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ABSTRACT: Troponin T (TnT) plays an allosteric signal transduction role in the actin thin-filament-based
Ca&t-regulation of striated muscle contraction. Developmentally regulated alternative RNA splicing
produces TnT isoforms differing in their NHerminal structure. Physical property variations of the,NH
terminal hypervariable region of TnT may have a role in tuning th& Gansitivity and overall cooperativity

of the muscle. We have previously demonstrated that metal ion or monoclonal antibody binding to the
NH.-terminal region can modulate the epitopic conformation and troponin | and tropomyosin binding
affinity of TnT. To further establish the molecular basis of this conformational and functional modulation,
we have characterized the Mterminal variable region-originated secondary conformational effect in
TnT using fluorescence spectral analysis. The chicken fast skeletal muscle TnT isoform, TnT8el6,
containing a cluster of transition-metal ion binding sites (Tx) in the{#iminal variable region was

used in this study. TnT8e16 was titrated for Cu(ll) binding-induced changes in fluorescence intensity and
anisotropy of the COOH-domain Trp residues (W234, W236, and W285), which demonstrated considerable
environmental sensitivity in TnT denaturation studies. Nonlinear Stéoimer plots of Trp quenching
indicated a metal ion binding-induced conformational change in TnT. Fluorescence anisotropy changes
upon metal ion binding indicated a decrease in the mobility of the Trp residues and an increase in the
flexibility of fluorescein-labeled Cys263 in the COOH domain. These data support a model that the
alternatively spliced Nktterminal variable region of TnT modulates conformation and flexibility of other
domains of the protein.

Troponin T (TnT} is the tropomyosin (Tm)-binding  exons is responsible for a large to small, acidic to basic TnT
subunit of the troponin complex and an essential componentisoform switch during both skeletal muscle and heart
in the thin-filament regulatory system of striated (cardiac development§, 13, 14. Alternative cardiac TnT isoform
and skeletal) musclelt-4). Multiple TnT isoforms are expression is also found in human myocardial disordess (
encoded by the cardiac and skeletal muscle TnT genesl6). Therefore, the physiological and pathological signifi-
through developmentally regulated alternative mRNA splic- cance of the alternatively spliced TnT isoforms needs to be
ing (5—9). This seemingly complex regulation is shown by established.

the generation of multiple fast skeletal muscle TnT isoforms,  gigchemical studies on TnT structaréunction relation-
which involves differential splicing of more than six alterna- ships have dissected the protein into two major functional
tive exons (i.e., 48, fetal, and additional ones found in  yomains. The COOH-terminal fragment T2 (Figure 1)
birds) corresponding to a highly variable bitérminal region — ganerated by limited chymotryptic digestion interacts with
and a pair of mutually exclusive exons (16 a_nd ;7) en_codlng Tm (17, 18, troponin | (Tnl), troponin C (TnC), and actin
a COOH-terminal segmend(9—12). Alternative inclusion during the C&" regulation of contractionl(7, 19-21). The

of an NH-terminal acidic segment encoded by one or many NHo-terminal chymotryptic fragment T1 interacts with Tm,
involving the head-to-tail overlap of adjacent Tm molecules
T This study was supported in part by grants from the American Heart in the thin-filament assemblylf, 1§. While the central

Association (to J.-P.J.) and National Institute of Health (AR44737 to region of TnT (the CB2 fragment shown in Figure 1) is
D.D.R.).
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acid); BSA, bovine serum albumin; ELISA, enzyme-linked immun- Deletion of a large portion of the NHerminal variable

osorbant assay; HRP, horseradish peroxidase; mAb, monoclonalregion from TnT (e.g., the 26 kDa fragment shown in Figure
antibody; PAGE, polyacrylamide gel electrophoresis; pl, isoelectric 1) gig not have a significant effect on the Cactivation of
point; PIPES, piperazini:N-bis(2-ethanesulfonic acid); Tm, tro- the thin fil { P2 th lati f actoS1 ATP
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A)EAH]4-7. (23). However, studies on intact TnT have demonstrated
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Alternatively T . Ef,’pﬁ,',',': é f(_)rmati(_)nal effect in TnT using quorescence_spectraI analy-
f}l;lriggleﬂl{g;;n repomyosin Tmp"omyosin sis. Chicken breast muscle TnT8el16 containing the metal-
e eez-.. 26-KDa ool - binding Tx segment in the Nfterminal region was titrated
c CB3 T T‘E\’ T2 ) for metal ion-induced changes in fluorescence intensity and
= — e e - anisotropy for three environmentally sensitive COOH-domain
6B8 3E4 TP s34 256 CYS 60 TP 255 Trp residues. The results indicate a metal ion binding-induced
L A | v conformational change in TnT together with a decrease in
HzN| il [coon the mobility of the Trp residues and an increase in the
flexibility of fluorescein-labeled Cysgzin the COOH domain.
[HEEAH HEEAH HEEAH HEEAH HAEAH HAEAH HEEAH]  [HxxxH], These data support the model that the alternatively spliced
[HEEAH HEEAF FAEAR HEEAH] [HxxxH], NH-terminal variable region of TnT modulates the protein
A conformation and flexibility.

R207

Ficure 1: Structural domains of TnT and the features of the chicken EXPERIMENTAL PROCEDURES

fast skeletal muscle TnT8el6 isoform. The alternatively spliced . L .
NH_-terminal region and the Tm-, Tnl-, and TnC-binding domains _ Preparation of Metal-Binding TnT from Chicken Breast

of TnT are illustrated with relationships to the T1, T2, CB3, CB2, Muscle.We have previously demonstrated by cDNA cloning
and 26-kDa fragments of TnT (see the text for detailed description). and expression that the adult chicken breast muscle major
The three structurefunction domains of TnT are outlined by the (pectoralis) contains almost exclusively the fast skeletal

dashed ovals. A linear illustration of the chicken TnT8e16 polypep- : ;
tide chain is given with the relevant structural features indicated. muscle TnT8e16 isoform2€). TnT8e16 contains seven of

Tx indicates the presence of a cluster of seven or four of the H(E/ the H(E/A)EAH metal-binding sites3() in the NH-terminal
A)EAH metal-binding repeats in the NHerminal variable region. ~ TX segment and the mature fast skeletal muscle-specific exon
Locations of the epitopes recognized by mAbs 6B8 against the Tx 16 (31) in the COOH-terminal variable region (Figure 1).
element and 3E4 against the segment encoded by exon 7 and thehere are three Trp and one Cys residues in the TnT8e16

positions of Trpzs Trpsss TrPzss and Cysesin the COOH-terminal . . . -
domain are also indicated. The four or seven His pairs flanking polypeptide chain (Figure 1). TnT8e16 was purified from

three amino acids found in the Tx element of avian breast muscle fresh breast muscle of adult White Leghorn chicken by a

TnT isoforms are predicted in ar-helical conformationZ8) and metal-binding affinity chromatography method, taking ad-
form a cluster of transition-metal ion binding site20). vantage of the metal-binding Tx eleme@86( 29. All steps

were performed at 4C. The muscle tissue was homogenized

differences in the actomyosin ATPase activation by recon- jn 10 mM Tris-HCI, pH 8.0, and the soluble proteins were
stituted thin filaments containing alternatively spliced TnT removed by centrifugation. The myofibril proteins were
isoforms differing in the Nkterminal structureZ4). Skinned extracted g 1 M KCl in 10 mM Tris-HCI buffer, pH 8.0,
fiber contractility experiments using muscles expressing TnT and were subjected to (NJ3SO; fractionation. The 36
isoforms differing in the Nhterminal charge showed a 5004 saturation fraction was dissolved in 0.1 M sodium
difference in their sensitivity to C& activation @5). Protein phosphate buffer, pH 7.0, contaigili M NaCl and 6 M
binding assays showed that TnT isoforms with a more acidic yrea and loaded on a 15 mL Zn@harged chelating fast
NH_-terminal domain had a higher tolerance to acidosis than flow sepharose (Pharmacia) column as described previously
did basic isoforms in Tnl and Tm bindin@€). (28) for Zn(I)-affinity chromatography. The metal-binding

The lack of crystallography or NMR structure for Tn'T  TnT bound to the Zn(ll) column was eluted with an
limits the investigation of the structural and functional role imidazole step gradient. The effectively isolated TnT peak
of the NH-terminal variable region. To seek alternative identified by SDS-polyacrylamide gel electrophoresis (SBS
approaches, we developed an antibody epitope analysis taPAGE) was dialyzed against 10 mM Tris-HCI, pH 8.0, and
monitor the three-dimensional structure of the Nerminal concentrated by lyophilization. The sample was then dis-
variable domain and the whole molecule of Tr#I7). Using solved in 5 mL of 0.1 M sodium phosphate buffer, pH 7.0,
avian fast skeletal muscle TnT isoforms which contain a containirg 1 M NaCl arl 6 M urea and loaded on a 120
transition-metal ion [Zn(1)-, Cu(ll)—, Ni(ll) —, and Co(ll}-] 2.5 cm Sephadex G75 (Pharmacia) column for gel filtration
binding segment ([His(Glu/Ala)—Glu—Ala—His],, desig- chromatography in the same buffer to purify the metal-
nated as Tx) in the Niiterminal variable region2g), we binding chicken fast skeletal muscle TnT to homogeneity.
have demonstrated that the metal ion binding induces Purification of Tx-Negatie Low-Molecular-Weight TnT
structural changes within the NHerminal Tx segment with  from Chicken Leg Muscl&Ve have demonstrated previously
secondary effects on the conformation and function of other that the adult chicken leg muscle contains only low-
domains of TnT 26, 29. The binding of Zn(ll) or mono-  molecular-weight fast TnT isoforms that lack the Tx-metal
clonal antibodies (mAbs) to the NHerminal region of  binding element Z5, 26. Following homogenization and
chicken breast muscle TnT induced extensive conformationalwashing of fresh muscle in 50 mM KCI to remove soluble
changes in the protein. This NHerminal domain-originated  proteins, troponin was extracted by 0.75 M Li@t pH 4.5.
conformational change has significant effects on TnT’'s The supernatant was adjusted to pH 7.5 and then lowered to
interaction with Tm, Tnl, and TnC4Q), providing a pH 4.5 to precipitate Tm. Troponin in the supernatant was
molecular mechanism for the functional significance of TnT then fractionated by (NB.SO, at 35-65% saturation, and
isoforms differing in the alternatively spliced Nfterminal the precipitate was dialyzed against 0.01 N HCI until
variable region. conductivity was less than 2 mS/cm. The pH of the solution

To establish the molecular basis of the TnT conformational was raised to 4, and the supernatant was clarified by
and functional modulation, we have further analyzed the centrifugation to remove TnC. Urea was added to the
NH.-terminal, variable region-originated, long-range con- supernatantto 6 M, and the TaT nl mixture was fraction-
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ated by CM52 cation-exchange chromatography atp#él
The column was developed by 800 mM NaCl gradient.
The TnT peak were identified by SBEAGE and dialyzed

Jin and Root

buffer T to remove the unbound first antibody, the microtiter
plates were further incubated with HRP-conjugated anti-
mouse immunoglobulin or antirabbit immunoglobulin second

against 0.01% formic acid to remove urea and salt and antibody, followed by washes and,®,—2,2-azinobis(3-

lyophilized. To further purify the Tx-negative TnT to

ethylbenzthiazolinesulfonic acid) (ABTS) substrate reaction.

homogeneity, the lyophilized powders were dissolved in 6 An A4snm curve for each assay well was recorded by an
M urea and 20 mM Tris-HCI, pH 8.0, for fractionation by automated microplate reader (BioRad Benchmark), and data
DE52 anion-exchange chromatography. Pure TnT eluted points from the linear course of the color development were
from the column was dialyzed against 0.01% formic acid plotted to quantify the conformational changes in the Tx
and lyophilized. epitope detected by the anti-Tx antibodies.

Analytical Cu(ll)- and Zn(ll)-Affinity Chromatography. To examine the secondary conformational changes induced
Purified chicken TnT8el6 and TnT3elI0f and rabbit by binding of metal ions to the Nfterminal Tx element,
skeletal muscle TnT3@Q) were dissolved alone or as a chicken TnT8el6 was coated on the microtiter plates in
mixture (2 mg each) in 50 mM sodium phosphate buffer, buffer A containing 2Q:M CuSQ.. After being washed and
pH 7.0, containig 3 M urea ad 1 M NaCl for a sample  blocked as above, the plates were incubated with serial
volume of 6 mL. The sample was loaded ord 5 mL dilutions of the mAb 3E4 or the polyclonal RATNT against
chelating fast flow Sepharose Zn(Il)- or Cu(ll)-affinity epitopes outside of the Tx segment. Following washes and
column. Following collection of the flowthrough, the column second antibody reaction as above,®kH-ABTS substrate
was washed with 5 bed-volumes of the same buffer contain- reaction was carried out to detect the binding between the
ing 2 mM imidazole. The bound proteins were eluted by a metal ion-treated TnT and the anti-TnT antibodies. The
imidazole step gradient of-2500 mM (80 mL total) for the assays were done in triplicates and/@20 EGTA was used
Cu(ll) column or 2=110 mM (30 mL total) for the Zn(ll) in the TnT-coating solution for the metal free control. An
column, respectively, in the same buffer. The fractions were Ass nmfor each assay well was monitored as above, and the
analyzed by 14% SDSPAGE with an acrylamide/bisacry- data were plotted to analyze the interaction between the
lamide ratio of 37.5:1 to determine the metal-binding antibodies and the specific epitope on TnT molecule. We
property of the TnT isoforms. have previously demonstrated by the ELISA experiments

Specific Anti-Tx and Anti-TnT Antibodigsyo mAbs, 3E4 using nonmetal binding chicken fast skeletal muscle TnT
and 6B8, raised against chicken breast muscle TnT im-isoforms, TnT2e16 and TnT3el7, that the presence of 0.1
munization R7) were used in this study. By the use of four mM ZnCl, had no effect on the coating of TnT to the
cloned chicken TnT isoforms differing in the alternatively microtiter plates 27, 29.
spliced NH-terminal region(27), Western blot have dem- ELISA Analysis of the Interaction of Metal lon with Free
onstrated that mAb 3E4 recognizes a four amino acid TnT8el6 in SolutiorModified from the protocols described
segment (Ala-Pro—Pro—Pro) in the NH-terminal variable previously @6, 27, microtiter plates were coated with
region encoded by the alternatively spliced exon 7 (Figure purified rabbito-Tm (10 ug/mL) in buffer A. After being
1), whereas mAb 6B8 recognizes the Ntdrminal Tx washed to remove the excess Tm and blocked with buffer
element containing four or seven of the H(E/A)EAH metal- T, the plates were incubated with TnT8e16 (@M) in buffer
binding sites (Figure 1), similar to the specificity of the anti- T containing 0.1% BSA and serial dilutions of CuS®@he
TX peptide antibody R20728). A polyclonal anti-TnT plates were then washed with buffer T to remove unbound
antiserum, RATNT, recognizing all TnT’s despite their NH  TnT before incubation with the polyclonal anti-TnT antibody
terminal variations 27) was used to monitor multiple RATNT. Following washes, HRP-conjugated second antibody
epitopes on TnT molecule. was incubated with the plate, followed by washes ap@H

ELISA Epitope AnalysisSolid-phase enzyme-linked im-  ABTS substrate color reaction. Tlhggs \mOf triplicate assay
munosorbant assay (ELISA) epitope analys¥s @9 were wells was monitored and documented as above. Parallel
applied to monitor the conformational changes in TnT controls with no Tm coating yielded very low backgrounds.
induced by the binding of metal ions to the Tx segment in  Extinction Coefficient Determinatioifhe extinction coef-
the NH-terminal variable region. Both primary conforma- ficient of TnT8el16 at 280 nm was calculated by summing
tional changes within the Tx element and the secondary the contributions of absorbances from its component Tyr and
conformational changes induced in other domains of TnT Trp residues, the relative ratios of which were verified by
were analyzed. Modified from the protocol previously second-derivative spectroscopy on an Hewlett-Packard 8453

described27), 100uL/well reaction ELISA was carried out

diode-array spectrometer with 1 nm resoluti@8)( The

for the epitope analysis. Purified TnT8e16 was dissolved in extinction coefficient at 280 nm in 0.15 M NaCl and 15 mM

buffer A (100 mM KCI, 3 mM MgC}, 10 mM piperazine-
N,N'-bis(2-ethanesulfonic acid) (PIPES), pH 7.0) aug/
mL (0.14uM) and coated on microtiter plates (Falcon 3915)
in the presence of serial dilutions of Zp@Ir CuSQ. After

Tris, pH 7.8, was also directly determined by measuring the
absorbance under native buffer conditions followed by

dilution of the same sample in urea and remeasurement of
the absorbance. The calculated relative extinction coefficients

washing with buffer A plus 0.05% Tween-20 (buffer T) to under the two conditions are then used to correct the extinc-
remove the unbound TnT and blocking the remaining plastic tion coefficient determined in urea to the renatured condition.
surface with 1% bovine serum albumin (BSA) in buffer T, Fluorescein Labeling of the Chicken TnT8ellgophilized

the immobilized TnT treated with different metal ion TnT8el6 was dissolved completely in 0.5 M KBIM urea,
conditions was incubated with pretitrated dilutions of the anti- 10 mM dithithreitol, and 50 mM Tris-HCI, pH 8.0, at 0.5
Tx mouse mAb 6B8 or polyclonal rabbit antipeptide antibody mg/mL. Unless indicated otherwise, the solution was dialyzed
R207 in buffer T containing 0.1% BSA. After washes with against 0.15 M NaCl and 15 mM Tris-HCI, pH 7.8, for 12
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h at 4°C, and subsequently ultracentrifuged at 100@fa® spectrum (348 nm) with excitation at 300 nm using the same
1 h in a Beckman TL100 at #C. The TnT8el6 in conditions as in the quenching experiments above. The
supernatant was labeled, if needed, with fluorescein-5 automated Glans-Thompson polarizers collected readings in
maleimide at Cyss at a 5-fold molar excess & h at 22 an L configuration and calculated the mathematically cor-
°C. The progress of the reaction was followed by monitoring rected anisotropy and standard error for each measurement.
the increase in fluorescence of the fluorescein-5 maleimide For automated background subtraction, a matching quartz
in a SLM Aminco-Bowman Il luminescence spectrometer. cuvette with native buffer plus the equivalent concentration
To confirm that the fluorescence enhancement was due toof cupric sulfate was measured prior to each anisotropy
thiol modification, a positive control using an equal molar reading. The reported anisoptrop4)(is described by the
concentration ofs-mercaptoethanol in the protein-free di- following equation:
alysate was reacted with the fluorescein-5 maleimide which
yielded a rate of fluorescence enhancement similar to that A= (=1, +21)
of the TnT8el6. As a negative control, the dialysate alone
produced negligible fluorescence enhancement of the fluo-in whichl, is the corrected fluorescence intensity of vertically
rescein-5 maleimide. Any unreacted fluorescein-5 maleimide polarized emission following vertically polarized excitation
was removed by passing the sample through a G-25andl, is the corrected fluorescence intensity of horizontally
Sephadex gel filtration column on a Pharmacia FPLC. polarized emission following vertically polarized excitation.
Tryptophan Fluorescence Emission and Quenchirige Fluorescence anisotropy of fluorescein maleimide attached
Trp fluorescence of urea-denatured and renatured TnT8el6specifically to Cyssz was measured in a similar manner
and the Tx-negative chicken leg TnT control was measured except that the concentration of the TnT8e16 was reduced
by exciting Trp residues specifically at 300 nm and collecting to 120 nM to avoid inner filter effects and the excitation
an emission scan at 4 nm band-pass in a SLM Aminco- and emission wavelengths were 490 and 520 nm, respec-
Bowman Il luminescence spectrometer using rectangulartively.
guartz cuvettes. Automated Glans-Thompson polarizers were Dissociation constant&() for Cu(ll) binding to TnT8e16
set to “magic angle” settings for all spectral and quenching were determined by fitting the anisotropy data with nonlinear
analyses to correct for possible polarization-induced artifacts. curve-fitting using MacCurvefit to the following equations
Emission spectra were corrected in software for wavelength- that depend on whether the anisotropy changes are increasing
dependent detection and transmission sensitivities through(as with Trp) or decreasing (as with fluorescein) upon Cu-
the polarizers and monochromators by comparison to a NIST (Il) binding:
standard spectral calibration lamp. Because of the weak Trp
fluorescence in the renatured state, a TnT8e16 concentration A= (A,— B)[C/(Ky+C)] +B forTrp
of 7700 nM was used for optimal readings. For titrations
with cupric ion, a 0.1 M stock of cupric sulfate was diluted and
to final concentrations ranging from 0.1 to 1.6 mM during
the fluorescence measurements. A= (A,— B)[1 — C/(K;+ C)] + B for fluorescein
Apparent dissociation constant&y] for Cu(ll) binding
to TnT8-e16 were inferred from the fluorescence quenching in which A is the measured fluorescence anisotrofyjs
at the three peak wavelengths by fitting the data by nonlinearthe fluorescence anisotropy in the absence of CuQl)s
curve-fitting using MacCurvefit (by Kevin Rainer) to the the concentration of Cu(ll), and is the fluorescence
following equation that assumes noninteracting Cu(ll) bind- anisotropy of Cu(ll)-bound TnT8-e16. The equations assume
ing sites: that the change in the fluorescence anisotropy is directly
— _ _ proportional to the amount of Cu(ll) bound to noninteracting
F=F,— Bl ~ClKy+ O +B cu(ll) binding sites on TnT8-e16.
in which F is the fluorescence intensity in arbitrary units, Determination of Sedimentation Coefficient for TnT8e16.
Fo is the fluorescence intensity in the absence of the Zonal ultracentrifugation was performed on TnT8el6 and
quencher,C is the concentration of Cu(ll), anB is the standards of known sedimentation coefficients. Identical
baseline for fluorescence of Cu(ll)-bound TnT8el6. This 5—20% sucrose gradients in 0.15 M NaCl and 10 mM Tris,
analysis assumes that the tryptophans’ fluorescence is largelypH 7.8, were formed by FPLC pumps. Standards at 0.5 mg/
protected from quenching by direct interaction with Cu(ll) mL each in a 0.1 mL volume were overlayed onto one
in the renatured TnT8e16. Verification of the validity of this gradient, and TnT8el16 at 0.1 mg/mL in a 0.1 mL volume
assumption depends on comparison of the results with thosewas overlayed onto a separate 2 mL gradient. Both tubes
determined independently by fluorescence anisotropy. were then ultracentrifuged at 50 000 rpm for 225 min in the
Collisional quenching by acrylamide was measured for swinging bucket rotor for a Beckman TL100 tabletop
both intrinsic Trp fluorescence and fluorescein-5 maleimide- ultracentrifuge. Following the run, a needle was inserted into
labeled cysteine fluorescence and compared to the quenchinghe bottom of each tube, and the solution was drawn through
of the free Trp amino acid and fluorescein-5 maleimide. the FPLC UV monitor using a peristaltic pump. The volumes
Acrylamide was dilutes from a concentrated stock in water corresponding to the peaks of the major protein bands were
(up to 40%). Fluorescence intensities were corrected for smallrecorded and plotted versus the known sedimentation coef-
dilution effects. The data were collected at 22 and ficients for the standards34, 35.
analyzed by SternVolmer Plots. Data Analysis.Since the TnT concentrations (16040
Fluorescence Anisotrop¥rluorescence anisotropy of tryp- nM for the ELISA experiments and 7700 nM for the optical
tophan was measured at a central wavelength in the emissiorexperiments as indicated above) are far lower than the Zn-
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( A) Zn(IT) Affinity Chromatography muscle TnT3el7 had no binding to the metal-affinity column
: and were present in the flowthrough fraction. In contrast,

E B L the high-molecular-weight Tx-positive chicken breast muscle
3L e E P _ TnT8el16 (Figure 1) bound to the Zn(ll) column and eluted
2 € B 3 g Imidazole Gradient (mM) as a single peak around 560 mM imidazole. Under
7 % 25 T — ] identical conditions, chicken TnT8e16 showed a significantly
S5 2 & £ 10 30 40 50 60 70 80 90110 higher binding affinity to the Cu(ll) column as the bound
B TnT was eluted as a peak around 300 mM imidazole (Figure
92-kDa ™ 2B). These results demonstrate that Cu(ll) has a significantly
45kDa > % higher affinity than that of Zn(ll) to the Tx segment in the
.-." “ePw - NHx-terminal variable region of chicken TnT8el6 and,
30-kDa > % therefore, can be used as a more effective inducer for the
24kDa> % studies of the metal ioANH,-terminus binding-induced
\ conformational modulation of TnT.
14-kDa®™ Zn(ll) and Cu(ll)-Induced Structural Reconfiguration
within the Tx Segment of TnT8el&ing the anti-Tx peptide
(B) Cu(I) Affinity Chromatography antibody R207, we have previously shown that binding of
5 Zn(ll) to the Tx element induced local conformational
Z 8  Imidazole Gradient (mM) changes within the Tx region29). This Zn(ll)-induced
(3:* £ ] allosteric change has been further demonstrated by the metal
g E S 0SS S S ion-induced drop of affinity to mAb 6B8 which was raised
A ERSSCTTE S against native Tx-containing TnT immunogeR7). The
196-xDa > results in Figure 3A show that both 6B8 and R207 antibodies
had decreased affinity to the Tx-containing chicken breast
45"‘“““. ey muscle TnT depending on the concentration of Zn@i
20xDan k™ Cusq. The changes in spec_:ific antibody affinity reflegt the
YiADan metal ion-induced conformational changes in the Tx epitopes.

The data further demonstrate the different binding affinities
14-kDa > of Zn(ll) and Cu(ll) to the Tx segment in the NHerminal
Ficure 2: Binding of Chicken breast muscle TnT to Zn(ll) and domain of TnT. The significantly higher .aﬁlnlty of Cu(ll)
cu(ll) in affinity column chromatography. Chicken breast muscle 0 TnT8e16 measured as the conformational change of the

TnT8el6 was analyzed for its Zn(ll)- and Cu(ll)-binding properties. Tx epitopes (Table 1A) agrees with the metal-affinity
Purified chicken breast muscle TnT8el6, alone or mixed with chromatography results (Figure 2).

TnT3el7 and rabbit skeletal muscle TnT, was loaded onto Cu(ll)- Affinity of Free TnT8e16 to Cu(ll) in SolutiofELISA
or Zn(ll)-affinity columns, respectively. The flowthrough and . . . -
imidazole gradient eluting fractions were analyzed by SP8GE. experiments with Tm coated on the microtiter plate further

(A) zn(ll)-affinity chromatography demonstrating that the Tx- analyzed the metal ion-binding affinity of free Tx-positive
negative rabbit skeletal muscle TnT and chicken TnT3el7 did not TnT in solution (Figure 3B). The polyclonal antibody RATNT
bind to the column whereas the Tx-positive chicken TnT8el6 against multiple epitopes on TnT demonstrated decreased

specifically bound to the column and was eluted as a peak by .. . . : : :
competition with the imidazole gradient. (B) Cu(ll)-affinity chro- bindings corresponding to the increasing concentration of

matography also demonstrating a specific binding of the chicken CU(ll) in the TnT8e16 solution. Together with the metal ion-
TnT8el6. However, the TnT peak was eluted at an imidazole binding-induced epitope conformational changes in TnT and
concentration much higher than that shown in the Zn(ll) column decrease in affinity to the antibody as shown in Figure 3A,
profile, indicating a significantly higher binding affinity between 5 decrease in TnT's binding affinity to Tm induced by the
Cu(ll) and the Tx element. metal-Tx binding in solution determines the titration curve
in the ELISA experiments. Although the result was a
combined effect of the two mechanisms (a solid-phase
binding was involved and, therefore, it was not a true solution
measurement), the titration curve reflects the affinity of
TnT8el6 to Cu(ll) in solution, an affinity that is significantly
lower than that of the immobilized TnT8el6 (Figure 3A).
Similar experiments using the anti-Tx mAb 6B8 and the anti-
exon 7 segment mAb 3E4 (Figure 1) showed similar results
(Table 1), confirming the lower binding affinity of metal
ions to the Tx element in free TnT than that in immobilized
TnT. The mechanism of this significant difference between
the affinity of free and immobilized Tx-TnT for the metal
RESULTS ions remains to be investigated.
The experiments shown in Figure 3B also demonstrate that

Specific Binding of Chicken TnT8e16 to Zn(ll) and Cu- the effects of metal ion binding to the NHerminal domain
(I) Affinity Columns Results of the analytical Zn(ll)-affinity ~ of TnT are compatible with the Tn¥Tm interaction that
chromatography (Figure 2A) showed that the Tx-negative requires a two-site binding involving both NHand COOH-
rabbit fast skeletal muscle TnT and chicken fast skeletal terminal domains of TnT in an elongated conformatib8) (

(I and Cu(ll) concentrations use#&{’s), we assumed that
free Cu(ll) = total Cu(ll) and used the total added metal
concentrations for plotting the data. The epitope analysis
results were plotted as percentage of the maximum binding
of the antibodies or as this nmVvalues without fitting. The
metal ion concentrations and mAb dilutions required for 50%
maximum binding to the immobilized or free TnT were
determined graphically from the titration curves. The colli-
sional quenching of Trp fluorescence by acrylamide and the
fluorescence anisotropy of fluorescein were plotted using
MacCurvefit software.
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Ficure 3: Zn(ll) and Cu(ll) binding to the Tx element in chicken breast muscle TnT reducing the affinity of anti-Tx antibodies. (A)
ELISA antibody binding experiments performed on chicken TnT8e16 coated on microtiter plates in the presence of serial dilutions of
ZnCl, or CuSQ. TnT8el6 treated with 20M EGTA was used as a control for the maximum antibody binding without the metal ion
effect. The results show significant decreases of the binding affinity of mAb 6B8 and anti-Tx peptide antibody R207 depending on the
Zn(ll) or Cu(ll) concentration, indicating that Cu(ll) or Zn(ll) binding changed the local three-dimensional structure of the Tx segment.
The lower [CuS@) than [ZnCl] required for this modulation is consistent with the significantly higher affinity of Cu(ll) than that of Zn(ll)

to the Tx element. (B) ELISA experiments carried out with Tm coated on the microtiter plate for evaluation of the metal ion-binding
affinity of free Tx-positive TnT in solution. TnT8e16 at 140 nM was mixed with serial dilutions of G&B@ incubated with the immobilized

Tm. After the unbound TnT and CuS@ere washed away, a pretitrated dilution of the anti-TnT polyclonal antibody RATnT was added

to the plate to detect the effect of CuHJx binding in solution on TnT’s affinity for Tm via HRP-labeled second antibody and substrate
reaction. The titration curve demonstrate a significantly lower binding affinity of the free TnT8e16 to Cu(ll) than that of TnT8e16 immobilized
on microtiter plates.

Therefore, the data support that the metaHdmx binding- to result in a detectable decrease in the antibody affinity;
induced conformational change in other domains of TnT is (iii) the repeated washes during the ELISA procedure more
a long-range secondary modulation effect (see below) othereffectively remove weaker binding versus strong binding,
than a “fold-back” direct contact between Tx and other sites making the titration curves steeper. As a consequence, the
due to a structural flexibility in solution. whole change is detected in a narrowed range of metal ion
The steep metal ion titration curves in Figure 3 showed concentration.
an apparently cooperative binding of metal ions to Tx inthe  Metal-Tx Binding-Induced Secondary Conformational
ELISA experiments. This cooperativity associated with the Changes in TnT Detected by Antibody Epitope Analysis.
metal ion binding to Tx involved TnT immobilized to ELISA  Figure 4A demonstrates a conformational change in the exon
plate or Tm may be produced by three potential mecha- 7-encoded epitope induced by the binding of Cu(ll) to the
nisms: (i) the immobilization may confer a conformation Tx element. The results of ELISA epitope analysis showed
of the cluster of seven HisXaaXaaXaaHis pairs in the Tx that CuSQ-treated chicken breast muscle TnT8el6 had
segment, which supports an cooperative binding to multiple significantly decreased reactivity to mAb 3E4 as compared
metal ions; (ii) the cooperativity detected by the affinity with that in the presence of 20M EGTA. Therefore,
change of the anti-Tx antibodies may also partially be conformation of the epitope recognized by mAb 3E4 (that
contributed by the pliable fitting between the antibody is specified by an AlaPro—Pro—Pro segment downstream
paratope and the Tx epitope structures. In this case, a minimalof the Tx sequence intercalated by 5 amino acidk Figure
number of metal ions bound to the Tx cluster may be required 1)) was significantly altered as a secondary effect of the
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Table 1. Effects of Metal lon Binding on TnT8el6’s Reactivity to
Specific Antibodies and Tm

(A) concentrations of metal ions required for 50% inhibition of
maximum binding of the anti-Tx antibodfes

antipeptide R207 mAb 6B8
Zn(ll) 151.4uM 177.8uM
Cu(ll) 4.0uM 5.1uM

(B) concentrations of metal ions required for 50% inhibition of
maximum binding of free TnT8e16 to immobilized Tm and detected by
the anti-Tx and anti-TnT antibodies

6B8 3E4 RATNT
cu(ln) 132uM 126 uM 150uM

aThe metal ion concentrations for 50% inhibition of the maximum
antibody binding to the TnT8e16 immobilized onto microtiter plates
were determined from data presented in Figure 3A. A significantly
higher binding affinity of Cu(ll) than Zn(ll) to the Tx element in the
NHa-terminal region of TnT is shown. TnT8e16 coated onto microtiter
plates in buffer A containing 2@M EGTA was used to obtain the
maximum binding? The concentrations of Cu(ll) required for 50%
inhibition of maximum binding of free TnT8e16 to Tm coated on
microtiter plates as detected by the anti-Tx mAb 6B8, anti-t&minal
mAb 3E4, and polyclonal anti-TnT antibody RATnT were deduced
from data represented by Figure 3B.

original conformational changes in the Tx segment. This
result indicates that Cu(ll) binding not only reconfigured the
Tx structure but also induces secondary conformational
changes in other regions of the TnT molecule. The results
in Figure 4B further demonstrate that the binding of Cu(ll)
to the NH-terminal variable region of chicken TnT8e16
significantly changed the binding avidity of the RATnT
polyclonal antibody that recognizes multiple epitopes on TnT.
The dramatically diminished reactivity of RATNnT indicates
that the structure of the TnT molecule was extensively altered

as a consequence of the primary conformational change

within the Tx region upon the binding of Cu(ll).

Quenching of Intrinsic TnT8e16 Trp Fluorescence by Cu-
(I). The environmental sensitivities of the absorbance and

Jin and Root
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Ficure 4: Cu(ll)—Tx interaction-induced conformational changes
detected by epitope analysis using antibodies against sites outside
of the Tx region. (A) In the presence of 201 CuSQ, or 20uM
EGTA, Cu(ll) binding to the NHE-terminal Tx segment inducing a
secondary conformational effect on the downstream exon 7-encoded
epitope (Figure 1), shown by the significant decrease of mAb 3E4
binding affinity. (B) Cu(ll) binding to the Nkterminal Tx segment
with extensive conformational effects on the whole TnT molecule
as demonstrated by the significant decrease in binding avidity of
the polyclonal RATNT antiserum, which recognizes multiple
epitopes in both Ni and COOH-terminal domains of TnT.

fluorescence properties of tryptophans in TnT8el6 are gegree of fluorescence quenching at 327 nm was present
demonstrated by their changes upon protein denaturation byre|ative to the other peaks. The 327 nm peak is no longer
urea. (_)n the basis of its Trp and Tyr content, the extinction resplved upon denaturation by urea, although the peaks at
coefficient at 280 nm of the urea denatured TnT8e16 was 348 and 366 nm are still apparent, and their persistence may
calculated to be 25000 M cm*. This value agreed well  yeflect interactions with neighboring amino acids in the
with direct empil’ical measurements of the extinction coef- primary Sequence_ It is possib|e that the ﬂuorescence
ficient at 280 nm of the urea denatured TnT8el6 which emjssion peaks at 348 and 366 nm of the renatured TnT8e16
yielded a value of 26 000 M cm™* based on a calculated  correspond to tryptophans in more similar environments, and
molecular mass of 33 802 Da from the cDNA seque@&.(  Trp,s, and Trpss are likely to be in similar environments
In contrast, the extinction coefficient under the renatured gue to their close proximity in the primary structure. The
condition was 12 000 M- cm™ at 280 nm, indicating that  results in Figure 5A show that Cu(ll) quenched the peaks at
the three Trp residues in the CQOH-terminaI dom_ain of 348 and 366 nm more rapidly than it did the peak at 327
TnT8el6 (Trpss Trpzse and Trpss Figure 1) have consider-  nm, corroborating the suggestion of a different environment
able environmental_sensitivity. Furthermore, the i'ntensity of for the Trp responsible for this fluorescence. The quenching
Trp fluorescence increased more than four times upon of intrinsic TnT8e16 Trp fluorescence by Cu(ll) indicates
denaturation by urea. Therefore, the fluorescence of thesethat the binding of metal ions to the Tx element in the NH
residues is responsive to TnT conformational changes in theterminal variable induces significant conformational changes
COOH-terminal domain (Figure 1). in the COOH-terminal domain where the three Trp residues
When fluorescence emission spectra were recorded withare present (Figure 1).
excitation at 300 nm in the presence of different concentra- Dissociation constants of Cu(ll) binding to the Tx element
tions of cupric sulfate, the Trp fluorescence of the renatured in the NH-terminal region of TnT8e16 containing seven of
TnT8el6 exhibited three peaks at 366, 348, and 327 nm,the H(E/A)EAH metal-affinity sites (Figure 1) under the
which may correspond to the three different tryptophans in experimental conditions were deduced from the intrinsic Trp
the primary sequence (Tzfa, Trpzse and Trpss). A reduced fluorescence quenching experiments (Figure 5B). The af-
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finities of Cu(ll)—Tx binding determined by this direct
measurement of the induced TnT conformational change
(Table 2) are significantly lower than that reflected by the
Cu(ll) titration of the anti-Tx antibody affinity against
TnT8el6 immobilized on the microtiter plates (Table 1A).
However, theKy values determined by the fluorescence
measurements are similar to that evaluated by the ELISA
experiment on free TnT8el6 in solution (Figure 3B and Table
1B). Therefore, the effects of immobilization of TnT onto
the microtiter plates may result in altered allosteric charac-
teristics in contrast to the TnT in solution, which allows a
higher accessibility of the Tx cluster by the metal ions.

Extraction of the fluorescence from the Trp with a peak
at 327 nm was done by difference spectroscopy (Figure 5C).
A nonlinear least-squares fit of the data yieldel eof 0.2
+ 0.1 mM for this Trp. The dynamic quenching equations
do not yield a good fit to the data, confirming that the primary
source of quenching is due to binding by Cu(ll) to TnT. This
analysis supports the contention that all three tryptophans
are affected by Cu(ll) binding to the NHerminal region.
It also suggests that the Trp with a peak fluorescence at 327
nm is the lone COOH-terminally located Tgp

Cu(Il)-Induced Conformational Changes Cause Quenching
of Trp Fluorescence of TnT8elbigure 6A demonstrates
the lower accessibility to collisional quenching by acrylamide
of the intrinsic TnT8e16 Trp fluorescence relative to free
Trp. The results indicate that the three COOH-terminal Trp
residues in TnT are protected by tertiary structures and may
be used as indicators for the conformational changes in the
TnT molecule. In contrast, little difference was observed in
the quenching of fluorescein-5 maleimide-labeled TnT8e16
and free fluorescein-5 maleimide, indicating a high degree
of accessibility of the COOH-terminal Cysto the solvent
(Table 2), so direct collisional quenching dominated the
signal changes observed at this site. The linear Stéatmer
plots are consistent with a dynamic quenching mechanism
for acrylamide and the quenching of free Trp by Cu(ll).
Figure 6B shows the quenching of intrinsic TnT8e16 Trp

FiURrE 5: Intrinsic TnT8e16 Trp fluorescence and quenching by fluorescence by Cu(ll). The data again indicate a protection
Cu(ll). (A) Fluorescence emission spectra recorded with excitation f the tryptophans by the protein structure. Different from

at 300 nm of 7700 nM TnT8el6 in the presence of different . .
concentrations of cupric sulfate. Note the three peaks in the Trp the feature of the Tx-negative TnT, the nonllnear S’fgrn
fluorescence emission and the reduced degree of fluorescence’/0lmer plot further demonstrates that the quenching is not

quenching at 327 nm relative to the other peaks. (B) Estimation of due to a dynamic mechanism but reflects quenching due to
dissociation constants for Cu(ll) binding to TnT8el6 based on a conformational change in TnT8el6 induced by Cu(ll)

concentration-dependent fluorescence quenching of Trp fluores-

cence by Cu(ll): 327 nmiKg = 0.30+ 0.10 mM; 348 nmKy =
0.18+ 0.05 mM; 366 nmKy = 0.17+ 0.04 mM. See Experimental

binding to the NH-terminal Tx site. In addition, the
guenching by Cu(ll) of the three peaks of the Tx-negative

Procedures for the nonlinear curve-fitting procedures. The correla- TNT was very similar, in contrast to the Tx-positive emission

tion coefficient,r?, was greater than 0.96 in all cases. (C) Extraction
of the fluorescence from the Trp with a peak at 327 nm by
difference spectroscopy. The analysis is done as follows. Defini-
tions: I,(Cu) is the sum of intensities as a function of Cu(ll)
concentration of the tryptophans with peaks at 368 and 348 nm.
I;(Cu) is the intensity as a function of Cu(ll) concentration of the
Trp with a peak at 327 nml(Cu) is the sum of intensities as a
function of Cu(ll) concentration of all three tryptophafsis the
ratio of 1,(0)/1,(Cu) which is constant at any wavelength(Q) is
I2(Cu) at [Cu(Il)] = 0). Given: I(Cu) = I5(Cu) + 1;(Cu) andI(0)

= 1,(0) + 143(0). Then: RI(Cu) — 1(0) = RIy(Cu) + RIy(Cu) — I,-

(0) — 1,(0) andRI(Cu) — 1(0) = RIy(Cu) — 13(0). The quantity
RI(Cu) — 1(0) is measured as a function of wavelength and Cu(ll)

concentration. The equation in the Experimental Procedures can

be substituted into this final equation, singéCu) is the same as

F defined in Experimental Procedures. When this is done, a
nonlinear least-squares fit of the data yield§sof 0.2+ 0.1 mM

for the Trp with a peak at 327 nm.

spectra in which the 327 nm peak was quenched more slowly
than the others. Also, the relative intensities of the three peaks
are slightly different in the two TnT'’s.

Fluorescence Anisotropy Changes of TnT8e16 in Response
to Cu(ll) Binding. Figure 7A shows the fluorescence
anisotropies of intrinsic Trp fluorescence of TnT8el6
measured together with the Tx-negative TnT by excitation
and emission at 300 and 348 nm, respectively. Distinct from
the Tx-negative chicken leg TnT, the Cu(ll)-induced changes
in TnT8el6 are consistent with Cu(ll) binding with a
dissociation constant of 0.26 0.02 mM, which is similar
to the values obtained from direct fluorescence quenching
in Figure 5B. There was a decrease in the overall rotational
flexibility of the tryptophans (Trgss, Trpzses and Trpgs) in
the COOH-terminal domain of TnT upon Cu(ll) binding to
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Table 2. Summary of Spectral Observations on the Chicken Metal-Binding TnT

residue(s) method Kq for Cu(ll) accessibility flexibility
Trp (366 nm) Cu (Il) guenching 0.1% 0.04 mM protected N/A
Trp (348 nm) Cu (Il) guenching 0.18 0.05 mM protected N/A
Trp (327 nm) Cu (Il) guenching 02 0.1mM very protected N/A
Trp (348 nm) anisotropy 0.2% 0.02 mM protected Cu(ll) decreases flexibility
Cys (fluorescein) anisotropy 0.280.02 mM highly accessible Cu(ll) increases flexibility
Cys chemical reactivity N/A highly accessible N/A
Cys (fluorescein) acrylamide quenching N/A highly accessible N/A
Trp (348 nm) acrylamide quenching N/A protected N/A
Trp denatured fluorescence N/A x4ncrease N/A
Trp denatured absorbance N/A x 2ncrease N/A

aN/A: not applicable.

the NH-terminal Tx element (Figure 1). In contrast, Figure and COOH-terminal domains are widely separated in the
7B shows that the fluorescence anisotropies of fluorescein-5three-dimensional structure.
maleimide-labeled Cygs; in TnT8e16 upon the addition of
Cu(ll) indicated an increase in rotational flexibility of this DISCUSSION
region of the COOH-terminal domain of TnT. Similarto the  The reported results demonstrate a correlation between
results with Trp fluorescence, the changes in fluorescein-5 metal ion-induced conformational changes in the ;NH
maleimide fluorescence are consistent with a dissociation terminal domain of TnT8e16 and conformational changes
constant of 0.21+ 0.02 mM for Cu(ll) binding. Zn(ll)  in its COOH-terminal domain. The evidence for metal ion-
induced qualitatively similar changes in that it increased the induced changes in the conformation of the MNkrminal
Trp fluorescence anisotropy of TnT8e16 and decreased thegomain includes the presence of the Tx sequence that has
fluorescence anisotropies of fluorescein-5 maleimide-labeleddifferential affinity for metal ions, as shown by affinity
Cysses however, much higher (550 mM) concentrations  chromatography and the changes in epitope structures in the
of Zn(ll) were necessary to induce a response, and theNH,-terminal domain upon binding metal ions. Conforma-
background from these high Zn(ll) concentrations limited tional changes in the COOH-terminal domain are demon-
the quantitative analysis of the data (not shown). These strated by independent changes in fluorescence intensity and
results provide evidence that the binding of metal ions to anisotropy of both Trp and fluorescein-5 maleimide-labeled
the NH-terminal region of TnT induces not only long-range  Cys residues. These data suggest that structural changes in
conformational changes but also changes in the flexibility the NH,-terminal variable region of TnT may affect the
of the protein structure. function of the entire molecule in the regulation of muscle
The Trp quenching and anisotropy properties of Tx- contraction.
negative TnT were significantly different from that of the Metal lon Binding-Induced Conformational Changes
Tx-positive TnT8el16. The nearly linear metal ion titration within the Tx Segment and Secondary Effects on the
curves may represent the effects of direct quenching by Cu-Conformation of Whole TnAs we have shown previously,
(I) of Trp fluorescence in the Tx-negative TnT which affects the binding of Zn(ll) to the Tx segment alters the three-
both the fluorescence intensities and the fluorescence life-dimensional structure of the Tx segment residing in the TnT
times and thereby also the fluorescence anisotropies of theprotein (Figure 3). This original structural reconfiguration
tryptophans (Figures 6B and 7A). In contrast, the fluores- further affects the conformation of epitopes outside of the
cence changes of TnT8e16 with Cu(ll) cannot be explained Tx region as demonstrated by the change in the binding
by simple collisional quenching. affinity of mAb 3E4 (Figure 4A) that recognizes a down-
Troponin T Remains a Monomeric Elongated Conforma- stream epitope (Figure 1) and the polyclonal antibody
tion under the Experimental ConditioriEhe sedimentation ~ RATNT that recognizes multiple epitopes (Figure 4B). The
coefficient of 2.3+ 0.3 sy, for TnT8e16, determined as  results demonstrated that the conformational reconfiguration
shown in Figure 8, indicates that the TnT8e16 is primarily Within the Tx region is transduced to other epitopic structures
monomeric given the known monomeric molecular weight of TnT. The similar results of the Zn(ll)- and Cu(ll)-binding
of 34 kDa. By contrast, the dimeric Tm has a sedimentation €xperiments indicate that this Nterminus originated con-
coefficient of 2.6; so if TnT8e16 were dimeric, it would have formational modulation of TnT is independent of the use of
to be at least as elongated as Tm, which is not consistentparticular transition-metal ions. Therefore, it may exemplify
with the postulated structural models of TnT. On the other @ universl mechanism in which reconfigurations of the;NH
hand, the sedimentation coefficient is low enough that it is terminal variable region structure modulates the overall
clear that TnT8el6 is in an elongated conformation in conformation and function of TnT.
solution, precluding the possibility of a fold-back direct Metal—Tx Binding-Induced Conformational Modulation
contact between the NHerminal Tx and the COOH- of TnT Reealed by the Spectral Analysis Agrees with That
terminal domain. The theoretical minimum sedimentation Detected by the Antibody Epitope Analydi¢e previously
coefficient for a perfectly spherical TnT8e16 iS4, which showed by antibody epitope analysis that Zn(Il) binding to
is much larger than that measured. This difference can bethe NH-terminal domain of TnT reconfigures the global
used to estimate a maximum axial ratio of approximately conformation of TnT 27), and this is also true for the Cu-
10 which is consistent with a very elongated structure that (Il) —Tx binding (Figures 3 and 4). The present study further
supports current structural models of TnT in which the,NH  demonstrated this intramolecular conformational modulation
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FIGURE 7: Fluorescence anisotropy changes of TnT8e16 in response
to Cu(ll) binding. (A) Fluorescence anisotropies of intrinsic Trp
fluorescence of the Tx-negative and Tx-positive TnT's measured
by excitation and emission at 300 and 348 nm, respectively.
® Tx-Positive TnT Significantly different from that of the Tx-negative TnT, the changes
BTy : induced in the Tx-positive TnT8e16 at 7700 nM are consistent with
Tx-Negative TnT cu(ll) binding with a dissociation constant of 0.250.02 mM,
similar to the values obtained from direct fluorescence quenching
T - in Figure 5B. There is a decrease in overall rotational flexibility of
0 05 . 1 L5 the tryptophans upon Cu(ll) binding. (B) In contrast, the fluores-
[Cupric Ion] (mM) cence anisotropies in of fluorescein-5 maleimide-labelecdirs
TnT8-e16 at 120 nM upon the addition of Cu(ll), indicating an
FiGUrRe 6: Stern-Volmer plots of TnT8el6 Trp fluorescence increase in rotational flexibility of this region of the COOH-terminal
quenching by (A) acrylamide and (B) Cu(ll). The fluorescence of portion of TnT8-e16. Similar to the results with Trp fluorescence,
TnT8el6 at 7700 nM was monitored at 348 nm. The lower the changes in fluorescein-5 maleimide fluorescence are consistent
accessibility to collisional quenching by acrylamide of the intrinsic  with a dissociation constant of 0.21.0.02 mM for Cu(ll) binding.
TnT8e16 Trp fluorescence relative to free Trp is illustrated. Linear See Experimental Procedures for the nonlinear curve-fitting pro-
Stern-Volmer plots are consistent with a dynamic quenching cedures. The correlation coefficiemg, was greater than 0.98 in
mechanism for acrylamide and the quenching of free Trp by Cu- 3|l cases.
(). In contrast to the linear Sterrvolmer plots produced by the
quenching of intrinsic Trp fluorescence of Tx-negative TnT by Cu- A significantly lower concentration of Cu(ll) was required
(IN), indicating a protection of the tryptophans by the protein {5 induce a change in epitope conformation in the antibody-

structure and reflecting some nonspecific weak binding of Cu(ll) s : . .
to the protein, the Cu(ll) quenching of intrinsic Tx-positive TnT8e16 affinity titration against TnT8e16 immobilized onto the

Trp fluorescence produced a nonlinear Steviolmer plot which ~ Microtiter plates (Figure 3A and Table 1) than that for
is consistent with quenching due to a conformational change in changes detected against free TnT in solution by ELISA

TnT8el6 induced by Cu(ll) binding to the Tx segment. (Figure 3B), intrinsic fluorescence of Tz, Trp.se and

by direct analysis of Trp fluorescence. The results clearly Trpygs or fluorescein labeling on Cys (Figures 5, 6B, 7
demonstrated Cu(ll) binding to the Miterminal Tx element-  and Table 2). This significant difference in metal ion-binding
induced conformational changes in the Trp residues in the affinity between the free TnT8e16 and that immobilized onto
distant COOH-terminal domain of TnT. These data provide the microtiter plates may indicate a higher accessibility or
evidence to verify the reliability of the ELISA antibody facilitated metal ion binding of the Tx segment in that
epitope analysis as an effective approach for monitoring conformation. Another likely explanation for the difference
protein conformation and structural dynamic36) The in apparent affinities between the metal ion binding assays
application of site-specific mAb’s is able to identify con- in the liquid and solid phases is the closer association
formational changes in certain regions of the protein. between TnT molecules absorbed to the solid phase. The
Nevertheless, the use of polyclonal antibody against multiple TnT molecules on the microtiter plate are held in close
epitopes provides information regarding the extents of the proximity to each other compared to TnT molecules in
conformational changes in the protein under various func- solution that are free to diffuse far away from each other or
tional states. that bound to the immobilized Tm which provides a spatial

Fo/F
()

A L-Tryptophan
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- — function of the COOH-terminal domain that directly binds
/ Trysin Inhibitor Tm. Tnl and TnC.
The relevance of the findings presented here to the in vivo
Trypsin state depends partly on the extent to which TnT retains its
1 { TnT8el6

[\
1

native structure in solution compared to its structure in the
Albumin myofibril. Upon metal ion binding, the structure of the NH
/ terminus of TnT becomes highly resistant to denaturation
by urea as evidenced by the fact that it retains the ability to
Lactate bind with high affinity and discriminate between different
Dehydrogenase metal ions in the presence or absence of high urea concentra-
/ Pyruvate tions during affinity chromatograph8). This high stability

Elution Volume

Kinase suggests that a significant portion of metal-bound TnT'’s
v tertiary structure may be maintained during its incorporation
T T o into the thin filament. Since the fluorescein-5 maleimide-
B 2 4 6 8 10 12 labeled Cysss provides a sensitive and specific probe of the
Szo, w TnT conformation, it will be useful in future studies to
FiGURES: Determination of sedimentation coefficient for TnTge16. €valuate the conformational changes of TnT in reconstituted
Zonal ultracentrifugation was performed in-80% sucrose gra-  thin filaments and myofibrils. It is worth noting that Gys
dients on TnT8el6 and standards of known sedimentation coef-is in the COOH-terminal, alternatively spliced region of fast

ficients. The volumes corresponding to the peaks of the major skeletal muscle TnT and may provide a probe to investigate
protein bands were recorded and plotted versus the knownt

sedimentation coefficients for the standards. The results determined_Pe functlt_)nal significance of the adult fast skeletal muscle
a S0, value of 2.3+ 0.3 for TnT8e16. nT-specific exon 16-encoded segmeh3,(3]. Although

the metal binding TxTnT used as a model molecule in this

study is only found in two orders of birdg§), it is a native
framework. It is a well-know phenomenon that if binding TnT with normal function. Therefore, the conformational
sites are held close to each other, their apparent bindingrelationship measured on TnT8el16 has a representative
affinities are greatly increased; for one of many examples, meaning. However, the metal ion-induced change would only
note the large difference in affinities between many F  occur in this class of TnT isoforms and its biological effect
fragments and their parent antibodies. The concentration ofin the avian breast muscle remains to be established. Studies
metal ions at the surface of the microtiter plate where the on the TnT fragments showed that Ntdnd COOH-terminal
TnT is densely packed will be higher than in the rest of the fragments of TnT perform distinct function®2@). Our
solution, because the metal ions will be bound and releasedcharacterizations with different isoforms of TnT or modifica-
by neighboring TnT molecules. Sometimes microtiter plates tions to the structure of the NHerminus are complementary
can also attract metal ions to their surface. On the other hand o the analysis using the TnT fragments, which cannot rule
the association of TnT to the Tm framework would eliminate out the possibility that communications between the,NH
any divalent binding of the anti-TnT antibodies and, there- and COOH-termini also exist.
fore, diminish the detection of the conformational changes  An important new finding by the present study is that the
affecting the high-affinity divalent Ig&TnT interactions. NH,-terminal conformation of TnT also changes the flex-
Nevertheless, the mechanisms for the Significant differenceibimy of the protein structure. This f|nd|ng provides a hew
between the metal-binding affinity of immobilized and free concept to further understand the structtiienction rela-
TnT remains to be established. tionship of TnT that functions as a signal transduction protein

Biological Significance of the NHTerminus-Modulated  in the allosteric regulatory system of the striated muscle thin

Changes in TnT Molecular Conformation and Flexibility. filament. Dissection of the conformational and flexibility
Alternative splicing of the highly variable Nkterminal changes of TnT isoforms may contribute to a better
region of TnT is a common developmental process in both understanding of TnT's role in determining the 2Ca
cardiac and skeletal muscles, L3, 14. This TnT isoform sensitivity 25) and cooperativity37) of muscle contraction.
switch is made by inclusion or exclusion of an acidic segment The differential responses of the rotational flexibility of
which alters the charge profile of the MHerminus. The Trpzas Trpzse Trpess, and Cyses all of which are in the
functional role of the alternatively spliced NHerminal COOH-terminal domain of TnT (Figure 1), may indicate an
variable region of TnT is not fully established but an active role of the conformational modification in this
increased amount of experimental data has shown itsfunctionally important region (Figure 1) in response to the
importance in the C4 regulation of muscle contraction. The developmentally or pathologically regulated Ntgrminal
demonstration of the effect of the Nkerminal physical structure. It is interesting to note that cardiac TnT mutations
property of TnT on the global conformation of TnT provides deleting the COOH terminus including the Gyssand Trpss
evidence for the biophysical mechanism of the strueture region have been found to cause human familial hypertrophic
function relationship of TnT and functional significance of cardiomyopathy38) with alterations in muscle contractility
the alternatively spliced isoforms. We have previously (39, 40. Aberrant splicing of fast skeletal muscle TnT
demonstrated that the binding of metal ions to the,NH mRNA skipping both exons 16 and 17 can also generate a
terminal Tx element of TnT can alter TnT’s interactions to functional deletion of this regior8(Q). Although the COOH-
Tm, Tnl and TnC 27, 29 42). The Cu(ll)-induced changes terminus-truncated TnT can incorporate into the myofila-
in the COOH-terminal conformation of TnT strongly support ments 41), the functional alterations indicate a critical
the NH-terminus’ role in regulating the structure and function of this region. Therefore, the modulation of




NH,-Terminal Regulation of TnT

conformation and flexibility in the COOH-terminal domain
of TnT by metal ion binding to the Niterminal variable

region supports that the alternatively spliced TnT isoforms

varying in the NH terminus constitute an important biologi-
cal regulation of muscle contraction.
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