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ABSTRACT. Troponin T (TnT), a subunit of the heterotrimeric troponin (Tn) complex, is essential for the
C&" regulation of vertebrate striated muscle contraction both in vivo and in vitvih the exception of
bovine cardiac TnT, all known vertebrate TnT isoforms lack a thiol group, a property which makes the
wild-type proteins unsuitable as cross-linking substrate. We generated a mutant human fast skeletal TnT
in which Set#>> was changed to Cys (TnT-Cy8. Mutation of this residue in TnT as well as in vitro
expression irfescherichia coland purification of the recombinant mutant protein did not affect its biological
properties in terms of in vitro binding to troponin | (Tnl), troponin C (TnC), actimpomyosin (actin

Tm), and actomyosin ATPase activity. TnT-G¥%swas labeled with 4-maleimidobenzophenone (BP-
TnT9 and photo-cross-linked to Tnl, TnC, Tm, and all of the thin filament proteins. BPSPdid not
cross-link to Tm and showed weak €&g?*t-independent cross-linking with Tnl in the binary complex
and in the presence of all thin filament protein components. BP*Prshowed Ca"/Mg?"-dependent
cross-linking with TnC in the binary and ternary complexes an#i"@avored cross-linking with Tnl in

the ternary complex. Thus, residue 155 of TnT is within 10 A (the length of cross-linker) of TnC in the
presence or absence ofand comes within 10 A of both Tnl and TnC in the presence gfCanT
residue 155 is in close proximity to or may even partly encompass the Tm binding site. These results
suggest that TnT, in association with Tnl, may participate in the “information transfer” mediated by the
C&* binding signal from TnC to Tm and the region around TnT residue 155 probably acts as a linker
between troponin and actitTm in this signal transmission process. Our results also suggest that TnT
contains at least one €dMg?"-dependent TnC binding region located between its Tm and Tnl binding
regions. A recombinant truncated fragment of Tnl, gknls;, containing amino acid residues 9681

and labeled with BP at Cys-133, failed to cross-link with TnT, indicating that the region around Cys-133
of Tnl is not involved in binary interaction with TnT.

The contraction of vertebrate striated muscles is regulatedtroponin | (Tnl), and troponin T (TnT). TnC binds &€a
by binding of C&" to the troponin (Tr) complex which is Tnl binds actin-tropomyosin (actinrTm) and inhibits
located in the thin filament and consists of three subunits muscle contraction in the absence of?Gawhereas TnT
that differ in structure and function: troponin C (TnC), attaches the Tn complex to Tm. TnT is essential for an
effective C&"-dependent regulation and also increases the
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1 Abbreviations: BPMal, 4-maleimidobenzophenone; BP-FhT ite i ; ; ; i i
BPMal-labeled troponin T at Cys-155; DTT, dithiothreitol; EDTA, subunits, information On. thOISG mvolymg T .IS rather_llmlted
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133; TnTe. coi, ATNT purified fromE. coli expression system. reported specificity of cardiac TnT as a sensitive marker for
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the detection of myocardial cell injury (for a review, sE comes within 10 A of both Tnl and TnC in the presence of
have all generated an interest in understanding the biologyC&". These results also indicate that TnT contains at least
of TnT. one C&'/Mg?"-dependent TnC binding region located

Several different biochemical and molecular techniques between its Tm and Tnl binding regions. Furthermore, they
have been used to map the interacting domains of Tn provide some insights into the transmission of “information
subunits. These studies have provided the basic understandtransfer” mediated by a €a binding signal from TnC to
ing of how the three subunits interact (for reviews, 5e8). other thin filament proteins.

However, the specific domains involved in the binary and
ternary interactions as well as the nature and importance ofMATERIALS AND METHODS

these interactions in activating muscle contraction are not Construction of TnT-Cy& Mutant The point mutation
fully understood. This is mainly because only the crystal which converted the 155th codon (excluding the initiating
structure of TnC is known. Until the structures of Tnl and Met codon) encoding Ser (AGC) to Cys (TGC) was
TnT are solved, information on the Tn subunit interaction generated by polymerase chain reaction (PCR)-based site-
in a three-dimensional orientation may be obtained by other directed mutagenesis. Human fast skelgtalnT cDNA
useful approaches such as cross-linking. Heterobifunctional(32), subcloned in T7 polymerase promoter-based vector
cross-linking agents such as 4-maleimidobenzophenone (BPpET17b for high-level expressior3d), was used as DNA
Mal) have been used successfully in labeling TnC and Tnl template. PCR was performed as described previo@dly (
and studying their interaction with each other and with TnT using primer 1 (SCTGTCCTCCATGGGCGCCAACTA-

(4, 13—22). This approach could not be undertaken with  CAGCTGCTAC) and primer 2 (55CTAGTTATTGCT-

TnT because no known vertebrate TnT, with the sole CAGCGG). Primer 1 was designed to bind at the unique
exception of bovine cardiac TnRJ), contains a thiol group.  internalNcd site (underlined) of TnT cDNA in pET17b and
The two isoforms of bovine cardiac TnT have one thiol group contained the underlined -AT point mutation whereas
each (Cys-39, Cys-34) but in a region which is not known primer 2 was complementary to vector sequence. The PCR-
to be involved in a specific interaction with any thin filament amplified DNA was digested witiNcd and BanH! and
protein. A single Cys residue is present in the recently ligated to the original construct pET17b-TnT into the same
reported TnT molecules from the invertebrat2g, 25). sites. The mutation was confirmed by restriction mapping

Studies using the CnBr fragments of TnT for interaction (a newPuwull site was created due to the point mutation)
with other Tn subunits have shown a complex pattern and DNA sequencing.
because these fragments contain overlapping binding do- Synthesis of TnT-C¥8 in E. coli and Its Purification.
mains of Tm, Tnl, and TnC. The N-terminal rodlike TnT-Cys$5%® was synthesized if. coli strain BL21(DE3)
fragment of TnT containing amino acid residues 168, which was grown in NZCYM medium3b) at 37°C. After
together with a C-terminal region consisting of residues243  Agsqo Of the culture reached 0.6, it was allowed to grow for
259, is involved in binding to Tm, whereas, the C-terminal 6 h without induction. TnT- Cy$° synthesis was constitu-
globular T2 fragment consisting of residues 15%9 tive and optimal under these conditions as reported previously
interacts with Tnl and TnCg( 16, 26—30). The N-terminal by us for wild type TnT 81). The cells fran a 1 L culture
portion containing residues 15221 of the T2 fragment has  were harvested by centrifugation at 5¢G0r 10 min. Cell
been proposed as the major,?Gaensitive, TnC binding  lysis was carried out by incubating with lysozyme and
region whereas the C-terminal portion of the fragment, deoxycholic acid followed by DNase | treatment as described
residues 206258, is considered the second2Gasensitive, by Sambrook et al.35). All centrifugations were carried
binding region for TnC 15, 27). Previous studies by us, out at 2700 for 30 min unless mentioned otherwise. The
using a recombinant truncated fragment of TnT which pellet was subsequently suspended in 50 mL of solution A
contained residues1201, suggested that TnT residues 202 [20 mM Tris-HCI, pH 8.0, 0.1 M NaCl, 2 mM EDTA, 1.5
258 constitute the site for Tnl binding, and a portion of TnT mM dithiothreitol (DTT), and 0.2 mM phenylmethanesulfo-
residues +201 is involved in TnC interactior8@). To gain nyl fluoride (PMSF)], centrifuged, and homogenized manu-
further insight into the binding domains of TnT which ally in a glass homogenizerrfd h in 50 mL ofsolution B
interact with Tnl and TnC, we have generated a monocys- (6 M urea, 20 mM TrisHCI, pH 8.0, 2 mM EDTA, and 1.5
teine mutant of human fast skelefal'nT (TnT-Cys®9) using mM DTT) and centrifuged. TnT-Cy® partitioned at 60:
recombinant DNA techniques. This developmentally regu- 40 ratio in insoluble (pellet) and soluble (supernatant)
lated isoform of TnT is the major isoform in the mammalian fractions. Immunoblot analysis using a monoclonal antibody
fast skeletal fetal muscle and is constitutively expressed bothagainst TnT revealed that the recombinant protein from the
in fetal and in adult muscle8®). The mutant protein was  soluble fraction was more immunoreactive than that present
purified from theE. coli expression system without any loss in the insoluble fraction (Figure 1A, lanes-B). Therefore,
in its biological properties. TnT-Cy® was labeled with only the soluble fraction of the cell homogenate was used
BPMal (BP-TnT%9 and photo-cross-linked to Tnl, TnC, and for TnT-Cys$5® purification. The soluble fraction was made
Tm. BP-TnT%did not cross-link to Tm. It showed aweak to 50 mM TrisHCI, pH 7.5, and subjected to ammonium
C&*/Mg?*-independent cross-linking with Tnl in binary sulfate fractionation. Most of the TnT-Cy8was retained
complexes and formed a &€dMg?*-dependent cross-linked in the 30-90% ammonium sulfate fraction. The pooled
product with TnC both in the binary and in the ternary fractions were suspended and extensively dialyzed against
complexes. It also showed &afavored cross-linking with  solution B and loaded onto a DE-52 column (Whatman, bed
Tnlin the ternary complex. Our results, using a thiol mutant volume 15 mL L1 E. coli culture) equilibrated with the same
of TnT for the first time, suggest that residue 155 of TnT is solution. The column was run at 0.5 mL/min and washed
within 10 A of TnC in the presence or absence ofCand with 15 mL of buffer B containing 0.15 M NaCl. TnT-
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Cyst® was eluted stepwise with 15 mL each of buffer B A B C

containing 0.38 and 0.45 M NacCl, respectively. The purified 1 2 3 & 1 2 m e r

protein was concentrated by ultrafiltration, and its purity was = = -

assessed by sodium dodecyl sulfate (SB®)lyacrylamide

gel electrophoresis (PAGE). Tnl- = = W e H l J " Tt 4TnC
Formation and Analysis of TRITnT, TnFTnC, and Tn .

Complexes.Rabbit skeletal muscle Tnl and TnC were used

for the formation of binary and ternary complexes. The

isolation of proteins and the formation of-IC and 7-1—-C = = =TnC

complexes and their analysis by native PAGE were carried D E

out as previously described,(31). The Tn=TnT complex n m e

formation was analyzed by high-performance liquid chro- m e r Po_s-Posto s Pt 5 B

matography (HPLC) as described previousd)( - - Ac
Photo-Cross-Linking.The method of Tao et al1g) was Tn- il H ' T'"""'“ = . - 7

used with minor modifications4j for BPMal labeling and :."";'C.H -

photo-cross-linking. Rabbit muscle Tnl, TnC, and also TnT-
Cyst® were unfolded in a medium as described by Tao et
al. (18) with the modifications that 0.5 M NaCl and 10 mM
DTT were also used. Labeling of TnT-Gy3with BPMal
was carried out in their 1:3 molar ratio. Photo-cross-linking

Ficure 1: Purification and biological properties of TnT-CG¥&s

For detalls, also see Materials and Methods. Panel A: Immunoblot
of the proteins fronE. coli cells expressing TnT-C¥ after cell

. lysis and urea extraction. A monoclonal antibody against rabbit
of BP-TnT** (8 uM) with Tm (8 uM), Tnl (8 uM), and/or fast skeletal TnT was used as the primary antibody. Lane 1, total
TnC (10uM) with or without F-actin was carried out in @  extract; lane 2, soluble fraction: lane 3, insoluble fraction: lane 4,
photochemical reactor (Rayonet RPR-100, Southern New semipurified rabbit fast skeletal TnT used as the positive control.

England Ultraviolet, Hamden, CT). Five hundred microliters Two microliter samples containing 50 ng of proteins (lanes)L

: ; ; nd 300 ng of muscle TnT (lane 4) were loaded. Panel B: -SDS
of reconstituted sample was prepared and dialyzed agalnsgAGE of purified TnT-Cy¥%. Lane 1, purified sample concentrated

the irradiation buffer [20 mM Hepes, pH 7.5, 0.1 M NacCl,
and 2 mM DTT at £C (4, 18)] for 40 min. Three replicate
aliquots, each 10@L, were irradiated in the presence of
0.1 mM CaC} or 2 mM EGTA or 10 mM MgC}, and a
nonirradiated aliquot of 100L was maintained. A recom-

by ultrafiltration (1549); lane 2, TnT-Cy%¥® eluted from DE-52
column (8ug). Panels C and D: Tn¥TnC complex (panel C)
and Tn=TnT—TnC complex (panel D) formation by various TnTs
in native polyacrylamide gel. TnT-C¥&8 (m), E. coli expressed
wild-type human fast skeletal muscle TnT (e), and rabbit fast
skeletal muscle TnT (r) were examined for complex formation. The

binant C-terminal fragment of Tnl, Til1s, cONtaiNing  pinary and ternary complexes and uncomplexed TnC are shown.
amino acid residues 96181 and a single Cys residue at 133, Uncomplexed TnT and Tnl did not enter the gel. Fifty microliter

previously reported by ugl(31), was labeled with BPMal, = samples containing TnT (@M), Tnl (8 uM), and/or TnC (1QuM)

and was also used for cross-linking studies. EDTA (25 mM) Was loaded in each gel well. Panel E: Cosedimentation of TnT-
' 155 . I i i

was added to all the reaction mixtures before subjecting them&YS... (M) and TNE coi (€) with actin=Tm. The negative control

. . (n) contained no TnT. Reaction mixtures contained actirg{2g,
to SDS-PAGE using 12% or 420% gradient polyacryla-  Tm (4 uM), and TnT (44M) in a total volume of 5QuL. Equal
mide gels.

volumes of unspun (t) and spun samples partitioned into the

Other Biochemical AssaysThe acte-S1 ATPase activity ~ Supernatant (s) and pellet (p) were loaded in adjacent lanes and
of the reconstituted Tn complex in the presence of 0.1 mM subjected to SDSPAGE analysis. Ac, actin.
CaChk or 2 mM EGTA, cosedimentation of TnT, Tnl, or
TnT+Tnl with F-actint Tm, immunoblotting using a mono-
clonal antibody against rabbit fast skeletal TnT (Sigma, St.
Louis, MO), and densitometric scannings were performed
essentially as described previousty 81, 34).

Biological Properties of TnT-Cy%. TnT isolated from
rabbit fast skeletal muscle (muscle TnT; an adult isoform of
TnT predominantly ofx type) and human fast skeletal TnT
expressed irE. coli (TnTg. i a fetal isoform of TnT off
type) were used as positive controls in assaying the biological
properties of the mutant protein. TnT-G¥shas been
derived from TnE i Previously, we have shown that

Generation, E. coli Expression, and Purification of TnT- TnTe cqiis only about half as active as muscle TnT in almost
Cys%5 The mutation was identified by restriction mapping all biological properties examine83). Similar results were
and confirmed by bidirectional sequencing of cloned PCR- also obtained by Pan and Pott87) using a truncated TnT
amplified DNA. The expression was optimized using the J fragment containing the C-terminal 108 residues. Muscle
E. coli strain DE3 which we have previously used success- TnT, TnTg ¢, and TnT-Cy&*formed a TNTnC complex
fully for wild-type TnT expression33). Several investiga-  of intermediate mobility in native polyacrylamide gels
tors 36) have previously shown that the N-terminal me- containing 0.5 mM CaGl(Figure 1C) but not in gels with
thionine is cleaved off byE. coli in in vitro expressed 5 mM EDTA (results not shown). As expected, the TnC
troponin subunits. We have, therefore, considered the mutantTnT complex formed by Tnd i and TnT-Cy$*® was
to be authentic with N-terminal methionine deleted. TnT- relatively weak as compared to muscle TnT based on the
Cys'%5was purified as indicated under Materials and Methods intensity of the band in gel runs and also by the presence of
and was found to be-95% homogeneous by SBRAGE a high amount of uncomplexed TnC in the sample (Figure
(Figure 1B). The mutant cross-reacted with a monoclonal 1C). Densitometric scanning and normalization of data with
antibody against rabbit fast skeletal TnT (Figure 1A) which regard to the muscle TnT lane revealed that complex formed
also confirmed its identity and immunoreactivity. by TnTe, coi and TNT-Cy$ represented about 23 and 24%,

RESULTS
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Table 1: Regulation of ActeS1 ATPase Activity [mol of P(mol A B
of S-1)* min~] by Troponin Reconstituted with Muscle TnT, _TnC Tm Thi Tnl+ThC
TnTe. coi, and TnT-Cy§55a M N Ca E MO N Ca E Mg S N Ca E Mg N Ca r M3 s
troponin ATPase activity ca+
reconstituted with ~ +Ca&" +EGTA sensitivity (%)
no troponin 51.1 51.1 0.0
muscle TnT 60.4 24.4 59.6
TNTe. coli 50.0 33.3 33.4 L .
TnTI_ECC;hé.SS 544 378 30.5 FIGURE 2: Photo-cross-linking of BPMal-labeled TnT-C§with
- — TnC, Tm (panel A), or Tnl and TmTnC (panel B). Four
The calcium sensitivity was calculated as follows: {1EGTA experimental conditions in which photo-cross-linked patterns were

rate/C&" rate) x 100. The assays were carried out simultaneously with  compared are as follows: N, no irradiation; Ca, with 0.1 mM GaCl
those using a deletion mutant of TnT, Ty containing residues E, with 2 mM EGTA; and Mg, with 10 mM MgGl TnT-TnC
1-201, previously reported by u81). Therefore, the ATPase activities  cross-linked product is shown by arrowheads, whereas-Tiil—

of muscle TnT, TnT-CyS® and Tn'E. coi, reported here, and of TaTo, TnC product is indicated with an arrow. M, molecular size markers
(31) are directly comparable. of 46, 30, and 21.5 kDa (Amersham, Arlington Heights, IL); S,
molecular size markers of 66, 45, 36, 29, 24, and 20.1 kDa (Sigma,
. St. Louis, MO). For details, also see Materials and Methods. An
respectively, as compared to the complex formed by muscle yjiqyot of the cross-linked reaction mixtures (@) after addition
TnT. Bands of slower and faster mobility than TATnC of EDTA and loading buffer was concentrated to 20, using
complex were also observed with both Tndo; and TnT- ultrafiltration through a 10 kDa molecular mass cutoff filter

Cys'ss, Presumably, they represent the dissociated TnT or (Millipore Inc., Bedford, MA), and loaded in each gel well.
TnC from the weak Tn+TnC complex during electrophore- Photo-Cross-Linking of TnT-C¥S with Thin Filament

i . . 5 -
sis. Both TNE. o and TnT-Cy §* also showed a compa Proteins. TnT-Cys$°®was labeled with BPMal and irradiated
rable and weak interaction with muscle Tnl as detected by . .

in the presence of either Tm, Tnl, or FATnC. Each

HPLC. Whereas muscle Tnl and TnT formed a distinct peak incubation sample was subdivided into four aliquots. Three

of Tnl=TnT binary complex as previously reported by us . : . o
_ 3 Z of them were irradiated in the presence oPGaVig?*, or
(31), those formed by Trdl e and TnT-Cy$* appeared only EGTA, and a nonirradiated control was maintained (Materials

as a.l §houlder peak” (results not shown). and Methods). The cross-linked product was identified by
Similarly, the Tn complex formed by TiTeoi and TNT-  comparing with the nonirradiated control and also by the
Cys'®® was relatively weak as compared to muscle TnT mglecular mass of the apparent cross-linked complex.
(Figure 1D). Densitometric scanning and normalization of |rradiation of BP-TnT5® with Tm resulted only in back-
data with reference to the muscle TnT lane revealed that theground cross-linking (Figure 2A), whereas irradiation of BP-
Tn complex formed by Tnd coi and TnT-Cy$*represented  TpT155ith TnC resulted in a major cross-linked product in
39 and 34%, respectively, as compared to that formed by e presence of either Eaor Mg?* (Figure 2A, arrowheads).
muscle TnT. When Tn complexes were assayed for-acto Thjs pand was not observed in nonirradiated control or in
S1 ATPase activity, both TreTeo and TnT-Cy&* showed  the jrradiated sample containing EGTA. Thus, &9sf TnT
about half C&" sensitivity as compared to the complex s close to TnC, and this interaction isTAMg2+-dependent.
formed by muscle TnT under our assay conditions (Table The apparent molecular mass of this cross-linked product
the reconstituted components shows considerable variationgnomalous migration of Tn components in SEFAGE,
in activity (38). The addition of Tm is known to alter the  ggpecially when a bulky cross-linker was attached to the
relativel-y hlgh Cﬁ*-insensitive ATPase aCtiVity Of myOSin p0|ypept|de 18, 31) A Comparison with the molecular size
and actin 7, 39, 40). Upon addition of the Tn complex to  markers indeed showed (Figure 2A,B) that free TnT, Tnl,
concentrations1). The C&" sensitivity of the acteS1 molecular masses of 30.5, 21, and 17.9 kDa, respectively.
ATPase activity perhaps reflects the most important physi- |rradiation of BP-TnT55 with Tnl resulted in the formation
ologically relevant parameter of the reconstituted system. The qf heterogeneous and relatively weak cross-linked bands
thiol mutant, is presented in terms of both ATPase value Ca&*/Mg?*, as they were detected in all iradiated samples,
and C&" sensitivity (Table 1). The results are consistent including that in the presence of EGTA (Figure 2B).
with the current view 3, 37) that in vertebrates the fetal Cross-linking of BP-TnT55with Tnl and TnC in a ternary
TnT isoforms have lower biological activity than the adult complex resulted in at least two major cross-linked products.
isoforms, e.g., muscle TnT used in this study. The first one was present in the sample containing?Mg
Cosedimentation experiments were performed using both (Figure 2B, arrowhead) and corresponded in size and
TnTe. coi and TnT-Cy$%® to examine their ability to bind to  appearance to the cross-linked product observed when BP-
actir—=Tm. Under the experimental conditions selected, TnT TnT*® was irradiated with TnC alone (Figure 2A, ar-
would sediment only if it was bound to actiffTm. Unbound rowheads). This apparent TATnC cross-linked product
TnT would not sediment upon centrifugation. At a actin: was also present, albeit in much lower amounts, in the sample
Tm:TnT molar ratio of 7:1:1, Tnd ¢ and TnT-Cy%>® containing C&* (Figure 2B). The second major cross-linked
cosedimented with actinTm (Figure 1E). This pattern of  product of~66 kDa (Figure 2B, arrow) was observed in
cosedimentation is essentially similar to that reported previ- the presence of Ga This product was not observed in the
ously with muscle TnT 31). control sample and appeared to be present only at very low
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levels in the presence of Mg or EGTA (Figure 2B). On A

the basis of electrophoretic mobility, this product appeared Ac+Tm
to be a binary complex of Tnl and TnT. The above results M N Co
indicated that the TnFTnl cross-linked species was formed

at a higher level in the presence of TnC and this binary
complex formation was observed predominantly when both
TnC and C& were present. In contrast, the TATnC
cross-linking could take place in the presence ofCar
Mg?* both in binary and in ternary complexes. Some cross-
linked products showing lower electrophoretic mobility than
that expected from the molecular mass of the binary or
ternary complexes were also observed, especially in samples
containing TnC. Such cross-linked products have been

Tnlci
E M3 NCo E MG M

reported previously in the literaturd ). They probably B
arise due to the cross-linking of TnT-C§%at different sites Tnl TnT Thi+TnT
on TnC giving rise to products that differ in shape and, T § P T S P T S P

therefore, are expected to migrate at different mobilities in
gels.

The cross-linking pattern of TnT-C¥8 with other Tn
subunits was also examined in the presence of all thin
filament proteins, i.e., F-actin, Tm, TnC, Tnl, and TnT-
Cys'®®. In general, very low levels of cross-linked species
were formed in the presence of F-actin and Tm. Twé'Ca  FiGure 3: Interaction of TnT-Cy¥5 with Tnl and TnC in the
Mgz2-independent cross-linked products of different mobilities Presence of F-actin and Tm. (A) Photo-cross-linking of BP-PAT

with TnC and Tnl in the presence of Tm and F-actin (indicated as
were observed. One of these appeared to represent-a Tnl Ac+Tm), and photo-cross-linking of BP-Tgal 151 with muscle TnT

TnT cross-linked product (Figure 3A, arrowhead). On the (ingicated as Trj.,). For details, also see Materials and Methods.
basis of the molecular mass, the slower migrating cross- The four experimental conditions (N, Ca, E, and Mg) used in cross-
linked species 0f-80 kDa (Figure 3A, arrow) appeared to linking were the same as described in the legend to Figure 2-TnT
be a cross-linked product of either actiinT or Tm—TnT, Tnl complex is shown by an arrowhead. A slow migrating product

. : of ~80 kDa, which may represent either Ta@ctin or TnNT=Tm
the latter being formed only when actin was also present, product, is indicated by the arrow. The small arrow in panekTnl

because Tm and TnT did not cross-link in the binary complex shows a band present in irradiated samples only, and this may be
(Figure 2A). In a previous report, Tao et al8f examined a dimer of Tnbs—181. Samples were processed as per the legend to
the interaction of Tn subunits with Tm by using BPMal- F;g;é% 2 f£‘§ rtég irl1 ;42200/0 %rzraldile;t Sﬁl?'e“”.; nglfﬁglfterxsizseawagfeeé%
L , . 60, 42, 30, 22, 17, , ,

e L e Ievel 182 ke a6 Cosmeriaoncr 117w o 1 e
. e . of F-actin and Tm. For details, also see Materials and Methods
in the sample containing Tn subunits and BPMal-labeled Tm and legend to Figure 1E. Cosedimentation with F-actin and Tm
(see Figure 1 in rel8). The apparent dissimilarity in the  was carried out with TnT-Cy&°alone, Tnl alone, and TnT-C¥8
cross-linking pattern of Tm subunits in our studies, with or + Tnl. T, unspun; S, supernatant fraction; P, pellet fraction of the
without F-actin, may be partly due to the low yields of the farr]“p":s-.;]rg.e ptoz'“ons of actin (Ac), Tnl, TnT, and Tm in the gel
cross-linked product, particularly in the presence of F-actin. uns are indicated.
Alternatively, it is quite likely that the cross-linking pattern
in the binary/ternary complex is different from that in the
reconstituted thin filament system.

To further support our cross-linking results obtained with
TnT-Cys®5, we labeled a recombinant fragment of Tnl,
Tnlgs-181, cOntaining the C-terminal residues-9681. As

In view of the detectable but weak cross-linking of TnT-
Cys'®5 with Tnl in the binary complex (Figure 2B), cosedi-
mentation in the presence of F-actin and Tm, using the
combinations TnT-Cy&°alone, muscle Tnl alone, and TnT-
Cys'®+ muscle Tnl, was also carried out as a supplementary
. / ; e : approach to analyze the TaTnT binary interaction. Both
this fragment contains the C-termlr_lal and inhibitory regions Tnl and TnT-Cy&%, used either individually or in combina-
?r]: Tnl, it IS also termed .TrB“' Th's. fragment represents tion, showed identical and almost complete cosedimentation

€ most Important region of Tnl In terms O.f biological with F-actin—Tm (Figure 3B). Thus, this method, although
activity (4, 7, 36), and contains a single Cys residue (€9s demonstrating strong binding of TnT and Tnl individually
as compared to the full-length Tnl which has three Cys to F-actin-Tm, was limited for studying TnFTnl binary

. 4 3 :
re3|dues_ (Cyﬂéf, Cys”, and Cys¥). Studies by _several interaction. These results also indicate that cross-linking may
groups, including us, 31, 39), have shown that this region currently be the method of choice for studying weak-¥nl

of Tnl interacts with TnC and actin but not with TnT. As TnT interaction

TnT-Cys® showed a lower interaction with Tn subunits,

muscle TnT was used for cross-linking with BP-dgls. DISCUSSION

Indeed, it was observed that BP-§fhs; did not cross-link

with muscle TnT under our assay conditions (Figure 3A).  Among the Tn subunits, the crystal structure of only TnC
These results indicate that (i) Cys-133 of Tnl is not close to is known. Electron microscopic study of the Fmn
TnT, and the region around this residue of Tnl does not complex has revealed that the Tn complex has both a
interact with TnT; and (ii) cross-linking of Tn subunits takes globular and a rodlike pareg). Furthermore, the globular
place only due to specific interactions. region of the Tn complex consists of TnC, Tnl, and a
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carboxy-terminal portion of TnT4Q1). Therefore, to inves-

Jha and Sarkar

subsequent purification has affected the biological activity

tigate the interaction patterns of the three subunits in a three-of the protein. In rabbit skeletal muscle TnT, Ser-1, Ser-

dimensional orientation, it is imperative to use alternative
techniques. The use of a heterobifunctional cross-linking

149/150, and Ser-155/156 can be phosphorylad&d44).
In human fast skeletal muscle TnT, the corresponding

agent such as BPMal appears to be one of the mostresidues are Ser-1, Ser-148/149, and Ser-154/155, among
convenient and reliable approaches for such investigations.which Ser-155 was mutated to Cys in our work. The
Previously, cross-linking approaches have been utilized by similarity in biological activity of mutant and wild-type TnT
attaching the heterobifunctional probe such as BPMal to TnC is consistent with the observations that the phosphorylation

and Tnl by us and other group4, (13—22). As TnC has
one thiol group (Cys-98) and Tnl has three (Cys-48, Cys-

of TnT is perhaps not of physiological importanekby,
We selected BPMal as the cross-linker because it does

64, and Cys-133), these two proteins have been extensivelynot affect the biological properties of the labeled protein and

used for labeling with the cross-linker. On the other hand,

apparently represents the true interaction between the cross-

no known vertebrate TnT except bovine cardiac TnT has alinked proteins {8, 23). Irradiation of BP-Tn°>with Tm

thiol group. Our studies with TnT-C¥® are the first in

resulted only in background cross-linking (Figure 2A,B).

which a heterobifunctional cross-linker has been attached toAlthough the T1 fragment (residues-158) of TnT interacts

a recombinant thiol mutant of TnT for investigating its
interaction with other thin filament proteins.

with Tm, the interaction primarily involves residues—71
151 of TnT which may form a coiled-coil with Tm. C¥8

Previous studies in the literature using the CnBr fragments is outside this coiled-coil region and, therefore, forms only

of TnT and several different approaches including cross-

linking have shown that TnT contains overlapping binding
domains that interact with Tm, Tnl, and TnC in a complex
manner. TnT residues-1158 (T1 fragment) and 243259
bind to Tm @6—28) whereas residues 15259 (T2 frag-
ment) interact with Tnl and TnC (for a review, ség
Studies with smaller CnBr fragments of TnT have shown
that they bind to Tnl in the following descending order:
159-259, 176-230, 239-259, or 152-175 (16, 42). TnT
fragments 152209, 135-185, and 71151 also bind to Tnl
(16, 30). Interestingly, many of these fragments such as
152—-209 and 176-230 bind to TnC also1, 29). TnT
residues 159259 contain an extensive binding region for
TnC. It has been proposed that the N-terminal portion of
this fragment, residues 15221, is the major, Ca-sensitive
TnC binding region whereas the C-terminal portion of the
fragment, residues 26&58, is the second, €ainsensitive
binding region for TnC 15, 27). Our own studies, using a
recombinant truncated fragment of TnT containing amino
acid residues-1201, have shown that whereas TnT residues
202—258 may be a binding site for Tnl, at least a part of
TnT residues +201 is involved in TnC interaction in
addition to residues 262258 @1).

To further dissect the Tnl and TnC binding domains of
TnT, we have generated a SeCys mutation at TnT residue

a background level of cross-links.

With respect to cross-linking of BP-TA® with Tn
subunits, the following features are noted: BP-T#Tormed
heterogeneous and weak cross-links with Tnl. This cross-
linking was independent of 4, as the cross-linked bands
were present at similar levels in irradiated samples containing
Ca&', Mg?", or EGTA (Figure 2B, arrows). The observed
weak cross-linking pattern may be significant, because TnT-
Cys'®5, which is a derivative of the TnB isoform, shows
relatively weak interaction with Tnl and TnC in the binary
and ternary complexes and a reduced ATPase activity as
compared to muscle TnT, the adult isoform (Figure 1, Table
1). The wild-type and recombinamtTnT’'s also have
significantly reduced biological activity than the adult
isoform, as previously reported by U&3]. Previous results
on CnBr fragments and those obtained by cross-linking with
the probe attached to Tnl suggested that residuesl7%
of TnT bind Tnl @6, 30). Cross-linking of Tnl with BP-
TnT5 s consistent with these reports. Furthermore, these
results are also in agreement with the view that the—Tnl
TnT interaction is primarily independent of €a(14; for a
review, seeb). Irradiation of BP-Tn>with TnC resulted
in a clearly detectable cross-linked product which was'Ca
Mg?*t-dependent (Figure 2A, arrowheads). Thus, ‘&ysf
TnT is within 10 A (the length of BPMal) of TnC, and the

155. TnT residue Ser-155 was converted to Cys-155 becauséwo proteins interact in a C&/Mg?"-dependent manner.

(i) Ser—Cys mutation is benign due to the chemical,
structural, and functional similarity of these two amino acids,

These results suggest that at least one TnC binding site on
TnT (residues~152—195) is located between the binding

(i) a comparative sequence analysis revealed that Ser-155sites for Tm (TnT residues 74151) and Tnl (TnT residues
is conserved only among fast skeletal TnT and not in slow 196—241). This view is consistent with the observation that

skeletal, cardiac, or invertebrate TnZ4( 32), (iii) it is a

TnT residues 159259, 176-230, and, in particular, 152

potential phosphorylation site but phosphorylation has no 209 bind TnC 6, 29). Our results are also consistent with

known physiological significance in TnT; besides, the Ser-

those reported by Leszyk et adl§), who found that residues

155 site is perhaps the least important among three phos-84—135 of TnC cross-linked to TnT residues 15230. Their

phorylatable sites in fast skeletal TnT, and (iv) it is located
in a region where Tm, Tnl, and possibly TnC may also
interact @6, 29, 30).

The mutant TnT-Cy&° showed essentially similar biologi-
cal characteristics as the wild-type TnT purified fré&mncoli
(TnTE. coi) With respect to binary TRFTnT and TnNTnC
complex formation, ternary Tn complex formation, cosedi-
mentation with actinrTm, and acte-S1 ATPase activity

results also suggested that TnT residues-1I7/A were very
close to Cys-98 of TnC, to which they had attached the
BPMal. Taken together with our results, it appears that
residue 155 in Tn¥®is quite close to Cys-98 of TnC. The
cross-linking pattern of BP-Trf¥® with Tnl and TnC in a
ternary complex was also consistent with the aforementioned
results. For example, a major cross-linked product was
observed in the presence of RigFigure 2B, arrowhead)

(Figure 1; Table 1). These results indicated that neither thewhich corresponded in size and appearance to the cross-

Ser—~Cys mutation nor the in vitro expressionkn coli and

linked TnT-TnC product (Figure 2A, arrowheads). This
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product was also detectable in the presence 8f Gaut the
major cross-linked product was that of TaATnl in the
presence of Ca (Figure 2B, arrow). Thus, the formation
of a TnT—Tnl cross-linked product was favored in the
presence of Ca and especially when TnC was also present.
These results are consistent with those obtained by Hitch-
cock-De Gregori47), who showed that Ca binding to TnC
affects the Tn+TnT interaction. Our results also indicate
that TnC remains within 10 A (the length of BPMal) of
TnT'%in the presence and absence of CaFurthermore,

in the presence of G4, the structure of TnC or the binding
sites of TnC for Tnl/TnT are altered in such a way that-¥nl
TnT interaction is promoted in the vicinity of TA¥, a region
very close to or even partly encompassing the Fim
binding region. The specificity of TnFTnl photo-cross-

Biochemistry, Vol. 37, No. 35, 19982259
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FiIcurRe 4: Schematic representation of the interaction of the

linking in our studies is supported by the fact that BP- troponin components in the absence (A) and presence?f (@

Tnlgs-181, @ truncated recombinant fragment of Tnl containing
amino acid residues 96181, and labeled at the single Cys-
133 residue, did not cross-link when used as a negative
control with muscle TnT (Figure 3A). Finally, regarding
the reduced level of cross-linking of BP-THY with Tn
subunits in the presence of F-actin and Tm (Figure 3A), our
results are consistent with the observation reported in the
literature (8) that the cross-linking of BP-Tm with Tn
subunits was reduced drastically in the presence of F-actin.
Our cross-linking results, reported in this study, are also
relevant to the problem of activation of muscle contraction
and the role of TnT in this process. For example, the recen
analysis of the ATPase activity of deletion mutants of TnT
by Malnic et al. 48) revealed that residues-191 of TnT
activate, whereas, residues 1983 inhibit, ATPase and that
the activation was observed only when intact TnT, TnC, Tnl,
and C&" were present.

We have recently identified evolutionarily highly con-

t

This representation is based on the cross-linking results presented
in this paper and the published literature. The interaction sites and

the corresponding legends are provided. Various interaction sites

have been demarcated by specific amino acid residues only for
simplicity and should not be considered as completely defined. For
brevity, Tm and actin are not shown. The recently mapped binding
sites for actin-Tm and TnC in the C-terminal of Tnl (39) are not
shown here for simplicity. The pathway of €asignal transmission

is indicated by a long horizontal arrow. The thin reciprocal arrows
indicate a strong interaction between TnT and TnC in a binary
complex, whereas the broken reciprocal arrows indicate a reduction
in this interaction in a ternary complex. TnT residue 155 is shown
as a circle outside the Tm binding region of TnT, although the
TnT—Tm interaction may include this residue too. The binary
interaction involving amino acid residues 19841 of TnT and 58

108 of Tnl (panels A and B) is mediated by conserved HR domains
in these two proteins presumably by a coiled-coil interaction (49).
This binary interaction may act as a structural element in the
globular head of the Tn complex.

196-241 to 155-241), approaching the Tm binding region

served heptad repeat (HR) domains among the members off TnT (Figure 4). Tnl residues-40—-58 may participate

Tnland TnT @49). Using both deletion and point mutations
which disrupt the HR motif in TnT and by utilizing the

in this extended interaction with TnT. It is quite likely that
the C&" signal is then transmitted to Tm and is relayed by

sensitive yeast two-hybrid system, we have shown that theactin to the entire thin filament. As our results showed that

TnT mutants selectively fail to interact with Tnl but these
mutations do not affect TnC binding. Furthermore, the HR-
containing domains of TnT (inclusive of residues +28}1)

and Tnl (residues 58108) also show binary interaction as
efficiently as the intact proteingl®). Whereas these results
strongly suggest a coiled-coil heterodimer formation between
Tnl and TnT, such an interaction remains to be established
by X-ray crystallography or NMR studies.

TnT—TnC cross-linking takes place with &aor Mg?*, this
interaction probably does not play a direct role in the signal
transmission process. Consistent with our findings, the
interaction of residues40—96 of Tnl with TnT and its role

in activating muscle contraction have been proposed recently
(39). Although the transmission of the €asignal from TnC

to Tm—actin via Tnl, TnT, or both has been proposed
previously in the literature4( 3, 39, 50; for a review, see

On the basis of the aforementioned results and the cross-/): OUr experimental approach of labeling a monocysteine

linking studies reported here and considered together with
the published literature, we propose a model for the
transmission of the G4 binding signal from TnC to other
thin filament proteins as follows (Figure 4). TnT residues
196-241 and Tnl residues 5808 remain in constant
interaction 81) both in the presence and in the absence of
C&" (14; for a review, seeb). This interaction, which is
not affected by TnC, is presumably mediated by a highly
conserved HR region present in both proteid8)( Upon
C&" activation/binding, the structure of TnC and/or its
binding site on Tnl/TnT is altered which in turn strengthens
the Tn=TnT interaction close to Trt?®. This C&"-favored
enhanced TnFTnl interaction, which we have identified
by photo-cross-linking in the ternary complex, therefore
extends at least up to TA®P (i.e., extends from residues

TnT mutant for cross-linking has provided some insights into
the process of signal transmission. Furthermore, our results
have implicated the region around TnT residue 155 as a
transmission bridge between TaTnl and Tmactin.
These results are especially interesting because we recently
reported that residues 15201 constitute the smallest TnT
region which provides Ga sensitivity to the thin filament
(31). Although this model is consistent with many observa-
tions reported in the literature, future experiments which
could be predicted and designed are needed to further test
the validity of the model.

In summary, we have generated a biologically active thiol
mutant of TnT, reported for the first time, and used it for
understanding the interactions of TnT with Tnl, TnC, and
Tm in order to gain insights into the role of TnT in the
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structure and function of the €a regulatory Tm-Tn
complex. The SerCys mutation in TnT-Cy8° as well as
the E. coli expression and purification of the recombinant
protein did not affect its biological properties. BP-TRT
did not cross-link to Tm, but showed €&Vig?*-independent
cross-linking with Tnl, C&"/Mg?*-dependent cross-linking
with TnC in the binary and ternary complexes, and'Ca
favored cross-linking with Tnl in the ternary complex. Our
results suggest that residue 155 of TnT is within 10 A (the

length of cross-linker) of TnC in the presence or absence of

Ca* and comes within 10 A of both Tnl and TnC upon
C&" activation. A model showing the physiological rel-
evance of these interactions in transmission of thé"Ca
binding signal from TnC to other thin filament proteins has
been proposed. Taken together with previous reports in the 5,4

literature, our cross-linking data suggest the presence of at

16.
17
18.
19.
20.
21.
22.

23.

least one TnC binding region in TnT which is sandwiched 25.
between the binding regions for Tm and Tnl and which is
probably involved in C& signal transmission as well in
providing C&" sensitivity to the thin filament. Finally, the
lack of cross-linking between BP-Tgalis;, @ truncated

fragment of Tnl which was labeled at Cys 133 and muscle
TnT, indicated that the region around Tnl residue 133 is not

involved in binary interaction with TnT.
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