Marti et al., 2000). The *3C chemical shifts (D) of residues 256 to
274 also had properties seen in other coiled-coil peptides in that the
resonances of a and d residues were displaced upfield relative to those of
the adjacent residues (Greenfield et al., 2001). The *H* and **C* reso-
nances of the last four residues were not displaced showing that they are
not helical. The reference chemical shifts for H*, HY, **C’, and *3C* are
from Wishart (Wishart et al., 1992; Wishart and Sykes, 1994).

Effect of complex formation with an N-terminal
tropomyosin peptide

Addition of a molar equivalent of unlabeled TM1a,_,,, the
chimeric peptide containing the first 14 N-terminal residues
of striated «-TM and the last 18 residues of GCN4, to
TM9ay,s5;_,54 to form an “overlap” complex caused signifi-
cant displacements of some of the cross-peaks in the *>N-'H
HSQC spectrum of TM9a,5;_»g4 (Fig. 2). The chemical shift
displacements of the cross-peaks in the **N-*H HSQC aris-
ing from the backbone upon complex formation were larg-
est for residues 274 to 277 and 280 to 284, postulated to be
in the TM overlap region (Fig. 5) (McLachlan and Stewart,
1975). The displacements of the HN chemical shifts of these
residues (Fig. 2) were relatively minor, however, suggesting
that binary complex formation does not result in increased
(or changed) coiled-coil content.
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FIGURE 5 Chemical shift displacements, A ppm, of the cross-peaks in
the **N-*H HSQC spectrum of TM9a,s;_,5, Upon complex formation with
TM1a,_,,. A ppm is defined as the square root of the sum of the squares
of the displacements of the chemical shifts of the *H and *°N resonances
upon complex formation. The largest changes were seen in the *>N reso-
nances of residues 274 to 284, postulated to form an overlap complex with
the N terminus.

The most dramatic changes in the HSQC spectrum were
in the cross-peaks arising from the side-chain of Q263. In
TM9a,5,_5g4 there were two sets of Q263 side-chain cross-
peaks, a major set with proton chemical shifts at 7.55 and
6.47 and a minor set with proton chemical shifts of 7.71 and
6.91 ppm. These peaks were almost equal in intensity in the
overlap complex with TM1a,_,,. The minor set of cross-
peaks in the unbound C-terminal peptide had chemical
shifts very close to those found for unstructured short glu-
tamine containing peptides (Schwarzinger et al., 2000),
although they did not coincide with peaks observed when
the temperature was raised, showing that they did not arise
from unfolded peptide.

In addition to causing displacements of the backbone
amide resonances, binding to TM1a,_,, caused several of
the backbone cross-peaks to split slightly into two overlap-
ping peaks, suggesting that the structure of TM9a,5, g4 IN
the complex is asymmetric. This effect was most pro-
nounced for the cross-peaks arising from the overlap region
(residues 274, 276, and 280 to 284), although cross-peaks
arising from residues 262 to 264 also exhibited slight split-
ting. (Note that, at the concentration of the complex used for
the HSQC spectrum, 0.2 mM, all of the 9a peptide was in
the form of the complex, because the dissociation constant
of the complex of TM1a,;_;, and TM9a,5;_,g4 IS ~2 wM).

Effect of ternary complex formation with the N-
terminal TM peptide and a troponin T fragment

A human cardiac TnT fragment, TnT,,_,70, that contains
the Ca®?* independent TM binding site, forms a stable
ternary complex with the “overlap” complex of N- and
C-terminal TM peptides (Palm et al., 2001). Formation of
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FIGURE 6 *H-'N-HSQC spectra of the complex, 0.2 mM, of **N-TM9a,s, ,g, With unlabeled TM1a,_,, (cyan) and the ternary complex, 0.1 mM, of
IN-TM92,5;_,g4 With unlabeled TM1a,_,, and an unlabeled TnT fragment, TnT,,_;, (dark blue). Formation of a ternary complex of TM9a,s, g, With
TM1la,_,, and TnT,4_;7, Shifted or broadened most of the original cross-peaks arising from the uncomplexed C-terminal peptide and increased the total

number of resolved, high-intensity peaks to 50.

the ternary complex caused changes in the entire HSQC
spectrum (Fig. 6, binary complex, cyan; ternary complex,
dark blue). Many of the cross-peaks were shifted or broad-
ened and more than 10 additional cross-peaks appeared. A
total of 50 cross-peaks were well resolved in the ternary
complex, showing that the equivalent residues from the two
peptide chains of TM9a,5;_,5, have different environments
when TnT is bound to overlap complex. In the ternary
complex, the original strong set of Q263 side-chain cross-
peaks seen in the unbound TM9a,5;_,5,4 Spectrum has dis-
appeared and only the “minor” set is visible. In addition, the
cross-peak arising from the Q263 backbone (numbered in
red in Fig. 6) is either totally broadened or shifted. It is
possible that the cross-peaks arising from the two Q263
residues in TM9a,s,_,g4 (One from each chain) have iden-
tical chemical shifts when TnT,,_;;, is bound. A more
likely explanation, however, is that the Q263 side chain
from one peptide chain is bound to the TnT peptide and its
cross-peak is broadened (either by slow tumbling or ex-
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change broadening) and the other side chain is more open to
the solvent and is tumbling more rapidly giving a strong
peak with a chemical shift close to those seen in disordered
peptides. Recently, de Sousa and Farah (2001) found that
when Q263 was replaced by a fluorescent probe, 5-hy-
droxytrytophan, the fluorescence was sensitive to the bind-
ing of Tn, consistent with Q263 being in the Tn binding site.

The effects of mutations of Q263 on the structure
and binding behavior of TM9a,54_5g4

Circular dichroism studies

The dramatic change in the Q263 side chain upon complex
formation suggested that its conformational flexibility may
be important for the binding interactions of the C terminus
of striated a-TM. Q263 is at the coiled-coil interface ina d
position where it would be expected to destabilize a two-
chain coiled coil. To test the influence of coiled-coil stabil-
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FIGURE 7 Effect of mutations of Q263 on the circular dichroism spec-
trum and stability of TM9a,s;_,g4. Changing the glutamine to alanine had
little effect on structure or stability, but mutating it to leucine increased
both the helical content and stability. (A) Circular dichroism spectra of (O)
wt-, ((J) Q263L-, and (A) Q263A-TM9a,s5,_,g4. (B) Ellipticity at 222 nm
of TM9a,s5, ,5, and its Q263L and Q263A mutants as a function of
temperature. Symbols same as Fig. 6 A. All of the peptides were 10 uM in
potassium phosphate buffer, 10 mM, pH 6.5.

ity of this region on complex formation, we replaced GIn-
263 with Ala, which should allow for similar coiled-coil
stability and with Leu to strongly stabilize the coiled coil
(Tripet et al., 2000). The Q263L mutation increased the
helical content of the TM9a,z;_,g, at 0°C from 58% to 76%
and the Ty, of unfolding from 25°C to 57°C. In contrast, the
Q263A mutation had only a slight effect on the helical
content (58% to 61%, Fig. 7 A) and increased the T,, by
only ~3°C (Fig. 7 B).

The large increase in stability of the Q263L mutant was
accompanied by a marked decrease in its ability to form
binary and ternary complexes with the TM N terminus and
TnT,9_170- In the wild-type TM9a,5;_,54, formation of the
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FIGURE 8 The effect of mutations of Q263 on the ellipticity of binary
and ternary complexes of TM9a,s,_,g, With AcTM1a,_,, and TnT,_;, at
222 nm as a function of temperature. Replacing glutamine with leucine
inhibits the ability of the TM9a,5;,_,g, to form the binary and ternary
complexes, but replacing it with alanine has little effect. (A) wild-type
TM9a,5;_5g4; (B) Q263L; (C) Q263A. (O) Sum of the individual unfolding
curves of the C- and N-terminal peptides; (®) unfolding of the TM9a,5;_,g./
TM1a,_,, overlap complex; (A) sum of the individual unfolding curves of the
TM9a,5;_»5./TM1a,_,, overlap complex and TnT,_;40; (A) unfolding of the
mixture of the TM9a,g;_,g,/TM1a,_, complex with TnT,,_;7,. All of the
peptides were 10 wM in potassium phosphate buffer, 10 mM, pH 6.5. The
results with wild type are similar to those for a related TM9a,s;_,5, peptide
that lacks the initial Gly (Palm et al., 2001).

binary overlap complex with AcTM1a,_,, caused a small
increase (~5%) in ellipticity at 0°C and increased the T,, of

Biophysical Journal 83(5) 2754-2766



2762

unfolding of the complex from 23°C to 27°C (comparing
the sums of the curves for the individual peptides to the
complex) and also increased the cooperativity of unfolding
(Fig. 8 A). The changes in stability were used to estimate a
dissociation constant for the overlap complex of ~2 uM at
25°C, assuming all the changes in free energy of folding
were due to complex formation (Greenfield and Fowler,
2002). Addition of TnT,y_;70 to form a ternary complex
(Fig. 8 A) increased the T,, of unfolding of the ternary
complex by 6°C from 30°C to 36°C (comparing the sum of
the curves for the binary complex and the TnT peptide to the
curve for the ternary complex).

In contrast, with the Q263L mutant there were only very
small differences between the unfolding curves of the mix-
tures and the sum of the curves of the unmixed components,
indicating poor binary and ternary complex formation (Fig.
8 B.) Surprisingly, when the Q263A mutant was mixed with
AcTM1la,_,, the complex had reproducibly lower ellipticity
than the sum of the two unmixed components (although the
Twm Was ~3°C higher), suggesting that the peptides had to
partially unfold to bind to each other (Fig. 8 C). The Q263A
peptide formed a stable ternary complex with higher helical
content and a 5°C higher T,, of unfolding (38°C vs. 33°C).

Nondenaturing gel electrophoresis studies

The effect of the Q263 mutations on complex formation was
also directly measured using nondenaturing polyacrylamide
gel electrophoresis (Fig. 9). The Tn fragment, TnT,y_;70 (10
M), was titrated with increasing amounts (5-40 uM) of
the AcTM1a/TM9a complexes, and the components of the
mixtures were separated using native gel electrophoresis.
Both wild-type and Q263A-TM%%,s, ,g, formed strong ter-
nary complexes with AcTM1a,_,, and TnT,q_;70. Most of
the TnT fragment was bound when a twofold ratio of either
overlap complex was added. In contrast, the Q263L mutant
showed no detectable ternary complex until a fourfold ratio
of the overlap complex was added, confirming the circular
dichroism results. AcTM1a,_,, is basic and does not enter
the gel. The binary and ternary complexes dissociate during
electrophoresis and the TM9a,5;_,g4 by itself leaches out of
the gel during destaining, so it is not possible to estimate
accurate concentrations or dissociation constants from the
electrophoresis experiments. Nevertheless, the Q263L mu-
tant clearly shows much lower binding of the TnT peptide
than either the wild-type or Q263A peptides.

DISCUSSION

In this work the secondary structure of the C-terminal 34
residues of striated muscle «-TM was determined using
heteronuclear NMR. The last 15 residues of the C terminus
proved to have a very different conformation than the rest of
TM, which is coiled coil from residue 1 to 269 (Phillips et
al., 1979; Greenfield et al., 1998; Whitby and Phillips,
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FIGURE 9 Native gel electrophoresis shows that mutating GIn-263 to
Leu inhibits the ability of TnT,,_,7, to bind a 1:1 mixture of TM9a,5,_,54
and AcTM1a,_,, but mutation to Ala has little effect. (Lane 1) TnT,_170,
10 uM alone; (lane 2 to 5) TnT;o_170, 10 M plus increasing concentra-
tions of TM9a,s;_,54 plus AcTM1a,_,, as indicated. The rows containing
free TnT,o_y70, free TM9a,5,_,g4, and the ternary complex are resolved and
indicated on the gel. AcTM,_,, is highly basic and runs toward the cathode
and is not visible on the gel. The gels contained 10% acrylamide/bis
acrylamide (30:0.8), 10% glycerol in Tris-Glycine buffer, pH 8.8. Samples
were mixed in potassium phosphate buffer, 10 mM, pH 6.5. Ten microliters
were added to each lane. Bands were visualized with Coomassie Brilliant
Blue R250.

2000). Residues 270 to 277 appear to be a-helical, but not
part of the coiled-coil domain, whereas the last four residues
are not helical and are relatively mobile. The C terminus of
TM has long been known to be a major functional determi-
nant of actin affinity and for the isoform-specific interaction
of striated muscle TM with Tn (see Introduction). Here we
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show that the flexibility of the C terminus is essential for its
binding functions.

Whereas isolated TM forms a two-chain coiled coil over
most of its length, the C terminus has an unusual sequence
that would not be expected to form a stable well-packed
two-chain coiled coil. The residues found at the last four
C-terminal a positions of the heptad repeat are L260, Y267,
L288, and M281 and those in the last four d positions are
Q263, 1270, A277, and 1284. The glutamine, tyrosine, and
alanine residues reduce the stability of model coiled-coil
peptides (Tripet et al., 2000; Wagschal et al., 1999). In
addition, the last three residues T282, S283, and 1284 have
low helical propensities and tend to destabilize single-
stranded a-helices (Chou and Fasman, 1974; O’Neil and
DeGrado, 1990; Gans et al., 1991). Moreover, the interface
residues of the last two heptads have much higher propen-
sities to form three-stranded than two-stranded coiled coils
(Tripet et al., 2000; Wagschal et al., 1999). The C-terminal
sequence of striated «-TM, unusual for a two-stranded
coiled coil, is required for isoform-specific binding func-
tions (Cho et al., 1990; Cho and Hitchcock-DeGregori,
1991; Hammell and Hitchcock-DeGregori, 1996, 1997,
Cho, 2000).

Formation of a complex with the N terminus of a-TM
perturbs the amide backbone resonances of the last 11
residues, consistent with formation of an 11-residue overlap
complex, as originally proposed by McLachlan and Stewart
(1975). The largest perturbations were seen for M281,
T282, S283, and H276. Sano et al. (2000) have shown that
modifications of S282 significantly change the end-to-end
interactions in TM. However, complex formation does not
induce the region to become helical, arguing that in the
absence of TnT, the overlap region does not form a four-
chain coiled coil. The doubling of several of the backbone
amide cross-peaks suggests that the complex is asymmetric.
The NMR results are consistent with the model of the
overlap region we proposed in Palm et al. (2001) for the
ternary complex with TnT with the modification that the
strong region of interaction between the N and C termini of
TM begins with L274 rather than A277.

Of particular interest are the dramatic changes in the
cross-peaks arising from Q263, a residue we postulated
would be in a coiled-coil interface region when TnT binds
(Palm et al., 2001). The changes in the conformational
equilibrium of the glutamine side chains upon complex
formation suggested to us that the flexibility of the coiled
coil in this region might be essential for complex formation
with the N terminus and TnT. Many studies show that
protein-protein interactions occur in regions of conforma-
tional flexibility (Jurnak, 1994; Betts and Sternberg, 1999;
Deprez et al., 2000; Doss-Pepe et al., 2000; Sundberg and
Mariuzza, 2000; Camacho and Vajda, 2002), among others.
Our findings that the Q263L mutation increased helical
stability and reduced complex formation, whereas Q263A is
a relatively neutral mutation, show the importance of flex-
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ibility (reflected in a certain degree of helical instability) for
protein-protein interactions. We have previously reported a
similar relationship between helical stability and function in
TnT (Palm et al., 2001). Disease-causing mutations in a
helical region of TnT,,_;,, proposed to form a coiled-coil
complex with TM9a,s,_,g, that increase the stability of the
a-helix reduce the affinity of the TnT peptide for TM.

It has long been known that TM is flexible and that the
C-terminal half is more flexible than the N-terminal half
(Phillips et al., 1980). The flexibility of TM has long been
thought to be important for its ability to regulate contraction
(Phillips et al., 1986; for review, see Gergely, 1977; Gordon
et al., 2000). Recently, Brown et al. (2001) suggested that
clusters of alanine residues in the coiled-coil interface (that
would locally destabilize the coiled coil) may allow for
multiple discrete bends in the TM molecule contributing to
the overall flexibility of TM on the actin filament. The
results of our present study show that conformational flex-
ibility of the C terminus of TM is critical for its ability to
form a complex with the N terminus of TM and with TnT.
In addition to the need for conformational flexibility of the
C terminus, we have recently found that other mutations,
which decrease the overall conformational flexibility of
TM, have drastic effects on its function. For example,
replacement of residues 165 to 188 of recombinant rat
striated muscle «-TM with a region of the GCN4 leucine
zipper increases its overall T, of unfolding by 13° and
reduces its actin affinity below a measurable level (unpub-
lished data). Future determination of the atomic resolution
structure of the overlap complexes and the conformational
dynamics will give insight into the importance of local
flexibility for TM binding interactions and cooperative reg-
ulatory functions.
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