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ABSTRACT. A repeating metal-binding (Gt > Ni2" > Zn?t ~ Cc?*) sequence [HE/AEAH](Tx) has

been recently identified in the NHerminal variable region of troponin T (TnT) isoforms specifically
expressed in the breast but not leg muscles of the avian ord&aliifbrmesandCraciformedJin, J.-P.,

& Smillie, L. B. (1994) FEBS Lett. 341135-140]. In the present study, two expression plasmids were
constructed to produce chicken TnT1 Mtérminal fragments of 47 (N47) or 165 (N165) amino acids
containing the Tx metal-binding cluster. The recombinant protein/peptide was expre&sszherichia

coli BL21(DE3)pLysS and purified by a highly effective Znraffinity chromatography method. Amino

acid analyses, Njterminal peptide sequencing, mass spectrometry and immunological identification
confirmed the authenticity of the genetically engineered TnT fragments. In the presence of 2,2,2-
trifluoroethanol, transition metals had significant effects on the secondary structure of TnT fragment N47,
as shown by circular dichroism. N165 in non-denaturing buffer demonstraltetical content comparable

to previous data from rabbit fast skeletal TnT fragment T1.2*Zsinding avidity of the metal-binding

TnT and its fragments demonstrated tertiary relationships between the¢eihinal variable region and

the COOH-terminal segment of the intact TnT protein. Solid-phase protein-binding assays established
that Zr¢™-binding to the Tx cluster induces epitopic structure changes in thistBiirhinal segment, further
affecting other epitopic structures of intact TnT as well as the function of TnT’s tropomyosin binding-
sites. The results demonstrate that metal ion-binding to the Tx cluster reconfigures the overall conformation
of TnT through structural relationships between the Nétminal variable region and other domains of

the intact TnT molecule. Accordingly, the developmental and/or muscle type specifigexinal
structure of TnT isoforms may modulate the?Gactivation of muscle contraction.

Troponin T (TnT} is the tropomyosin-binding subunit of 1992). In fast skeletal muscle TnT, alternative mRNA
the troponin complex and participates in theéGdependent  splicing involving a pair of mutually exclusive COOH-
regulation of contraction of vertebrate striated muscles terminal exons (16/17) and seven (Breitbart & Nadal-Ginard,
(Leavis & Gergely, 1984). The cardiac and skeletal muscle 1986; Smillie et al, 1988; Briggs & Schachat, 1993) or
TnTs are encoded by different genes and muscle type specifiopossimy more (Schachat al, 1995) exons encoding a
or developmentally regulate.d isoforms are gxpressed fromy,ariable NH-terminal region produces a large number of
each gene through alternative mRNA splicing (Cooper & otein isoforms. Although the functional significance of

Ordahl, 1985; Breitbart & Nadal-Ginard, 1986; X al.,
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TnT isoform diversity is not fully understood, certain
pathological conditions have demonstrated a concurrent
change in TnT isoform expression (Guletial, 1994; Akella
Furthermore, a
relationship between cardiac TnT mutation and human
familial cardiomyopathies has been reported (Thierfetter
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1 Abbreviations: ABTS, 2,2azinobis-(3-ethylbenzthiazolinesulfonic
acid); BCIP, 5-bromo-4-chloro-3-indolylphosphate; BSA, bovine serum
albumin; Buffer A, 0.1 M KCI, 10 mM Tris-HClI, pH 8.0, 3 mM Mggil
Buffer T, Buffer A+ 0.05% Tween-20; CD, circular dichroism; ELISA,
enzyme-linked immunosorbant assay; IPTG, isopropyl-1-hin-
galactopyranoside; mAb, monoclonal antibody; NBT, nitro blue tetra-
zolium; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-
buffered saline (137 mM NaCl, 2.7 mM KRGO, 8.0 mM NaHPO,,
pH 7.4); PBS-T, PBSt+ 0.05% Tween-20; PCR, polymerase chain
reaction; TBS, Tris-buffered saline (150 mM NaCl, 50 mM Tris-HCI,
pH 7.5); TFE, 2,2,2-trifluoroethanol; Tm, tropomyosin; TnT, troponin
T: Tx, [HE/AEAH]..

document TnT’s importance in the contractile apparatus,
studies on the structure and function of intact TnT have been
limited, in part due to its low solubility in physiological
buffers. In this respect, previous work on rabbit fast skeletal
TnT had dissected the protein into two major functional
domains. The COOH-terminal chymotryptic fragment T2
(residues 159259) binds to the central region of tropomyo-
sin (Tm) (Ohtsuki, 1979; Morris & Lehrer, 1984) as well as
interacting with actin, troponin | and troponin C (Pearlstone
& Smillie, 1978, 1980, 1982; Heeley & Smillie, 1988;
Schaertlet al, 1995). The NH-terminal chymotryptic
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fragment T1 (residues-1158) has been shown to interact
with the carboxy terminus of Tm, extending to include the
amino terminus of the adjacent Tm molecule in the head to
tail overlap of Tm along the thin filament (Pa¢b al., 1981,
Brissonet al,, 1986; Whiteet al,, 1987). The central region
of TnT (residues 76150) has been shown to contribute to
the tight association of the troponin complex to Tm (Fisher
et al, 1995). In contrast, the variable Miterminal region

of TnT has not been directly associated with a defined
function (Pearlstone & Smillie, 1982). Although a TnT
isoform switch, primarily due to alternative splicing of this
NH-terminal region, is well regulated during avian and
mammalian heart development (Cooper & Ordahl, 1985; Jin
& Lin, 1988; Jinet al.,, 1990), deletion of the first 45 NH
terminal residues from rabbit fast skeletal TnT was shown

Ogut and Jin
MATERIALS AND METHODS

The core recombinant DNA and protein chemistry tech-
niques used can be found@urrent Protocols in Molecular
Biology (Ausubel et al., 1995), Molecular Cloning: A
Laboratory ManualSambroolet al., 1989), or as described
previously (Jin, 1995).

Construction of Expression Plasmids Encoding
NH,-Terminal Fragments of Chicken TnT1

To prepare the nonfusion TnT NHerminal fragment
proteins used in this study, two recombinant plasmids (pTx47
and pTx165) were constructed using the T7 RNA poly-
merase-based (Studietral.,, 1990) pAED4 expression vector
for protein expression irk. coli. Using synthetic oligo-

not to affect the cooperative response of regulated actos1nucleotide primers and a recombinant pAED4 expression

ATPase to C& (Panet al, 1991). On the other hand,
differences in the Cd-sensitivity of actomyosin ATPase

have been observed in reconstituted systems containing two

bovine cardiac TnT isoforms differing in the NHerminal
variable region (Tobacman & Lee, 1987). Interestingly, this
NH,-terminal region may contain structures independent of
TnT’s function in the regulation of contraction. Protein
(Wilkinson et al,, 1984) and cDNA (Smilliect al., 1988)
sequencing of the chicken breast muscle fast TnT have

plasmid encoding the intact chicken breast TnT1 isoform
(Smillie et al.,, 1988; Jinet al., 1991) as the template, two
cDNA fragments encoding Nfterminal 47 (N47) or 165
(N165) amino acids were amplified by polymerase chain
reaction (PCR). The N47 DNA fragment was double-
digested withXba and EcoRl, and ligated to a similarly
digested pAED4 vector. The N165 DNA fragment was
digested withXba on the 3 end and ligated to th¥bd site

of Xba/Ecadrl digested pAED4 vector DNA. The non-
complementary ends of the recombinant plasmid DNA were

revealed an unusual 20 amino acid stretch consisting of fourrendered blunt by filling in with the Klenow fragment of

regularly repeated histidine pairs [HE/AEAHPund within

the NH-terminal variable region. Recently, this segment
(designated Tx) has been shown to be exclusive to TnT
isoforms expressed only in the avian order<zafliformes
andCraciformes(Jin & Smillie, 1994). The Tx segment is
able to bind with high affinity to the transition metal ions
Cwt > Ni?t > zZn?* ~ Co?" (Jin & Smillie, 1994),
potentially through the four histidine pairs arranged in an
o-helical conformation (Arnold & Haymore, 1991; Arnold,

1991). It has been suggested that the number of metal-

binding sites made available by Tx are adequate to affect
the concentrations of metal ions in the muscle cells (Jin &
Smillie, 1994). The importance of essential metals such as

DNA polymerase | prior to the second ligation. Transformed
E. coli IM109 colonies were screened by PCR to identify
the presence of the appropriate insert. The constructed
recombinant plasmids were verified by dideoxy chain
termination DNA sequencing using a T7 DNA polymerase-
based sequencing kit (Pharmacia Biotech Inc.). The
construction of the expression plasmids is summarized in
Figure 1.

Rapid Large-Scale Purification of the Chicken TnT1
NH,-Terminal Fragments

Purification of N47. Four liters of Z tryptone-yeast broth
containing 100ug/mL ampicillin and 25ug/mL chloram-

Zr?" in intracellular processes has been demonstrated in anyhenicol was inoculated with a single colonyEafcoli BL21-
increasing volume of experimental evidence, especially in (DE3)pLysS (Studieet al., 1990) transformed with pTx47.

the control of development and differentiation (Nusslein-
Volhardet al., 1987; Wieschaus & Nusslein-Volhard, 1980).

To further study this novel metal-binding cluster and its
effects on the conformation and function of TnT, we have
constructed expression plasmids encoding chicken breas
muscle TnT1 NH-terminal fragments of 47 and 165 amino
acids, both incorporating the Tx segment. Having achieved
high level expression iic. coli and facilitated purification
by metal-affinity chromatography, we show that the second-
ary and tertiary structure of the Tx segment is reconfigured
by specified transition metal ions. The binding of’Zro
the NH-terminal Tx element is shown to induce changes in
the conformation of other domains of TnT, affecting TnT's
interaction with Tm. Demonstrating novel structural rela-
tionships between the NHerminal region and other domains
in an intact TnT molecule, we provide evidence that the
structure of the variable Niterminus of different TnT
isoforms may adjust the overall conformation of TnT and
modulate the regulation of muscle contraction.

The culture was incubated at 3T with vigorous shaking
until ODggp = 0.4—0.5, induced with 0.4 mM isopropyl
1-thio{5-p-galactopyranoside (IPTG) and incubated an ad-
ditional 3 h. The bacteria were harvested by centrifugation,

resuspended in 50 mL of 0.1 M sodium phosphate buffer,

pH 7.0, and lysed by three passes through a French press at
1000 psi. The lysate was heated to 80, immediately
chilled on ice for 1 h, and centrifugated to pellet the insoluble
proteins. To selectively separate the metal-binding N47 TnT
fragment from the bacterial lysate proteins, the supernatant
was loaded onto a 10 mL column of Chelating Fast Flow
Sepharose (Pharmacia LKB Technology) charged with Zn
and equilibrated in 0.5 M NaCl, 0.1 M sodium phosphate
buffer, pH 7.0 (Jin & Smillie, 1994). The column was
washed with 2 bed volumes each of 5 and 10 mM imidazole
and eluted by a stepwise gradient, with the N47 protein
eluting at imidazole concentrations greater than 40 mM, as
analyzed by SDSpolyacrylamide gel electrophoresis (PAGE).
The N47 peak was further fractionated by a Sephadex G75
column (2.5 cmx 125 cm) equilibrated with 20 mM sodium
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Ficure 1: Cloning of chicken TnT1 Nktterminal cDNA fragments into the expression vector. Using three unique synthetic oligonucleotide
primers, NH-terminal cDNA fragments encoding 47 (N47, primers 1 and 2) and 165 (N165, primers 1 and 3) amino acids were amplified
by PCR from an expression plasmid encoding chicken TnT isoform 1 (shown in the left insert of 0.9% agarose gel). Primers 2 and 3 were
designed to introduce translation termination codons through minimal base pair mismatches (seen in bold letters) while primer 2 also
encodes a'EcaR| restriction endonuclease site. Both cDNA fragments were inserted unidirectionally and in-frame into the pAED4 expression
plasmid following agarose gel purification. The constructed expression plasmids were analyzed by agarose gel electrophoresis sizing as
well as PCR to confirm the presence of the respective cDNA inserts (shown in right insert of 0.9% agaraesEg®8Ip, coupled T7 and
Shine-Dalgarno ribosomal binding sequence; Tanscription terminator.

Tx47/ Tx165

phosphate buffer, pH 7.0. Gel filtration fractions were
examined by SDSPAGE and those containing pure N47
were lyophilized after dialysis against 0.5% formic acid for
three changes. The high level expression of N47 (Figure
2), although a low molecular weight peptide, yielded 10 mg
(2 umol) of highly purified protein per liter of bacterial
culture, providing sufficient material for characterization.
Purification of N165. Four liters of pTx165 transformed
E. coli BL21(DE3)pLysS culture were set as above and
induced by 0.4 mM IPTG at Ofgy = 0.6—0.7 and further
incubated for only 2.5 h. Adopted from &h coli acetone
powder method (L. B. Smillie, unpublished results), har-
vested bacteria were extracted three times with cold ethanol
and acetone. ThE. coli acetone powder was briefly dried
and solubilized in 100 mL of 6 M urea, 50 mM Tris-HCI,
pH 9.2, with stirring at 4°C. After pH adjustment to 7.4 14.4 KD»
and centrifugation, the supernatant was loaded onto a 10 mL :
Zn?*-affinity column equilibrated as above with the addition 21;012 lig :
of 6 M urea. Following washing, the N165 protein was ’
eluted only at imidazole concentrations greater than 40 mM, gié tg: .
3_5 analyzed by SDSPAGE. The peak fractions were 551 KD~ - . ~<N47
ialyzed against 50 mM ammonium bicarbonate and lyoph-
ilized. The dried powder was dissolved in 0.5 M NaCl, 20 g ;ee 0. Expression and purification of TnT fragment N47. SDS
mM sodium phosphate buffer, pH 7.0, 0.05% Na&hd PAGE using 14% small-pore gels and Tris-Tricine running buffer
loaded onto a 1.6 cmx 50 cm Superose 12 column was performed to monitor the expression and purification of N47,
monitored by a Pharmacia Biotech Inc. FPLC system as described previously (Jin, 1995). The N47 protein band was
controlling flow rate at 0.3 mL/min. Thégonm peaks of visible in the lysate of the bacterial culture following induction

. . with IPTG. The French press lysate was heated t6@0cooled
the fractions were examined by SBBAGE and those g ce, and centrifuged to remove the majority of the contaminant

containing pure N165 were collected (Figure 3), dialyzed bacterial proteins precipitated by heat denaturation. N47 in the
against 50 mM ammonium bicarbonate, and lyophilized. soluble fraction was effectively recovered by?Zraffinity chro-
matography. G-75 gel filtration chromatography further purified

Authenticity of the Genetically Expressed TnT Fragments N47 to homogeneity.
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Amino Acid Analysis, Peptide Sequencing, and Mass by the Protein Sequencing Facility, University of Calgary
Spectrometry.Amino acid analysis of N47 as well as five Faculty of Medicine. Amino acid analyses of N165 and
cycles of NH-terminal amino acid sequencing were done various CD samples were generously carried out by Dr. J.
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< antisera raised against chicken TnT (RATNT) or the Tx
@ 3 20mer peptide (RATX) (Jin & Smillie, 1994). The following
° ;_:3 E washes, incubation with alkaline phosphatase-labeled goat
5 5 Es @ anti-rabbit IgG second antibody (Sigma), as well as develop-
*—; o e E E Q g ment of the 5-bromo-4-chloro-3-indolylphosphate/nitro blue
Cg2=%v% E S s tetrazolium (BCIP-NBT) color reaction were performed as
T3 A A £ o S E e § described (Ausubedt al, 1995). The results demonstrate
S 5 s ¢ 5 R~ - that both N165 and TnT1 were identified by the two antisera
TOo 58 4 : N 8 = O (figure not shown), confirming the TnT origin of N165 as
= E S EEx 2 & 5 ﬁ well as the presence of the Tx segment.
== <ID S A T - Indirect Enzyme-Linked Immunosorbant Assdahe au-
e ' " thenticity of N47 was established by indirect enzyme-linked
66 kD» E immunosorbant assay (ELISA) performed with the TnT-
" specific RATnT and Tx element-specific RATx antisera. In
3 44; ll:g: these experiments, native Tx-positive TnT was prepared from
o chicken breast muscle by conventional methods (Pearlstone
24 kDp> «|aN165 et al, 1977) for use as a control. Modified from a method
18.4 kDB> ™ described previously (Jin & Lin, 1988), wells of microtiter
14.3 KD p» = plates (Falcon 3915) were coated overnight &iCAwith
chicken breast muscle TnT, TnT fragment N47, or BSA
= dissolved to 5ug/mL in 50 mM carbonate buffer, pH 9.6.
- The plates were washed with phosphate-buffered saline (PBS;
= - 137 mM NacCl, 2.7 mM KHPQ,, 8.0 mM NaHPQ,, pH

FiIGURE 3: Expression and purification of TnT fragment N165. 7.4) plus 0.05% Tween-20 (PBS-T) and blocked for 2 h at
SDS-PAGE using 12% Laemmli gels was performed as described room temperature with PBS-T plus 1% BSA. After being
previously (Jin, 1995) to examine the expression and purification \yashed with PBS-T, the plates were incubated for 3 h at 37
of N165. Following induction of the culture with IPTG, bacterial . . o] .

cells were pelleted and washed with ethanol and acetone to provide C With serial dilutions of RATNT or RATX in PBS-T plus

a lipid-free protein powder. Following extraction with 6 M urea, 0.1% BSA, washed with PBS-T and incubated with 1:1,500
50 mM Tris-HCI, pH 9.2, the soluble fraction was adjusted to pH dilution of horseradish peroxidase-conjugated goat anti-rabbit
7.4, and loaded on a Zh-affinity column. Specifically retained IgG second antibody (Sigma) in PBS-T plus 0.1% BSA for
N165 was eluted from the column by imidazole and further . "

fractionated from other contaminant bacterial proteins by a Superose#0 min at 37°C. The plates were washed with PBS-T and
12 FPLC column. H,0.-2,2-azinobis-(3-ethylbenzthiazolinesulfonic acid) (ABTS)

R. Pearlstone and M. R. Carpenter in the laboratory of Dr substrate in 0.1 M citrate buffer, pH 4.0, was added for colour
L. B. Smillie, University of Alberta. Mass spectrometry development at room temperature. The microtiter plates

analysis of the sample of chicken TnT1 fragment N47 was Were monitored for absorbance at 405 nm by a Bio-Rad
performed by the Alberta Peptide Institute, University of Model 3550UV automated microplate reader. The results
Alberta, Edmonton, Canada. The experimentally determined démonstrate positive fitration curves for both RATnT and
amino acid compositions of N47 and N165 were in good RATx antibodies against the cloned N47 peptide (figure not
agreement with the ratios predicted from the nucleotide shown).

sequences. Mass spectrometry of N47 displayed a single Analytical Zr#*-Affinity Chromatography of TnT1 and Its
sharp peak at molecular weight 5254.10, in correspondencerragments To compare the relative 2h-binding affinity
with the calculated molecular weight of N47, minus the initial of the engineered TnT proteins, aliquots of cloned TnT1,
methionine residue at position IM{ = 5253). This 7373, N165, N47, and the Tx 20mer peptide were dissolved
observation agrees with the amino acid analysis of N47,in ;, g 5 M KCI, 0.1 M sodium phosphate buffer, pH 7.0, and
which no methionine residue was recovered. ,Nétminal loaded onto a 2 mL Zi-affinity Chelating Fast Flow
amino acid sequencing of the p““ﬁ?d N47_protei_n indicated Sepharose column (Jin & Smillie, 1994) equilibrated in the
that Ser, rather than Met, was the.f|r§t amino acid relleased,Same buffer. After being washed with 3 mL of the
followed by Asp-Thr-Glu-Glu, confirming the expression of equilibration buffer, the column was eluted by a linear
the correct peptide and the high efficiency removal of the gradient of 2 to 80 mM imidazole (78 mL total volume) in

initial methionine of this chicken TnT fragment expressed the above buffer. The specific proteins eluted were identified

in E. coli BL21. X .
Western Blotting.Using the cloned, bacterially expressed PY Laemmli and small-pore SDS?AGE analyses (Jin, 1995)
of the fractions. The Coomassie Blue R250-stained gels

Tx-positive chicken breast muscle TnT isoform as a control i
(TnT1; Smillieet al,, 1988; Jiret al,, 1991), both N165and ~ Were scanned by a Pharmacia Image Master Desktop
TnT1 were resolved by 12% SBSAGE and transferred densitometer and the calculated (ODarea) values of the

to nitrocellulose membrane (0.22m) using a Bio-Rad specific protein bands were used to judge the peak position.
semidry electrotransfer apparatus. After overnight blocking A summary of the TnT functional domains and the NH
with 1% bovine serum albumin (BSA) in Tris-buffered saline terminal variable region organization of chicken breast
(TBS; 150 mM NaCl, 50 mM Tris-HCI, pH 7.5), the muscle TnT, TnT1l, and TnT3 isoforms, as well as the
nitrocellulose membranes were incubated aC4overnight sequence of the Tx 20mer peptide, are illustrated in
in TBS containing 0.1% BSA with either rabbit polyclonal Figure 4.
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M KCI, 10 mM Tris-HCI, pH 8.0, 3 mM MgC)) and coated
overnight at 4°C onto triplicate wells of microtiter plates

T1 T2 (Falcon 3915; 10@L/well) containing 0.02, 0.04, 0.06, 0.08,
CB3 CB2 0.1 mM ZnC}, or 0.1 mM EDTA. After blotting the wells
] T3 dry, the plates were blocked at room temperature for 2 h
S with Buffer A plus 1% BSA and 0.05% Tween-20. The
NEY]  Breast Muscle TaT wells were washed three times with Buffer A plus 0.05%
BRNEE TnT1 Tween-20 (Buffer T) and serial dilutions of the Tx segment-
< specific antibody (RATX) in Buffer T plus 0.1% BSA were
| |56|8| | Ni165 added to the plates (1Qd./well) and incubated for 1 h at
p N47 room temperature. Following washing with Buffer T, the
plates were incubated with 1:750 dilution of horseradish
[HEEEAHHEEAHHAEAHHEEAH| Tx 20mer peroxidase-conjugated goat anti-rabbit IgG second antibody

Ficure 4: Functional domains of TnT, the NHerminal variable (Sigma) for 40 min at room tempe_rature. For COIor_ develop-
region of chicken breast muscle TnT, TnT1, TnT3, and the sequenceMeNt, the plates were washed with Buffer T and incubated

of the Tx peptide. Regions of the T1, T2, CB2, and CB3 fragments with H,O.-ABTS substrate as outlined before.
(Pearlstone & Smillie, 1982) of TnT are outlined corresponding to

the whole polypeptide chain. The Niterminal exon organization  Solid-Phase Tropomyosin-Binding Assay for TnT Isoforms
of the chicken TnT3, breast muscle TnT and TnT1, structures of and Fragments

N165, N47, and the Tx peptide derived from TnT1 are also shown
in this figure. The binding of N47, N165, the Tx-positive chicken breast

. . . . muscle TnT and Tx-negative TnT3 isoform e6Tm was
Circular Dichroism Analysis of N47 and N165 compared by an ELISA-mediated protein binding assay (Jin,

Aliquots of the purified chicken TnT1 Niterminal 1995). In performing the Tm-binding assays, TnT isoforms
fragments N47 and N165 were equilibrium-dialyzed sepa- and fragments were coated onto microtiter plates in Buffer
rately at 4°C overnight for two changes against 500 volumes A containing 0.1 mM ZnGlor 0.1 mM EDTA; BSA coated
of 0.1 M KCI, 20 mM sodium phosphate buffer, pH 7.0, under identical conditions was used as a nonspecific protein
containing 0.1 mM EDTA, ZnG| CoC}, NiCly, or CuCk. binding control. The plates were blocked and washed as
Circular dichroism (CD) measurements were carried out at before, and incubated for 2 h at room temperature with Buffer
25 °C on a Jasco J-720 spectropolarimeter (Jasco Inc.,A containing serial dilutions of rabbi&-Tm, prepared as
Easton, MD) calibrated with ammoniuda(+)-10-camphor- ~ described (Heelegt al, 1989). After washing three times
sulfonate at 290.5 and 192 nm, and wdt—)-pantoyllactone ~ with Buffer T, an anti-Tm specific mAb CH1 (generously
at 219 nm. Using a 0.02 cm cell, each sample was scannedprovided by Dr. Jim Lin, University of lowa) diluted 1:1000
10 times, in the presence and absence of 2,2,2-trifluoroet-in Buffer T plus 0.1% BSA was added to the plates and
hanol (TFE) to 50% (v/v). Noise reduction was applied to incubated at room temperature for 1 h. The Tm associated
remove the high frequency before calculating molar ellip- Wwith the TnT coated on the plate was detected through the
ticities. Protein concentrations were quantitated by amino bound anti-Tm mAb. The following washes, horseradish
acid analysis upon completion of CD measurements. Cal- peroxidase-conjugated anti-mouse IgG secondary antibody
culation of the secondary structure contents of the testedincubation and kO,-ABTS substrate color development
samples was as described (Tusnatial., 1991). were performed as described earlier.

Epitopic Structure Characterization of TnT Isoforms and RESULTS

Fragments o
) ) _ ) ) Effects of Metal-Binding on the Secondary Structure of
Monoclonal Antibody Epitope Analysifrevious experi-  the NH-Terminal Fragments of TnT1

ments characterizing a monoclonal antibody (mAb) against
chickenhl-calponin, CP3, showed its specific cross-reaction ~ CD spectroscopy of N47 (Figure 5) under non-denaturing
to cloned TnT1 and chicken breast muscle TnT, both Tx- conditions indicated this TnT NiHerminal fragment to be
positive chicken TnT isoforms. Interestingly, this mAb did predominantly random folded with a low percentage of
not show cross-reaction to the Tx-negative TnT2 (Smétie  a-helical content (4.2%10.5%) when in the presence of
al., 1988) or the TnT isoforms found in chicken leg muscle EDTA, Zré*, Co?*, Ni#*, or Ci#*. The addition of TFE to
(Jinetal, 1996). To further elaborate and define this unique 50% to N47 (N47-TFE) enhanced-helical secondary
cross-reaction to the Tx-positive TnTs, indirect ELISA was Structure under the metal-free conditions (24.3%). N47-TFE
performed as described earlier using mAb CP3 on N47, samples in the presence of Znshoweda-helical content
N165, TnT3, chicken breast muscle TnT, as well as a limited of 21.4%, similar to that in the presence of EDTA, whereas
chymotryptic digest of chicken breast muscle TnT to yield samples with C#, Ni** or Co** displayed significantly
the T1 and T2 fragments (Figure 4; Pearlstone & Smillie, highera-helical content, ranging from 49.8% to 59.8%.
1985). The CD spectroscopy results of the N165 fragment of
Effect of ZA* on the Epitopic Structure of the Tx Segment. chicken TnT1 are shown in Figure 6. Under non-denaturing
To determine the conformational changes as a consequenceonditions, N165 showed-helical content up to 30.9%,
of Zn?*-binding to the Tx element in the NHerminal region comparable to previous data for the T1 fragment of rabbit
of TnT1, indirect ELISA was done using TnT1 pretreated fast skeletal muscle TnT (Pearlstone & Smillie, 1985). The
with varying concentrations of Zngl TnT1 was dissolved  equilibrium dialysis against 2f, Cco®" or Ni?t did not
(5 ug/mL) in a modified actin binding buffer (Buffer A; 0.1  produce significant effects on the overall secondary structure
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Ficure 5: Circular dichroism analysis of N47. Circular dichroism  Ficure 6: Circular dichroism analysis of N165. N165 in 0.1 M
measurements of N47 in 0.1 M KCI, 20 mM sodium phosphate KCI, 20 mM sodium phosphate buffer, pH 7.0, containing 0.1 mM
buffer, pH 7.0, containing 0.1 mM EDTA, 2h, C&?*, Ni?t, or EDTA, Zn?*, Co**, or Ni2* (A) had similara-helical content to
Cw?* (A) showed predominantly random folding. Addition of TFE  previously published data on the T1 fragment of rabbit fast skeletal
(B) to 50% (v/v) demonstrated an increaseoithelical character muscle TnT. With the addition of TFE (B) to 50% (vAg;helical

of all samples tested, notably significant in the presence 8fCo  content was further stabilized without significant differences seen
Ni2*, and Cd" (Table 1, part A). in the absence or presence of different metals (Table 1, part B).

contents of N165 in the benign buffer. The addition of TFE to produce 50% of the maximum inhibitory effect was
to 50% (N165-TFE) increased thehelical character of all ~ determined from this titration to be 44M. In separate
samples tested (52.2970.1%). In contrast to the significant  ELISA experiments, we have observed that the low concen-
differences observed between the spectra of N47 in thetration (0.1 mM) of Z&* or EDTA had no nonspecific effects
presence of TFE and specified transition metals, N165 in on the coating of a protein to the microtiter plates or
the presence of various metals showed insignificant changesmmunoidentification of the protein (data not shown).

of the overalla-helical content as compared to that in EDTA.

The secondary structure contents of N47 and N165 underMetal-Binding Related Conformation of the Tx-Containing
different conditions are summarized in Table 1, sections A TnT and its NH-Terminal Fragments

and B, respectively. Zr¢t-Binding Avidity. The chromatographic binding com-

Effect of ZA* on the Epitopic Structure of the Tx parison of TnT1, N165, N47, and Tx 20mer demonstrated
Segment in the NiTerminal Region of TnT1 that the intact TnT1 isoform had a difference in blndmg to
the column as compared to its fragments (as indicated by
As the transition metal of most biological importance?Zn  the imidazole concentration required for their elution). The
was further studied for its effect on the structure and function TnT1 NH,-terminal fragments ranging from 20 amino acids
of Tx-positive TnT. Figure 7 shows that binding withZn  to a half protein (165 amino acids) all eluted near 60 mM
had significant effects on the epitopic structure of the Tx imidazole. In contrast, intact TnT1 eluted at significantly
cluster in the NH-terminal region of TnT. The reactivity ~lower imidazole concentrations (3@6 mM), indicating an
of the Tx segment-specific RATx antibody to TnT1 de- interaction between the COOH-terminal domain and the Tx
creased as the concentration ofZduring pretreatment was ~ element in the Nktterminal variable region. As a negative
increased, as compared to when 0.1 mM EDTA was presentcontrol, TnT3, which lacks the Tx segment in the NH
to deplete divalent ions. This effect was not confined to terminal variable region (Figure 4; Smilliet al, 1988),
the genetically expressed TnT1 isoform, as chicken breastshowed no specific binding and appeared in the flowthrough
muscle TnT coated under identical conditions showed similar fraction as expected. These results, along with physical data
results (data not shown). This change in anti-Tx antibody of the proteins/peptides, are summarized in Table 2.
reactivity demonstrates that the binding of?Zmmodifies mAb Epitopic StructuresAs previously characterized, the
the three-dimensional structure of the Tx segment within the anti-h1-calponin mAb CP3 specifically recognizes the Tx-
intact TnT polypeptide. The concentration ofZZmequired positive TnT1 and chicken breast muscle TnT without cross-
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Table 1: Secondary Structure Contents of the Chicken TnT2-Riminal Fragments

o helix /3 sheet [ turn unordered other

buffer ~TFE +TFE ~TFE +TFE —TFE +TFE ~TFE +TFE ~TFE +TFE
(A) N47

EDTA 4.2 24.3 0.5 0.3 39.9 33.7 52.9 37.9 25 3.8

zinc 8.0 214 0.4 0.5 45.5 37.2 46.0 37.3 0.1 35

cobalt 4.2 59.8 111 154 21.0 0.0 63.7 24.8 0.1 0.0

nickel 9.7 53.6 0.0 134 28.0 32.7 61.5 0.0 0.0 0.1

copper 6.3 49.8 0.2 8.9 46.8 10.2 46.6 27.7 0.2 35
(B) N165

EDTA 29.6 66.2 13.0 5.9 3.2 0.0 53.5 27.9 0.8 0.0

zinc 30.9 67.9 13.2 6.4 15 0.0 54.0 25.7 0.5 0.0

cobalt 30.8 70.1 11.8 4.2 14 0.0 56.1 25.7 0.0 0.0

nickel 23.9 52.2 35.6 17.2 10.1 0.0 30.4 30.4 0.0 0.1

aSecondary structure contents were calculated from the CD spectra, according to the method described byeTabi{2891). Values are
presented as a percentage, witf) ©r without () the addition ot TFE to 50% (v/v).
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FIGURE 7: Effect of Zr?* ions on the epitopic structure of TnT1 102 103 1o 103
recognized by RATx. TnT1 was coated on ELISA plates in the
presence of 0.02, 0.04, 0.06, 0.08, 0.1 mM Z@el0.1 mM EDTA. CP3 Dilution

After blocking, the wells were incubated with serial dilutions of . . . .

the RATx antiserum which is specific against the Tx peptide. i'?sGlleraE(\;)?ﬁemsAblr?grsegtplltE?_ﬁ)g Ar\e(e:iggLtilr%rér?tfsTv);;:prgSIS\e/ﬁotpnTegngs
Following incubation with horseradish peroxidase-labeled goat anti- - - o - !
rabbit Ig% second antibody,zEDZ-ABTSp substrate was adged for descrllbe_lg _'If' F'gl“.'rf 4, ofn_tthehTX-ptosmt\_/e_Igflckgn_rgr?ast (C'F")
color development and monitored for absorbance at 405 nm. TheMuscie Tni, a Mixture ot 1S chymotryptic 1. an ragments,
values are plotted as a percentage of total antibody binding, with '?'z:/?g:uslt’;lﬁﬁdﬁla?es ?r?gtToanS l:ﬁ;n?nstggflb(:glg;?n; SLQI??I'E'F 3|s
the 0.1 mM EDTA sample assumed to be 100% binding without ; A > .
72+ effects. BSA coatgd onto the plates is usoed as a?negative recognized by the mAb, indicating that the epitope structure is
control. The results show a linear effect of increased® Zn dependent on both the presence of the Tx segment and an intact

concentration on the decrease of RATX epitope recognition. TnT polypeptide chain.

Table 2: Physical Data and Zinc-Binding Affinity of the TnT or _N165,Were reactive to the mAb’ |nd|cat|ng t_hat the CP3
Isoforms and Fragments epitope is not the Tx structure itself. Intact chicken breast
amino acid molecular isoelectric [imidazole] at muscle TnT was recognlzed but the mixture of .Its '_I'l and
protein residues weight point peak elution TZ fr:_igments was not reactive. nT3, a Tx-neg_atlvg isoform
T3 1263 (Tx) 31342 6.49 (flowthrough) |dent|cql to TnT1 except in the Nterminal region, is not
TnT1 1-274 32 340 6.64 3036 mM recognized by CP3. These results demonstrate that the CP3
N165 1-165 19521 4.99 5460 mM epitope is not simply the T1/T2 junction, a conserved region
N47 2-47 5384 448 5763 mM in all chicken fast TnTs. The data, therefore, suggest that

Tx20mer 19-38 2416 536 6666 mM the CP3 epitope structure locates outside the Tx segment

 Molecular weights and isoelectric points were calculated theoreti- put is induced by the Nptterminal Tx structure, an effect
cally from the amino acid sequences. The imidazole concentrations {5t requires an intact TnT polypeptide chain
required for elution were assigned from the analytical zinc-affinity ’
chromatography assay. Effect of Z&™ on the Interaction of Tx-Posite TnT or

Fragments and Tm

reaction to chicken TnT2 or any other Tx-negative TnT
isoforms in the leg muscle (Jat al, 1996). To demonstrate The pretreatment of chicken breast muscle TnT withfZn
the nature of the cross-reaction of CP3 to the Tx-positive produced a significant difference in its binding to Tm.
TnTs, indirect ELISA was done on N47, N165, TnT3, intact Saturation of the Z&-binding sites on the Tx element of
chicken breast muscle TnT and a mixture of the T1 and T2 the intact TnT dramatically decreased the #m interac-
fragments of chicken breast muscle TnT prepared by limited tion, as demonstrated by the ELISA-mediated protein-binding
chymotrypsin digestion. As shown in Figure 8, neither N47 assay (Figure 9A). In contrast, Zntreatment had no
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Ficure 9: Effect of Zr#t on the association of chicken breast
muscle TnT witha-Tm. (A) Chicken breast (C.B.) muscle TnT
(Tx-positive) or TnT3 (Tx-negative) were coated in the presence
of 0.1 mM zZnC}, or 0.1 mM EDTA. After blocking, the plates
were incubated with serial dilutions of rabhitTm, followed by
anti-Tm mAb CH1 to detect the bound Tm. The following washing,
secondary antibody incubation and color development steps were
performed as described in Figure 7 to reveal the Fmm
interaction. Simultaneous experiments with BSA coated on the
plates were used as the control for nonspecific protein bindings.
(B) Effects of Zr#™ pretreatment on the interaction of N47, N165,
and chicken breast muscle TnT withTm were further demon-

N L] g ik

strated in separate experiments. For all experiments, Tm concentra-

tions were calculated based on the molecular weight of the monomer
protein. The results demonstrate a2ZnTx-binding-induced
decrease in the interaction of intact TnT with Tm, evidently
requiring the presence of the COOH-terminal domain that is absent
from the N165 fragment.

significant effect on the Tx-negative Tn¥3I'm interaction

as compared to the EDTA control. N47 showed no binding
to Tm under either condition tested, in agreement with
previous data characterizing the comparable CB3 fragment
(Pearlstone & Smillie, 1982). Tm bound to N165 (equivalent
to the T1 fragment of TnT, Figure 4) pretreated with EDTA,
but the interaction was not as strong as that seen with the
intact TnT isoforms, evidenced by the sharper decrease in
its association when incubated with lower concentrations of
Tm (Figure 9B; compared with binding to chicken breast
muscle TnT,~2-fold higher concentration of Tm was
required for 50% of the maximum binding to N165). This
decrease in N165’s interaction with Tm reflects the contribu-
tion of the high affinity COOH-terminal Tm-binding site

Ogut and Jin

(Pearlstone & Smillie, 1982) of the intact TnTs. Pretreatment
of N165 with Zr#* did not produce significant changes in
its binding to Tm through the central domain binding site.
Therefore, the significantly decreased binding of Tm to the
chicken breast muscle TnT after Znpretreatment (P<
0.01) involves changes to both the central and COOH-
terminal domains of TnT, that is induced by changes of the
Tx element’s conformation (Figure 7) in the BHterminus,
which may in turn affect the overall structure of intact TnT
(Figure 8). The insignificant variation of the TnT3 associa-
tion with Tm in the presence and absence of'Z® > 0.05)
might be due to interactions between?Zrand lone amino
acids (i.e. His, Cys) or pockets of negative charge on the
proteins, which may affect the conformation and activity of
TnT.

DISCUSSION

Metal-Induced Secondary Structure Changes in the-NH
Terminal Region of Chicken TnTIThe CD measurements
shed light on an interesting feature of the Tx element. TnT
fragment N47, in the presence of TFE and EDTA ofZn
is calculated to be 21.4 - 24.386helical (Table 1, part A).

In the presence of Cb, Ni%*, or Ci**, N47-TFE shows a
2-fold increase ina-helical content. This is a novel
demonstration that metal-binding may stabiliaehelical
structure. The results suggest that the metal-inducible
o-helical character of the Tx element is dependent upon the
intrinsic characteristics of the metal ion rather than the ion’s
affinity for the Tx element, as 2n and Cé*, which show
similar affinities (Jin & Smillie, 1994), demonstrate 2-fold
differences ina-helical content in the presence of TFE.
Although the mechanism of effect of TFE has not been
conclusively established, several possible models are pro-
posed (Llinas & Klein, 1975; Nelson & Kallenbach, 1986).
Using synthetic actin NHterminal peptides, Smichseret

al. (1992) have demonstrated that TFE acts primarily as a
helix-enhancing cosolvent as opposed to a helix-inducing
solvent. Other studies using protein fragments and peptides
corresponding ta-helical regions in proteins showed strong
correlation between the TFE-enhanced structure and the
native protein structure (Leist & Thomas, 1984). The
enhancedx-helical content seen for N47 in the presence of
TFE and Cé", Ni?" or CL#t is not observed in the presence
of TFE and EDTA or ZA" (Table 1, part A), arguing directly
against the action of TFE as the lone cause for the
phenomenon. It has been shown, however, that changes in
o-helical character initiated by the binding of metal ions may
indicate a potential rearrangement of helices (Dedatat,
1977; Babuet al, 1985; Herzberget al, 1986). Although

the resolution provided by the CD measurements is not
sufficient to conclude the nature of the conformational
change, an effect of transition metals on the overall structure
of this TnT fragment is demonstrated.

Under non-denaturing conditions, thehelical content of
N165 is in the range of 30%, comparable to data on the
chymotryptic fragment T1 of rabbit fast skeletal muscle TnT
(Pearlstone & Smillie, 1985), indicating that N165 is a stable
half-molecule. TFE enhanced-helical character in all
samples of N165 tested, whereas the presence of metal ion
did not indicate significant overall changes drhelical
content. Nonetheless, a local secondary structure change
induced by metal ions in the region containing the Tx
segment (like that shown by the N47 fragment) may not be
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adequate to generate a detectable variation irathelical
content or overall structure of N165.
Metal-Induced Tertiary Structure Changes in the Tx

interaction depend on the intact TnT polypeptide chain. As
a physiological consequence, Znin the chicken breast
myofibril environment would modify the association of TnT
Segment. As shown in Figure 7, Zt is able to induce  with Tm, and may in turn affect the thin filament-linked
conformational changes of the Miterminal Tx segmentin  Ca&*-regulation of contraction. The significant difference
the TnT1 molecule, as detected by the Tx segment-specificin total Zr¢* content between chicken breast (pectoralis
antibody. The RATx polyclonal antiserum presumably major; 0.26 mmol/kg dry weight) and gastrocnemius muscle
recognizes multiple epitopes formed by the Tx segment and (0.52 mmol/kg dry weight; a value similar to that observed
the significantly reduced antibody binding avidity due to the in several other Tx-negative avian and mammalian muscles
binding of Zr** suggests an extensive tertiary structure tested) has been previously demonstrated (Jin & Smillie,
change in the Tx segment locating in the Nigrminal region 1994). The dramatic inhibition of Tn¥Tm interaction

of the intact TnT protein. For proteins such as TnT whose resulting from ZA* binding to the Tx element indicates that
crystal or NMR three-dimensional structure is not available, Zn?" accumulation in the Tx-positive TnT-containing myo-
the antibody epitope assay provides a useful method tofibrils may in fact be detrimental to the mechanism of muscle
guantitatively monitor conformational changes under various contraction. Therefore, the significantly lowered 2Zn

conditions (Goldberg, 1991).

Interactions between the NH erminal Variable Region
and Other Domains of Intact TnTA very interesting
phenomenon is demonstrated by the?Zhinding avidity

contents of the chicken breast muscle when compared to the
Tx-negative musclesP( < 0.01) may reflect a protective
adaptation mechanism to limit the concentration of'zim

the sarcomeric environment.

comparison (summarized in Table 2), as well as the epitopic  Data from this present study further suggest that the
recognition exhibited by the CP3 mAb. TheZrbinding  structural changes initiated by the variable Nerminal
avidity difference between intact TnT1 and its Tx-containing region may influence the structure and function of other
fragments indicates possible tertiary interactions between thedomains of TnT, particularly the regions which bear estab-
NH_-terminal region and the COOH-terminal domain of TnT, ' lished Tm-binding activity. TnT is believed to have a highly
which may affect the mode of Tx’s metal-binding in intact extended shape and the mechanism for the interaction
TnT1. The mAb CP3 has shown specific cross-reactivity between the Npt and COOH-terminal domains within the
to TnT1 and chicken breast muscle TnT (both Tx-positive) intact polypeptide chain needs to be further investigated.
without cross-reactivity to TnT2 and the leg muscle TnT Through subtle changes in the overall conformation of TnT
isoforms (Jinet al, 1996), which are all Tx-negative but molecule, this mechanism may execute the functional
have identical primary structure in the COOH-terminal and  significance of TnT isoforms with primary structure differ-
central domains as the breast muscle TnTs, including ences in the Nkiterminal region and may also contribute
identical primary structure in the T1/T2 junction. Our results to the phenotype of TnT point mutations, causing the chronic
indicate that the epitope is eliminated when the intact TnT development of cardiomyopathies (Watkias al., 1995).
is cleaved into T1/T2 fragments. Since TnT3 has a T1/T2 with potential interactions within the intact TnT molecule,
junction identical in sequence, but remains unrecognized, the contribution and functional significance of the alterna-
these results clearly demonstrate that the epitope recognizedively spliced NH-terminal variable region may not be
by CP3 is not the Tx segment itself but due to the overall potentiated in studies using TnT fragments. Therefore,
three-dimensional conformation of intact Tx-positive TnT, experiments characterizing intact TnT isoforms would be
which does not appear to be a simple addition of theNH more physiologically meaningful and may be expected to
and COOH-terminal domains, but depends on an intact TnT show subtle differences insofar as their role and action in
polypeptide chain. the regulation of the striated muscle thin filament. As a
Effect of ZA*-Induced Structural Changes on TnT's Tm- prime example, the binding of metal ions to the variableNH
Binding Function. In addition to inducing changes in the terminal region of the Tx-positive TnT isoforms is able to
NH-terminal and overall conformation of the metal-binding induce a specific reconfiguration of the TnT molecule and
TnT, the effect of ZA" on the association of TnT with Tm  further affect the function of TnT, providing a novel approach
is shown in Figure 9A. While chicken breast muscle TnT  to study the role of TnT isoforms in the regulation of muscle
and Tm specifically interact in a metal depleted environment, contraction.
Zn?*-binding to the Tx element demonstrates significant
consequences for this association, potentially through tertiary ACKNOWLEDGMENT
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