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ABSTRACT. Troponin T (TnT) is an essential element in the thin filament-based regulatory system of striated
muscle. Alternative mRNA splicing generates multiple TnT isoforms with primary structural differences
in the NHx-terminal region. The functional significance of this hypervariable t¢iminal domain and

the developmental or muscle type-specific TnT isoforms is not fully understood. We have analyzed chicken
breast muscle TnT containing a metal-binding cluster [H(E/A)EAH[TX) in the NH,-terminal region

to demonstrate potential effects of the Ntérminal structure on the conformation of TnT [Ogut, O., and

Jin, J.-P. (1996Biochemistry 3516581-16590]. Using specific antibody epitope analysis on this metal-
binding TnT model, this study revealed that the binding ofZto the NH-terminal region of chicken
breast muscle TnT induces extensive conformational changes in the whole protein as demonstrated by a
significant decrease in binding avidity of a polyclonal anti-TnT serum which recognizes multiple epitopes
on the TnT molecule. This NiHterminal configuration-based effect is not restricted to the metal ion
interaction, whereas the binding of anti-Nierminus monoclonal antibodies to TnT induced similar
changes. Protein-binding assays have shown that thet&thhinal variability-induced conformational
changes can alter TnT’s binding affinity for tropomyosin and troponin I. The results suggest a functional
modulation of TnT through the configuration of the Mteérminal domain, and this novel mechanism
may mediate the physiological significance of the TnT isoform regulation.

Troponin T (TnT} is the tropomyosin (Tm)-binding  variable NH-terminal region and a pair of mutually exclusive
subunit of the troponin complex and plays a central role in exons (16 and 17) encoding a COOH-terminal variable region
the thin filament-based regulation of striated (cardiac and (5, 9—12).

skeletal) muscle contractiod<3). A large number of TnT Alternative splicing of an Nktterminal acidic segment is
isoforms is produced from the transcript of cardiac and slow responsible for a cardiac TnT isoform switch during both
and fast skeletal muscle TnT genes through developmentallyayian and mammalian heart developmentl@, 14). Similar
regulated alternative mRNA splicingl€8). The primary  to the cardiac TnT isoform switch, a large to small, acidic
structure and isoform expression of TnT have been exten-tg hasic isoform transition of fast skeletal muscle TnT occurs
sively studied in many avian and mammalian species. As during skeletal muscle development involving alternative
the most complex example, the generation of fast skeletalspncing of multiple exons encoding the Mterminal vari-
muscle TnT isoforms involves differential splicing of more gple region {2). Altered cardiac TnT isoform expression
than six alternative exons (i.e., four to eight, fetal and has also been observed in various myocardial disordérs (
additional exons found in birds) corresponding to a highly 16). The functional role of the alternatively spliced variable
regions of TnT needs to be established to allow an
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Bgocr\‘fr:u gj}f) 368-5525. Fax: (216) 368-3952. E-mail: }j12@ 55g) pinds to the central region of T, 18) and interacts

1 Abbreviations: ABTS, 2,2azinobis(3-ethylbenzthiazolinesulfonic ~ With actin, troponin | (Tnl), and troponin C (TnC) in a €a
acid); BCIP, 5-bromo-4-chloro-3-indolyl phosphate; BSA, bovine serum dependent mannet?, 19—21). The NH-terminal chymo-

albumin; butfer A, 100 mM KCI, 3 mM MgGl and 10 mM Tris-HCI  {ryptic fragment T1 (residues-1158) has been shown to

(pH 8.0); buffer T, buffer A and 0.05% Tween 20; ELISA, enzyme- . . . . .
linked immunosorbant assay; HRP, horseradish peroxidase; mAb, Interact with the COOH terminus of Tm, involving the head-

monoclonal antibody; NBT, nitroblue tetrazolium; PAGE, polyacryl- to-tail overlap with the NH terminus of the adjacent Tm
amide gel electrophoresis; PBS, phosphate-buffered saline [137 mMmolecule (7, 18). While the central region of TnT (frag-

NaCl, 2.7 mM KHPQ;, and 8 mM NaHPQOy (pH 7.4)]; TBS, Tris- P . - .
buffered saline [150 mM NaCl and 50 mM Tris-HCI (pH 7.5)]; Tm ment CB2 shown in Figure 1, residues<Ib0) is required

tropomyosin; TnC, troponin C; Tnl, troponin I; TnT, troponin T; Tx,  for association of the troponin complex V\{ith TI‘BZ),. the
[H(E/A)EAH] 4. developmentally regulated NHerminal variable region of

S0006-2960(98)01232-X CCC: $15.00 © 1998 American Chemical Society
Published on Web 09/22/1998




14520 Biochemistry, Vol. 37, No. 41, 1998 Wang and Jin

1 isoforms which differ in the alternatively spliced NH
CB3 — T2 terminal variable region.
ko] 1o L] [r] oo \IATERIALS AND METHODS
[3] TnT1 Prepe_lration of TnT I.soforms and Other Thin Filament
T2 Proteins Used in This Study
Native Chicken Breast Muscle TnTTnT was purified
T3 from fresh breast muscle of adult white leghorn chickens
TnT4 by a metal-binding affinity chromatography method, which
- takes advantage of the high-avidity metal-binding Tx element
E Adult Breast Muscle TnT present in the Nkiterminal domain of the major TnT isoform
6B8 3E4 mAb Binding Sites in adult chicken breast musclég, 27). We have demon-

FiGURE 1: Structure of alternatively spliced chicken TnT isoforms Strated by cDNA cloning and expression that the adult
used in this study. Regions of the proteolytic T1, T2, CB2, and chicken breast muscle (pectoralis) major fast TnT isoform
tCBtﬁ frarﬁnl‘(err;t? OI Tllﬂl— (tslesn the ltefr)] Tare li”USUE'Ji‘éed ﬁoifrr]eSTF;]O“d)i(”% contains seven of the HxxxH metal-binding sit@8)(in the
utilization in the ahternatively spliced N and COOR-terminal  NHz terminal Tx segment and exon 16 in the COOH-terminal
regions (the boxes in the upper primary structure map) of Frr1 ~ Variable region (Figure 1). High-capacity Zn affinity

as well as a major breast muscle TnT of chicken are outlined. Tx4 chromatography was carried out with a 10 mL2Zcharged

and Tx7 indicate the presence of 4 or 7 of the HxxxH metal-binding Chelating Fast Flow Sepharose (Pharmacia) column in
repeats in TnT1 and the breast muscle TnT, respectively. Locationsphosphate buffer (pH 7.0) contaigirl M NaCl and 6 M

of the epitopes recognized by mAbs 3E4 and 6B8 are indicated. urea to achieve a one-step isolation. Sephadex G75 (Phar-
macia) gel filtration chromatography was used to purify the
protein to homogeneity2().

Cloned Chicken Fast Skeletal Muscle TnT Isoforms.
Chicken TnTH4 isoforms were expressed from cloned
- ; ) cDNAs (9) (generously provided by L. B. Smillie, University
?Zf?f)he thin filament £2) and regulation of acto-S1 ATPase of Alberta, Edmonton, AB). Generated by alternative mRNA

' ) ) splicing, primary structure configurations of these cloned

In contrast to the results of studies using TnT fragments, chicken fast skeletal muscle TnT isoforms as well as the
functional differences have been observed in studies usingaquit breast muscle major TnT are summarized in Figure 1.
intaCt ™nT f0r the aCtomyOSin ATPase aCtivatiOI’l by recon- pET3 or pAED4 expression p|asmids encoding these nT
stituted thin filaments Containing altel’natively Spliced ™nT isoforms were Constructed as described previouﬁ@_(
isoforms with NH-terminal primary structure differences | arge-scale expression and purification were carried out by
(24). Scattered point mutations in the cardiac TnT have beentransformation of BL21(DE3)pLysS&scherichia colicells.
found in human familial hypertrophic cardiomyopattp), The isopropyl 1-thig3-p-galactopyranoside-induced bacterial
suggesting that various subtle changes in TnT structure maycells were harvested by centrifugation and disrupted with a
cause a class of similar abnormalities in muscle growth and French press. The TnT isoforms expresseét.ircoli were
function. On the basis of the finding of a transition metal present in the soluble fraction after cell lysis, and different
(Zn?*, CW*, Ni?*, and C8%)-binding segment ([His-(Glu/  procedures were carried out to purify the TnT isoforms
Ala)-Glu-Ala-His],, designated as T%) in the NH-terminal according to their chemical and physical properties. The Tx-
region of fast skeletal muscle TnT of the avian order positive TnT1 isoform expressed in the bacterial culture was
Galliformes @6), we have previously demonstrated that the purified by the ZA* affinity method as described above. The
metal-induced structural changes in the Nefrminal domain bacterially made non-metal-binding chicken TnT isoforms
can modulate the molecular conformation and Tm interaction (TnT2—4) were purified by ammonium sulfate precipitation,
of intact TnT @7). DE-52 and CM52 ion-exchange chromatography, and G75

To overcome limitations due to a lack of crystallography gel filtration column fractionation in the presence of 6 M
or NMR structure information for TnT, we have applied uréa €9).
monoclonal and polyclonal antibody epitope analysis in Chicken Skeletal Muscle TnEresh adult chicken breast
monitoring the three-dimensional structure of the AH muscle was used for Tnl purification by an ion-exchange
terminal variable domain and the entire molecule of TnT. chromatography method as described previoudg). (
Together with the metalTnT conformational modulation Chickena-Tm Frozen chicken hearts (ventricles) were
model @7), we developed a novel approach for analyzing used to purifyo-Tm by the heat denaturation enrichment
the structure-function relationships among different domains and ion-exchange chromatography method as described
of TnT. In this study, we have found that the binding of previously 81).
Zn?* or monoclonal antibodies (MAbs) to the hterminal Bological Actiity of the Protein Preparations The
region of chicken breast muscle TnT induces extensive biological activities of muscle or recombinant TnT isoforms
conformational changes in the entire molecule. TheeNH and Tnl were tested by reconstitution of the troponin
terminal domain-mediated secondary conformational changescomplex. As described previousi29, 32), purified chicken
have significant effects on TnT’s interaction with Tm and TnT, Tnl, and TnC in a 1:1:1.4 molar ratio were mixed in a
Tnl, an indication of the functional significance of TnT buffer containing 4.6 M urea @l M KCI in the presence

TnT (fragment CB3) has not been found to definitively
interact with other thin filament proteind7, 19). Deletion
of the first 45 NH-terminal residues from rabbit fast skeletal
muscle TnT had no significant effect on the?Cactivation
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of Ca2*. Serial steps of dialysis were carried out to reduce tetramethylpentadecane (pristane, Sigma)-primed peritoneal
urea to zero and the salt to 6.5 mM KCI. The 40% excess cavity of Balb/c mice to produce mAb-enriched ascites fluids.
of TnC in the starting mixture was to compensate for its

extra loss during dialysis due to its smaller size compared Characterization of Anti-Chicken Fast Skeletal Muscle

to Tnl and TnT. After concentration by Centricon 30 spin TnT mAbs

filter (Amicron) ultrafiltration, the reconstituted troponin
complex was purified by a Sepharose CL-6B gel filtration
column from the remaining free subunits.

Immunoglobulin Subclass Determinatioithe immuno-
globulin subclass of the anti-TnT mAb’s was determined by
) i ) ) ) a sandwich ELISA using a mouse immunoglobulin isotyping
F-Actin cosedimentation experiments were carried out as it (Pharmingen, San Diego, CA) according to the manu-
described previouslylQ) to verify the biological activity of facturer's protocol.
E:hheicilér:lf-qr;m::g :;Zp%rzgh;gﬁzg ?{fg;)%tﬁ:nmcu::qlslg:ﬁ'g’ TnT Isoform Specificity.Fresh or frozen skeletal and/or
' cardiac muscle tissues from nine vertebrate species were

7:2:1 molar ratiq were incubated in an actin-binding buffer homogenized in SDS gel sample buffer containing 1% SDS.
[buffer A, containing 100 mM KCl, 3 mM MgGl and 10 As described previouslyl@), the muscle protein extracts
m'M Tris-HCI (pH 8.0)]. 'The reaction mlxtures', together were resolved on SDSPAGE run with the Laemmli buffer
with the separate protein controls, were centrifuged in a system. The protein bands resolved were electrophoretically

BeCKT“a” Airfuge to pellet the F-actin and associated transferred onto nitrocellulose membrane for Western blot-
proteins. The supernatants and pellets were analyzed by,

SDS- ol lamid | electronh is (PAGE) t - ~Jting. The blotted membrane was blocked with 1% bovine
polyacrylamide gel e/ectropnoresis ( )t EXamiN€ sorym albumin (BSA) in Tris-buffered saline [TBS, 150 mM
the reconstitution of thin filament structure by the troponin

. NaCl and 50 mM Tris-HCI (pH 7.5)] before being incubated
and Tm preparations. with the anti-TnT mAbs. After alkaline phosphatase-labeled
rabbit anti-mouse IgG second antibody (Sigma) reaction and
high-stringency washes using TBS containing 0.5% Triton
X-100 and 0.05% SDS, chromogenic substrates 5-bromo-
4-chloro-3-indolyl phosphate (BCIP) and nitroblue tetrazo-
lium (NBT) were used for color development.

Fragment and Epitope SpecificitjyWestern blotting was
carried out on the T1 and T2 fragments of chicken breast

Preparation of Specific Polyclonal and Monoclonal
Antibodies against Chicken TnT

To develop a polyclonal anti-TnT antibody, purified
chicken breast muscle TnT was used to immaréz2 kg
male New Zealand white rabbit. The initial immunization
was done by intramuscular injection of 1 mg of the
immunogen in 50QiL of phosphate-buffered saline [PBS, muscle TnT prepared by limited chymotrypsin digestigf) (

137 mM NacCl, 2.7 mM KHPQ,, and 8 mM NaHPO, (pH to identify the NH- or COOH-terminal domain specificity
7.4)] mixed with an equal volume of Freund’s complete of the anti-TnT mAbs. The immunoblotting was performed
adjuvant. At 3 week intervals, the rabbit was boosted three as above except that the nitrocellulose membrane used had
times intramuscularly with 1 mg each of the chicken TnT in a pore size of 0.22um instead of 0.4%m. The cloned
Freund’s incomplete adjuvant. Serum samples were testedchicken TnT1-4 isoforms with defined structures in the
by indirect enzyme-linked immunosorbant assay (ELISA) alternatively spliced variable regions (Figure 1) were used
(33), and the rabbit was terminally bled when the anti-TnT in Western blots as described above to characterize the fine
antibody titer in the serum rose to 0 The antiserum  epitope specificity of the anti-TnT mAbs.

obtained in large quantity was lyophilized in small aliquots ~ To examine the relationship between epitopes recognized
for use in various experiments. by the anti-TnT mAbs and the NHerminal Tx element, an

A short-term immunization procedure was applied to indirect ELISA was carried out. Microtiter plates were
develop specific anti-TnT mAbs. Eight-week-old female coated with a 20-mer Tx peptieldBSA conjugate26). After
Balb/c mice were injected intraperitoneally and intramus- blocking, the plates were incubated with series dilutions
cularly with a total of 50Qug of the purified chicken breast  (102—107°) of the mAb ascites or a rabbit polyclonal
muscle TnT antigen in 100L of PBS mixed with an equal ~ antiserum R207 raised against the 20-mer Tx pep@d (
volume of Freund’s complete adjuvant. Ten days later, the After washes, HRP-conjugated anti-mouse total immuno-
mouse was intraperitoneally boosted daily for three times globulin or anti-rabbit IgG second antibody (Sigma) was
with 5009 each of the antigen in 2Q_ of PBS without ~ applied followed by HO,—2,2-azinobis(3-ethylbenzthiazo-
adjuvant on three consecutive days. Two days following linesulfonic acid) (ABTS) substrate reacti®v). The color
the last boost, spleen cells were harvested from the im- development was monitored for absorbance at 405 nm by a
munized mouse to fuse with SP2/0-Ag14 mouse myeloma Bio-Rad Benchmark automated microplate reader.

cells using 50% polyethaglycgho (GIBCO/BRL) containing
7.5% dimethyl sulfoxide as described previousl$3)(
Hybridomas were selected by HAT (0.1 mM hypoxanthine,
0.4uM aminopterin, and 1@M thymidine) media containing

To verify the location of the mAb 6B8 epitope within the
Tx element, a competitive ELISA was performed. As
illustrated in Figure 2A, chicken breast muscle TnT atf
mL was coated on a microtitering plate af@ overnight.

20% fetal bovine serum and screened by indirect ELISA A pretitrated concentration of 6B8 antibody was mixed with
using horseradish peroxidase (HRP)-labeled, goat anti-mouseserial dilutions of the competitive anti-Tx peptide antibody
total immunoglobulin (Sigma) as the second antibody. The R207 and added to the microtitering plate coated with
anti-TnT antibody-secreting hybridomas were subcloned chicken breast muscle TnT. Following the ELISA procedure
three or four times by limiting dilution using young Balb/c described above, HRP-conjugated anti-mouse immuno-
mouse spleen cells as a feeder to establish stable cell linesglobulin second antibody was used to selectively detect the
The hybridoma cells were introduced into the 2,6,10,14- binding of 6B8 mAb. Competition for R207 by mAb 6B8
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Ficure 2: ELISA-based epitope analysis and protein binding assays. (A) Competitive ELISA. TnT was coated on a microtitering plate,
and an antibody to be tested (Abl) was added at a pretitrated concentration together with serial dilutions of the competitive antibody (Ab2).
HRP-conjugated second antibody specific to Abl was used to selectively detect the binding of AbO¥tsABTS substrate color
development. (B) ELISA TnT conformation analysis. TnT is coated on microtitering plates in the presence or abserite Aftein
blocking, the wells are incubated with serial dilutions of specific anti-TnT antibodies. Following standard ELISA procedure as described
for panel A, the reactivity between the antibody and TnT epitopes is recorded by absorbance at 405 nm. (C) Double-antibody epitope
conformational assay. The immobilized TnT is charged with serial dilutions of the antiéMiiinus mouse mAb (Abl) before adding the

rabbit polyclonal antiserum RATNT (Ab2). The extent of binding of the mouse mAb and the rabbit antibody to the coated TnT can be
selectively measured via HRP-labeled anti-mouse or anti-rabbit immunoglobulin second antibody, respectively, and substrate reaction as
described for panels A and B. (D) Protein binding assay. TnT is coated on microtitering plates in the presence or abséhcaftgrZn
blocking, the plates are incubated with serial dilutions of Tm or Tnl, followed by anti-Tm or anti-Tnl mAb to detect the bound Tm or Tnl.
The washing, second antibody reaction, and substrate color development are as described for panel A.

was assayed similarly using a pretitrated concentration of (Bio-Rad Benchmark) to quantify the interaction between
R207 and serial dilutions of 6B8 followed by HRfnti- the antibody and specific epitopes on the TnT molecule.

rabbit immunoglobulin second antibody detection. ) ) )
ELISA Epitope Analysis of &8rall Conformational

ELISA Epitope Analysis for Characterizing Metal-Induced Changes of TnT Induced by Binding of Anti-NH
Conformational Changes of TnT Terminus mAb

An ELISA-based solid-phase epitope analy¥)(was Taking advantage of the availability of anti-TnT specific
carried out to monitor conformational changes in TnT antibodies raised in different host species, we characterized
induced by the binding of metal ions to the Tx segment in the effects of NH-terminal structural reconfiguration due
the NH-terminal variable region. Both primary changes in to the binding of anti-TnT Nk terminus mAbs on the
the Tx element and secondary overall conformational changesconformation of other domains of TnT by a double-antibody
induced in the entire TnT molecule were analyzed. As ELISA procedure. Asillustrated in Figure 2C, chicken breast
outlined in Figure 2B, purified TnT in buffer A was coated muscle TnT was coated on microtitering plates (Falcon 3915)
on microtiter plates (Falcon 3915) in the presence or absenceand the wells were blocked as described above. The coated
of ZnCl,. After the plastic surface was washed and blocked TnT was first charged with serial dilutions of the mouse mAb
with 1% BSA and 0.05% Tween 20 in buffer A, the 3E4 or 6B8 in buffer T containing 0.1% BSArfd h before
immobilized TnT was incubated with serial dilutions of the a pretitrated dilution of the RATNnT rabbit polyclonal
anti-Tx mAb 6B8 or monoclonal and polyclonal antibodies antiserum was added. After further incubation for 40 min,
against epitopes distant from the Tx segment. Following the duplicated sets of assay wells were washed with buffer
washes with buffer A and 0.05% Tween 20 (buffer T) to T and then incubated with HRP-conjugated anti-rabbit or
remove the unbound antibody, the plates were further anti-mouse immunoglobulin second antibody, respectively,
incubated with HRP-conjugated second antibody followed to selectively detect the bound RATnT or 3E4/6B8 mAbs.
by washes and #D,—ABTS substrate reaction. The experi- After final washes with buffer T, the plates were developed
ment was carried out in triplicate. THgs,mcurve for each with H,O,—ABTS substrates and th&gs,m was measured
assay well was recorded by an automated microplate readeias described above in triplicate assays. The relationship
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between the extent of binding of mADb to the MNtérminus (A) (B)
and the TnT’s reactivity with respect to the RATNnT poly-
clonal antiserum was plotted to demonstrate the modulation TnT2 TnT4

of the TnT overall conformation by the NHerminal S""“P §'“P

structure reconfiguration. = P:;. - N N
= = = =B E F-Actin
: . o QO EM e = & & -"‘,anz
ELISA-Mediated Solid-Phase Protein-Binding <+~ OFBBFBF = — @ <o
Experiments - - !
Similar to the actin-binding assays which we have - oWy e - —Tol
developed for studying nebuliB4) and titin 35) fragments, - = s == ~TnC

an ELISA-based Tn¥Tm binding assay has been adapted g yge 3: purified TnT isoforms and other thin filament proteins
(27) and modified in this study so the effect of TnT used in this study. (A) The purified rabbit skeletal muscle actin,
conformational changes on the interaction with Tm and Tnl chickena-Tm, breast muscle (CB) TnT, and chicken fast skeletal
could be characterized. As illustrated in Figure 2D, micro- muscle TnT isoforms 4 expressed if. coli were analyzed on

. . . 14% SDS-PAGE with an acrylamide:bisacrylamide ratio of 37.5:
titer plates (Falcon 3915) were coated &CAovernight with 1. (B) SDS-PAGE results of an F-actin cosedimentation assay

purified TnT in buffer A containing 0.1 mM Znglor 0.1 using the reconstituted troponin complex containing representative
mM EDTA. After washes to remove the excess TnT and TnT isoforms (TnT2 or TnT4), demonstrating that the purified

blocking with buffer T containing 1% BSA, the plates were muscle proteins are biologically active. S and P represent super-
incubated with serial dilutions of chickemTm or breast natant and pellet fractions separated by sedimentation, respectively.
muscle Tnl in buffer A at room temperature for 3.5 h. The o
plates were then washed with buffer T to remove unbound © L g
Tm or Tnl before incubation with an anti-Tm mouse mAb - s 5

. . . . . 80 2 a8 >
CH1 (a gift from J. J.-C. Lin, University of lowa, lowa City, e 5 @ s o = E
IA) (36) or an anti-Tnl mouse mAb Tnl-1 (unpublished e - /m é T
results) at room temperature for 1 h. Following washes as
above, the HRP-conjugated anti-mouse immunoglobulin
second antibody was incubated with the plate at room s - 3E4
temperature for 40 min followed by washes angOgt+ ]
ABTS substrate color reaction. TWRosnmOf triplicate assay

wells was monitored at a series of time points by a Bio-Rad
Benchmark automated microplate reader, and the data within z‘?‘%

Rabbit
Mouse

the linear course of the color development were used to plot i o 3 . 6B8
the TnNT=Tm or TnT—Tnl binding curves. . . %
RESULTS
Purified TnT Isoforms, Tm, and TnlHighly purified — o it i __ eey RATNT
chicken fast skeletal muscle TnT isoforms, Tnl, and cardiac . ; .

a-Tm were obtained for functional characterization. The

native adult chicken breast muscle metal-binding TnT and polyclonal anti-chicken skeletal muscle TnT antibodies. Total
contains mainly the Tx8-e16 isoform as shown by cloning muscle protein extracts from nine vertebrate species were analyzed

and sequence analysis of a I{?\rge num_ber of CDW( by SDS-PAGE (12% gel with an acrylamide:bisacrylamide ratio
The expression of cloned TnT isoforms in bacteria provides of 29:1) and Western blotting to demonstrate the highly specific

homogeneous TnT isoforms with defined specific primary Vs broad epitope recognition of the monoclonal (3E4 and 6B8) and
structure. The authenticity of the cloned TnT isoforms was Polyclonal (RATNT) anti-TnT antibodies.

verified by their mobility in SDS-PAGE (Figure 3A) and . . .

Western blotting using anti-TnT antibodies (Figure 5C). The Using the 14 _day short—term immunization method and

results showed that the cloned chicken fast skeletal muscleStandard hybridoma  production procedures, two mouse

TnT1-4 isoforms have size differences corresponding to nyPridoma cell lines, 688 and 3E4, have been established
to secrete high-titer anti-TnT mAbs. Immunoglobulin iso-

their molecular weight deduced from sequence datarid _ . .
are all recognized by the specific anti-TnT antibody RATnT. YPINg determined that the 6B8 mADb is Ig&hnd 3E4,

Amino acid analysis was used to determine the protein IgG1A.
concentration used in the functional assays, and the dem- A high-titer rabbit anti-TnT polyclonal antiserum was
onstrated residue ratio agreed with the sequence-deduce@enerated by immunization with purified chicken breast
amino acid composition (data not shown). Biological activity muscle TnT. A large quantity of this immunoserum was
of the TnT isoforms as well as the Tnl and Tm prepared obtained from a single terminal bleeding. The strategy of
from muscle by conventional methods or from genetic obtaining a uniform batch of the polyclonal antibody avoids
expression in bacteria has been demonstrated by their abilitydifferences between antisera from repeated bleedings, which
to reconstitute the troponin complex and the actin thin often introduce variations in reactivity among experiments.
filament (Figure 3B). Tested by Western blotting on protein extracts from
Anti-TnT mAbs with Single-Epitope Specificity and Poly- skeletal muscles of nine species across the vertebrate phyla,
clonal Antiserum Conferring Broad Epitopic Recognition mAbs 3E4 and 6B8 strongly recognize their immunogen,

Ficure 4: Highly specific vs broad reactivity of the monoclonal
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Ficure 5: Isoform and fragment specificity of the anti-TnT Antibody Dilutions

antibodies. Western blotting was carried out as described in the

legend of Figure 4. (A) Chicken heart (cardiac muscle), gastroc- (B)
nemius (containing mainly Tx-negative fast skeletal muscle TnT),

trapezius (containing mainly slow skeletal muscle TnT), and

pectoralis (containing mainly Tx-positive fast TnT) were used in

Western blots to characterize the fast TnT isoform specificity of

mAbs 3E4 and 6B8. The RATNT polyclonal antibody was shown

to react with all three TnTs expressed in the muscle samples. (B)

The chymotryptic fragments of chicken breast muscle TnT were

analyzed. In contrast to the broad epitope binding of RATNT

polyclonal antibody, an NKHterminal specificity of mAb 3E4 and

6B8 was demonstrated. (C) Among the four cloned chicken fast

TnT isoforms (TnT%4, all recognized by the RATNT antibody),

the Western blots show that mAb 3E4 recognizes an epitope present 40 1
in TnT2—4 but not TnT1 which lacks the exon 7-encoded segment, 10-2
whereas mAb 6B8 recognizes only TnT1 containing the Tx metal-
binding segment, similar to the R207 antibody raised against the

synthetic Tx peptide (Figure 1). FIGURE 6. Tx specificity of 6B8 mAb. (A) The TxBSA conjugate

. . . was coated on microtiter plates and reacted with serial dilutions of
chicken breast muscle TnT, with no cross reactivity to frog, ggg and 3E4 mAb ascites as well as the R207 anti-Tx peptide

turtle, rabbit, bovine, mouse, rat, and human skeletal muscleantiserum. The results show that mAb 6B8 specifically reacts with
TnTs. 3E4, but not 6B8, had a weak stain on a minor the Tx-BSA conjugate with an affinity higher than that of R207,
isoform of the fish TnT (Figure 4). The results indicate that \_?Vﬁgf%aésu IrtgAc?f S;E:oinsw neet%ia\l/teiavg E\Ilig,]Ar(eripﬁ(r:é tg;)hi I'B(Wp?hrgidriA (bB)
th(:."se two mAbs recognize epitopes highly specific for the 6B8 and the anti-Tx pgptide antibody R287 compete with each other
chicken fast skeletal muscle TnT. In contrast, the polyclonal o oyerlapping epitope(s) on chicken breast muscle TnT.
anti-TnT antiserum showed broad reactivity with respect to
skeletal muscle TnTs from all of the species tested (Figure TnT recognizes also TnT1 (both are Tx-positive) with no
4), an indication of its recognition of multiple epitopes, reaction with the Tx-negative TnF2 (Figure 1;26), similar
including those shared by different vertebrate skeletal muscleto the blotting pattern of the anti-Tx peptide antibody R207
TnT isoforms. (Figure 5C). The data indicate that the epitope recognized
The Western blots in Figure 5A show that the polyclonal by mAb 6B8 is in the Tx segment which is also within the
RATNnT antiserum strongly recognizes the chicken fast NH-terminal variable region. In contrast, the polyclonal
skeletal muscle TnTs from the gastrocnemius and pectoralis.RATNT antiserum strongly recognizes all four cloned chicken
It also cross reacts with cardiac (from heart) and slow skeletal fast skeletal muscle TnT isoforms (Figure 5C).
muscle (from trapezius) TnTs. The reactivity to all three  Indirect ELISA on the Tx-BSA conjugate confirmed that
TnTs further demonstrates the broad epitope recognition bymAb 6B8, but not 3E4, recognizes an epitope formed by
this polyclonal antibody. In contrast, the Western blot in the 20-mer Tx peptide (Figure 6A), similar to antibody R207
Figure 5A demonstrates that without cross reaction with raised against the 20-mer Tx immunog@6)( The overlap-
cardiac and slow skeletal muscle TnTs, mAb 3E4 recognizesping relationship between the 6B8 and R207 epitopes was
the pectoralis and gastrocnemius TnT whereas 6B8 reactsurther verified by ELISA competition experiments. Figure
only with the pectoralis TnT and a very small portion of the 6B shows that mAb 6B8 and the anti-Tx peptide antibody
gastrocnemius TnT. Western blots in Figure 5B show that R207 compete with each other for binding to chicken breast
both 6B8 and 3E4 selectively react with the Ntdrminal muscle TnT. The more effective competition of R207
T1 fragment of chicken breast muscle TnT while the RATnT compared to that of 6B8 agrees with the fact that R207 is a
polyclonal antibody reacts with both T1 and T2 portions of polyclonal antibody which covers potentially multiple epitopes
the molecule. Using the cloned Tn¥4 isoforms with formed by the Tx segment, whereas only a single epitope is
known primary structures (Figure 1), the Western blots in recognized by monoclonal 6B8.
Figure 5C show that mAb 3E4 recognizes Tr#2but not Metal—Tx Binding-Induced NHTerminal Structure Re-
TnT1. The collective primary structure difference here is configuration and Secondary Effects on thee@ll Con-
that TnT1l lacks a four-amino acid segment (APF¥Pp; formation of TnT Using the anti-Tx peptide antibody R207,
encoded by alternatively spliced exon 7 (Figure 1). There- we have previously shown that binding of Znto the Tx
fore, the mAb 3E4's specific epitope is in the perminal element induced a local conformational change within the
variable region of chicken breast muscle TnT. On the other Tx region 7). This allosteric change has been further
hand, mAb 6B8 which reacts with chicken breast muscle demonstrated by the metal-induced drop of affinity for mAb

501 —@— R207 Binding Competed by 6B8
—l— 6B8 Binding Competed by R207

Binding of Anti-Tx Abs (%)

T T T T
103 104 105 106
Dilutions of Competitive Antibody
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Ficure 7: Conformational changes in the TnT molecule induced by the binding%ftdrthe NH-terminal Tx segment. ELISA experiments

were performed in the presence or absence éf As illustrated in Figure 2B. (A) The result shows thaZhinding changed the local
three-dimensional structure of the Tx segment as demonstrated by the dramatic loss of mAb 6B8 binding affinity. (B) The result shows that
Zn?* binding to the NH-terminal Tx segment had a secondary conformational effect on the downstream exon 7-encoded epitope recognized
by mAb 3E4. (C) The result shows that Znbinding to the NH-terminal Tx segment had extensive conformational effects on the entire
TnT molecule as demonstrated by the significant decrease in binding avidity of the polyclonal RATnT antiserum which recognizes multiple
epitopes in both Nkt and COOH-terminal domains of TnT (Figure 5B). In contrast to that of the intact TnT, RATNnT's avidity for the
mixture of T1 and T2 fragments was only partially affected by the binding éf Zsuggesting that only the epitopes on the T1 fragment

were reconfigured in their conformation by the binding ofZio the Tx element. The presence of?Zad no effect on the reactivity of

RATNT with respect to the Tx-negative TnT2.

6B8 which was raised using the native intact TnT antigen. partial decrease in RATnT binding was due to the confor-
Figure 7A shows that when the Tx-containing chicken breast mational change in the T1 region as induced by th&"Zn
muscle TnT was pretreated with 0.1 mM ZaCELISA Tx interaction. The recognition of epitopes on the T2 region
epitope analysis demonstrated a dramatically decreased extertty RATNT remained unchanged in this case since the
of binding of mAb 6B8 compared with that in the presence allosteric effects in the T1 region could not propagate into
of 0.1 mM EDTA. the T2 fragment due to the disruption of the integrity of the
Figure 7B demonstrates a remote conformational modula- TnT polypeptide chain. The results suggest that interactions
tion by the binding of ZA&" to the Tx element. The between the Nk and COOH-terminal domains of TnT in
conformation of the epitope recognized by mAb 3E4 [which adopting specific molecular conformations depend on the
is the exon 7-encoded APPP segment downstream of the Txintegrity of the protein, instead of on a simple combination
sequence spaced by five amino acid residues encoded byf the T1 and T2 domains of the molecule.
exon 6 Q) (Figure 1)] was significantly affected as a Effect of the Binding of Anti-NHTerminus mAb on the
secondary effect of the local conformational change in the Overall Conformation of TnT To characterize the role of
Tx segment as shown by the result thatZtreated chicken ~ NH,-terminal configuration in the modulation of TnT mo-
breast muscle TnT had significantly decreased reactivity with lecular conformation, binding of anti-NHerminus mAbs
respect to mAb 3E4. This result indicates thatZbinding to TnT was shown to result in significant changes in the
not only reconfigured the Tx structure but also causes binding avidity of the polyclonal RATnT antibody (Figure
secondary conformational changes at a remote site of the8). The binding curves shown in Figure 8 reveal that the
TnT molecule. more 6B8 or 3E4 mAb bound to TnT (detected via the anti-
The results in Figure 7C further demonstrate that the mouse immunoglobulin second antibody), the lower the
binding of Zr** to the NH-terminal variable region of  RATNT's reactivity with respect to TnT (detected via the
chicken breast muscle TnT significantly changed the binding anti-rabbit immunoglobulin second antibody). The similar
avidity of the RATNnT polyclonal antibody which recognizes secondary effects induced by the interactions of'Zor a
multiple epitopes on TnT. The dramatically diminished protein (mAb) with the NH terminus are an indication of a
reactivity of RATNnT indicates that the structure of the TnT common mechanism by which the structural configuration
molecule was extensively altered as a consequence of theof the NHx-terminal variable region can modulate the overall
conformational change in the Tx region upon the binding of conformation of the TnT molecule. The desesponse
Zn?*. In contrast, the Tx-negative TnT2’s reactivity with curves for the two anti-Nkterminus mAbs and the RATnT
respect to RATnT was not affected by the presence 6fZn  polyclonal antiserum were not linear inverse relationships.
demonstrating that the decreased reactivity of*Aneated A lag is present between the binding of mAb to the NH
chicken breast muscle TnT with respect to RATNT was not terminus and the decrease in RATnT binding (Figure 8). This
due to the nonspecific effect of metal ions on the ¥nT  kinetic feature supports the idea that the change in RATNnT
antibody interaction. binding affinity represents a secondary conformational
It is important to note that the pretreatment of T1 and T2 change in the TnT molecule rather than a simple steric
fragments with ZA" resulted in a partial decrease in the blocking effect caused by binding of an mAb to the NH
reactivity with respect to RATNT, in contrast to the pro- terminus.
nounced loss of reactivity of Znh-treated intact TnT with Effect of ZA" Binding on the Interaction of Tx-Posi#
respect to RATNT (Figure 7C). One explanation is that this TnT with Tm and Tnl As demonstrated by the ELISA-
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107 106 105 104 103 102 muscle TnT for Tm and Tnl. (A) As illustrated in Figure 2D,
o chicken breast muscle TnT was tested in the ELISA solid-phase
Dilutions of mAb 3E4 protein binding experiment for interaction with Tm in the presence
Ficure 8: Effect of binding of mAb 6B8 or 3E4 to the NH or absence of 0.1 mM ZnglDetected via the anti-Tm mAb CH1,
terminus on the overall conformation of TnT. Double-antibody the bound Tm was plotted as the percentage of the maximum level
ELISA epitope analysis was carried out as illustrated in Figure 2C of binding against the concentration of added total Tm (calculated
to investigate the effects of 3E4 or 6B8 mAb binding to the,NH  on the basis of the Mr of Tm monomer) to show a significantly
terminal variable region on the overall conformation of chicken decreased binding affinity of TnT as induced by théZhinding
breast muscle TnT. The results show an inverse relationship betweerto the NH-terminal Tx stiesP < 0.01). (B) Similar to the TnF
the binding of anti-NH terminus mAbs and the RATNnT polyclonal ~ Tm binding assay shown in panel A, the effect ofZbinding to
antiserum against multiple epitopes on the TnT molecule, indicating the NH, terminus of chicken breast muscle TnT on the Fihl
that this protein-protein interaction-based reconfiguration of TnT interaction was examined by the ELISA method via an anti-Tnl
NH,-terminal structure induced secondary overall conformational mAb. A significantly decreased affinity of TnT for Tnl was
changes in the protein. observed in the presence of 0.1 mM Zp@ < 0.05). The binding
curves were constructed using Igor software from Wavemetrics,
mediated solid-phase protein binding experiments, treating Inc. One-way analysis of variance (ANOVA) was applied for the

the Tx-positive chicken breast muscle TnT with Zp@lused ~ Statistic comparison.
a dramatic decrease in the TATm binding affinity (Figure

9A). This result shows that charging chicken breast musclethat different molecular structures are involved in the two
TnT with Zr?* at the NH-terminal Tx site generated a most important functional interactions of TnT, which are

significant decrease in its reactivity with respect to Tm, modulated differ_entially.in response to altered configurations
although the Tx region per se does not directly interact with Of the NH-terminal variable region.

Tm. On the basis of the Zhrinduced overall conformational

change as demonstrated in Figure 7C, the change in TmDISCUSSION

binding affinity is caused by secondary conformational = mAbs Recognizing Specific Epitopes in the Alterredyi
changes in other domains of TnT. The ELISA protein Spliced NH-Terminal Variable Region of Fast Skeletal
binding experiment also showed that the treatment of chickenMuscle TnT In this study, we have developed two specific
breast muscle TnT with 2Zf caused a significant decrease anti-TnT mAbs, 3E4 and 6B8. mAbs produced by hybri-
in TnT’'s binding affinity for Tnl (Figure 9B), further = doma technology provide homogeneous reagents specific to
demonstrating that a local structural change in the Tx a unique epitope on a proteirB8). Epitope mapping
segment is able to affect not only the overall conformation experiments have demonstrated that 3E4 recognizes a proline
but also the functions of TnT. Compared to the effect on cluster (APPP) encoded by exon 7 (Figures 1 and 5C),
TnT—Tm interaction (the concentration of Tm required for whereas 6B8 recognizes the Tx metal-binding cluster con-
50% of the maximum level of binding shifted from 0.13 to taining 7 (in the breast muscle TnT, Figures 4 and 5) or 4
>0.64 uM), the Zrtt—Tx binding-induced change of Tnl  (in TnT1 and the TxBSA conjugate, Figures 5 and 6) of
binding affinity was not as dramatic (the concentration of the HxxxH sequence repeats encoded by exon X. Thg NH
Tnl required for 50% of the maximum level of binding terminal specificity of the two anti-TnT mAbs (Figure 1)
shifted from 0.22 to 0.4%M). The separate effects suggest provides novel tools for site-specific modulation as well as
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for detection of the structureconformation relationship of  into a remote epitopic structure. This intramolecular modu-
TnT. lation has been further demonstrated by the result that Zn
The fact that we obtained two anti-NHerminus mAbs binding to the NH-terminal Tx segment of chicken breast
following immunization using intact native chicken breast muscle TnT significantly altered the binding affinity of
muscle TnT suggests a strong immunogenicity of theNH polyclonal antibody RATNT against multiple epitopes through-
terminal domain which may be highly exposed in the isolated out the TnT molecule (Figure 7C), inferring an extensive
TnT molecule. This supports the current model in which secondary conformational change.
TnT has an extended structur@d). The fact that the Tx The NH; terminus-based conformational modulation of the
structure can readily generate specific antibody immune TnT molecule is dependent on the peptide chain linkage
responses also suggests that the epitopic structure on théetween the T1 and T2 domains, i.e., the integrity of the
NH,-terminal domain of TnT can act in isolation from other protein, as shown by the conservation of partial immunore-
regions of the molecule. In separate experiments, we haveactivity of the T1/T2 mixture with respect to RATNT in the
demonstrated that the structure of the Tx epitope is inde- presence of Z& (Figure 7C). In this case, the NH
pendent of the flanking polypeptides as it can be constructedterminus-originating conformational information within the
at the very NH terminus of a fusion protein while retaining T1 fragment was not able to be transmitted into the T2
its original affinity for 6B8 mAb (data not shown). region, whereas epitopes on the T2 fragment largely retained
Antibody Epitope Analysis for Monitoring Protein Con- their binding affinity for the RATnT antibody. This obser-
formational ChangesBy broad definition, antigenantibody vation also supports a hypothesis in which the alternatively
recognition is a specific proteirprotein binding interaction.  spliced NH-terminal variable region of TnT has evolved as
Like other protein-protein interactions, it depends on a anenhancing or modulatory structure. Therefore, its removal
conformational fitting between the antigenic epitope and the from the polypeptide chain would not cause a loss of the
antibody paratope, both of which are formed by protein three- basic activity of TnT 23, 42), whereas when it is present as
dimensional structures. mAbs provide reagents for recogniz- structural variants in intact TnT isoforms, it will confer active
ing a single antigenic determinant, i.e., a specific epitope. function by modulating molecular conformation.
Therefore, the use of mAbs or monospecific antibodies Alteration of the @erall Conformation of TnT as a Result
provides a novel approach for monitoring protein conforma- of the Binding of Anti-NKTerminus mAb.When anti-NH
tion, structural dynamics, and folding@. In contrast to terminus mAb 6B8 or 3E4 was applied to introduce a
mAb’s recognition of a single epitope, a polyclonal antibody reconfiguration of the hypervariable region, the overall
recognizes multiple epitopes on the antigen molecule andconformation of the TnT molecule was significantly altered.
provides a useful tool for detecting overall conformational Binding of the anti-NH terminus mAb reduced the affinity
changes of the protein. By the ELISA-mediated antibody of RATNT polyclonal antiserum for multiple epitopes on TnT
epitope analysis, we have demonstrated in a study of smooth(Figure 8). This result indicates that not only the binding
muscle calponin point mutations that the conformational of metal ions to the Nkiterminus, but also structural changes
changes produced by a single Ser to Asp or Thr substitutionresulting from binding of a protein to this region can alter
can be detected by a battery of anti-calponin mA®d%).( the overall conformation of TnT, confirming that the
Therefore, due to the high-affinity-dependent nature of the structural information contained in the Mterminal hyper-
solid-phase ELISA method, this epitope analysis is suf- variable region may be passed along the molecule to
ficiently sensitive to detect even minor changes in the fitting modulate the biological function of TnT. This novel
between the antigen epitope and the antibody paratope. Fowobservation further supports the hypothesis that it is the-NH
proteins such as TnT, whose crystal or NMR three- terminal domain configuration, rather than an effect of
dimensional structure is not yet available, the antibody specific metal ions on the Tx-positive chicken TnT, that
epitope assay which we have developed provides a valuablemodulates the overall conformation of TnT isoforms.
approach to quantitatively monitoring conformational changes Modulation of the Interaction of TnT with Tm and Tnl

of the protein under various conditions. through Reconfiguration of the NH erminal Domain. A
Metal-Induced Structural Changes in the Tx Segment and change in epitope binding affinity for specific antibodies may
Secondary Modulation of the Conformation of TnSince reflect a change in the static conformation of the antigen as

molecular integrity may be an important factor in TnT's well as a change in molecular flexibility, and both may result
structure and function, studies in which TnT fragments or in changes in function of the protein. The finding that the
truncated proteins are used may not be able to provide NH,-terminal structure-induced conformational changes have
complete information about the functional significance of significant effects on TnT's binding affinity for Tm and Tnl
the alternatively spliced Nterminal region. Therefore, (Figure 9) indicates a functional modulatory role of TnT
experiments characterizing intact TnT isoforms are likely to isoforms with primary structure differences in the alterna-
be physiologically more relevant and may be able to show tively spliced NH-terminal variable region. Remote struc-
subtle differences in terms of their roles in regulating the ture—function modulation has also been observed in the Tm
striated muscle thin filament. The binding of Znto the molecule wherein chemical modification of Tm at Cys-190
Tx sites alters the three-dimensional structure of the Tx had inhibitory effects on head-to-tail polymerization, indicat-
segment (Figure 7A). This original structural reconfiguration ing that structural reconfiguration at Cys-190 can affect the
further affects the conformation of epitopes outside the Tx structure and function of the COOH terminus which is 94
element as demonstrated by the change in the binding affinityresidues away in the rod-shaped prot&h (Therefore, this

of mAb 3E4 (Figure 7B) which recognizes a downstream may be a common mechanism which confers the highly
epitope (Figure 1). This observation indicates that the cooperative action of muscle proteins during contraction. This
structural reconfiguration within the Tx region is propagated mechanism may also inderlie the physiological significance
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of the developmental and pathological TnT isoform regula-
tions and contribute to the etiopathological effect of TnT
NH,-terminal point mutations which cause human familial
hypertrophic cardiomyopathie4d). Detailed mechanisms
for this molecular structure modulation remain to be estab-
lished. X-ray crystallography and NMR structural informa-
tion are critical for further investigation of the functional
aspects of the TnT conformational changes demonstrated in
this study and for development of an integrated and
comprehensive hypothesis for structdfanction relation-
ships for TnT and the alternatively spliced Bt¢rminal
hypervariable region.
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