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Abgract

Theam of thisstudy is to investigate the function of the C-termina extension of three troponin |
isoforms, that are uniqueto the body wal musdes of Caenorhabditisdegans and to undergand the
molecular interactions within the TN complex between troponin | with troponin C/T, ad
tropomyosin. We condructed severd expresson vectors to generate recombinant proteins of three
body wal and one pharynged troponin | isoformsin Escherichia coli. Protein overlay assays ad
Wedtern blot andyses were performed using antibodies We demondirated that pharynged TNI-4
interacted with only the pharynged isoforms of troponin C/T and tropomyosin. In contradt, the
body wal TNI2 bound both the body wal and pharynged isoforms of these components
Smilar to other invertebrates, the N-terminus of troponin | contributes to interactions with troponin
C. Rull-length troponin | was essentid for interactions with tropomyosin isoforms. Deletion of the
C-termind extenson had no direct effect on the binding of the body wdl troponin | to other muscle
thin filament troponin C/T and tropomyosin isoforms.

Abbreviations used: TN, troponin; TNI, troponin I; TNC, troponin C; TNT, troponin T; TM,
tropomyosin



1. Introduction

Muscle contraction isthe result of aseries of protein-protein interactions. In sristed muscle,
the thin filament complex of troponin (TN) and tropomyosin (TM) regulates contraction. The
troponin complex components indude the cddum-binding protein, troponin C (TNC), the
tropomyosin (TM)-binding protein, troponin T (TNT) and troponin | (TNI) which isinvalved in
inhibition of the actomyosn ATPase adtivity [1, 2]. Recent dudies on crydds of the core TN
complex suggest that in the asence of calcium, TNI-binding to actin holdsthe TN-TM complexin
a“closed” date thereby preventing myosin from binding to actin [3, 4].

Cdcium iors (C&) released into the musdle cdlls following neura simulation bind to
TNC, which undergoes a conformation change thet dters its rdationship with TN, resulting in the
release of TNI-binding to actin. Biochemica and physicochemicd dudies of musde contraction
have been carried out using proteins from different tissues of vertebrates Multiple forms of troponin
subunits have been identified in cardiac [5], dow skdetd [6] and fast skdetd musdes[7]. The
detection of TNI isoforms by specific antibody staining provides a convenient and rdigble method
of musdle cdl typing and the presence of TNI in serum can be usad for the detection of diseese in
skdetd and cardiac musdles[8]. Theimmunologica detection of serum cardiac TNI iswiddy used
in cardiology as an index of myocardid damage[9]. Sow and fast isoforms are present in the same
skeletd muscle cdl as a conssquence of cross innervaions, hormone intervention, and in
pathological conditions [10]. Thus, specific TNI isoforms probably play important roles in
determining the digtinctive functiona properties of various musdle types from different animals.

Specific amino acid sequences in muscle proteins have been shown to interact with pedific
gtes. The first report on TNI fragments that bind TNC was done by Syska et d. [11]. They report
that TNI fragment of the rabbit skdetd containing residues 1-21 and 96-116 bind TNC, and the
latter dso bind to actin. It has dso been summarized in the rabbit skdletd TNT that the N-termina
residues 160-260 bound to TNC, andthe C-termindl residues 216-263 might be the TNI interaction
gtg12]. Thus, specific interaction Stes in the components form part of a functiond complex.
Comparisons of these amino acid ssquences reved that a high ssquence homology of the
TNC-binding Ste is present towards the N-termind region of TNI isoforms containing N-termind
extendons that are seen in invertebrates and vertebrate hearts It has been reported that
bisphosphorylation of the N-termind extension of humen cardiac TNI dters the C&f*-binding
properties to TNC [13]. Smilarly the high sequence homalogy of the actiy TNC-binding Ste
exigs within the centrd portiorsof TNI isoforms from many animas. These reults of biochemica

-3-



gudies were confirmed when aiomic sructures of the core TN complex recently became avallable
[3, 4]. Probably, the regulatory complex of TN components shares common sructurd bases within
the core complex but with some variation depending on musde or animd type. Although many
detalled analyses of interaction Stes between the TN components il continues, few report on the
overd| interactions between regulatory components and include dl isoforms derived from asngle
genome.

TNI isoforms ae expressed in two patens tissue oedific and devdopmentdly
regulated. Previoudy, we have shown that three genes, namdy, ti-1, tni-2/unc-27 and tni-3 are
expressed in the body wall muscles, and that tni-4 exhibits pharynged-spedific expression in
Caenorhabditis degans[14]. An gpproach to understand the rale of TN in the regulation of muscle
contraction isto sudy the structural and functiond differences betweenthe various TNI isoforms
In our previous sudy, we dso compared the amino acid sequences of four TNI isoforms of C.
elegans withthose of Drosophila, crayfish, ad the cardiac, dow skdetd and fast skdetd musdles
of rabhit [14]. Comparisons of these amino acid sequences reved that a high sequence homology
of the TNC-binding ad the acti/ TNC-binding stes exigs indl C. degans TNI isoforms
Interestingly, three body wadl type TNI-1, TNI-2 and TNI-3 isoforms of C. degans contain unigue
C-termind extendons C-termind extendons containing goproximately 20 glutamic acid resdues
are common in dl body wal TNI isoforms but not in pharynged TNI isoform of C. degans, the
TNI isoforms of Drosophila, crayfish and rabbit [14]. The biologica importance of the Gtermind
extenson remains unknown structuraly and functionally.

In this study, we focused on the importance of the C-termind extensions of threebody wall
TNI isoforms as well as the tissue-gpedific interaction of TNI isoforms with other thin filament
components. To invedtigate the interactions of the TNI isoforms and those fragments with other
thin filament proteins, we condructed recombinant proteins of the N-, C-, and C-termind
extendonddetion fragments of TNI isoforms and performed Wegsern blot andyss usng
antibodies. The Gtermind extensons had no direct role in the TNC, TNT and TM interactions
Molecular binding assays of TNI with other thin filament components provide an ingght into how
thin filament regulatory proteins evolved to specidize in thar interactions to regulate muscle
contractiors. This is the firgt report on how the components of the TN complex of C. degans
interact with other thin filament components



2. Materialsand methods

2. 1. Congruction of expresson vectors

2. 1. 1. Congdruction of the N-terminal, Cterminal and Cterminal extenson-ddetions of the TNI
expression vectors

Expresson vectors of the N- and C-termind fragments of TNI-2, pCTNI-21117 and
PCTNI-2118 2 Were condructed by inserting BamHI rediriction fragments corresponding to a 354
bp 5-region and a 378 bp 3-region of the tni-2 cDNA [14] into the BamHI gSte of pET-284(+)
vector, respectively. These redtriction fragments were prepared by PCR amplification usng tni-2
cDNA as atemplae with the following sets of primers followed by BamHI digestion; TNI-2N-s
(5-AAG GAT CCA TGA GTG AAG AAG CCG GAG A-3) and TNI-2N-as (5-AAG GAT CCG
TTG ATG TCG TAC TTC TCC TCC-3) primersfor pCTNI-2.417, and TNI-2C-s (5-AAG GAT
CCA TCA ACT ACG TCG TCT CCC AGA-3) and TNI-2C-as (5-AAG GAT CCT GGA TTT
AGG AGT TTA CTC CTC-3) primers for pCTNI-21s 2. PCTNI-204 242 Was constructed by
inserting aXhol-Hindlll redriction fragment corresponding to the 453 bp 3-region of the tni-2
cDNA into the Xho-Hindlll dte of pET-28c(+) vector. The C-termind extensondeetion
condruct of TNI-2 expresson vector pCTNI-21.00 Was condructed by insating a BamHI
redriction fragment corresponding to the 5-region of the tni-2 cDNA, which is derived from the
subdoned vector pGEX-CTNI-2 [14], into the BamHI ste of the pET-284+) vector. This
resriction fragment was prepared by PCR usng pGEX-CTNI-2 as a templae with pGEXS
(5-GGG CTG GCA AGC CAC GTT TGG TG-3) and UNC-27-P2 (5-TTG GAT CCT TAC
TCA GCT TCT GGA GCA ACG-3) primers, followed by BamHI digestion pCTNI-41.165 Was
congtructed by insarting an EcoRI redtriction fragment corresponding to the 530 bp 5'-half region of
the tni-4 cDNA from yk328a10 into the EcoRI gSte of the pET-280(+) vector. This redtriction
fragment was prepared by PCR using yk328al0 as a templae with M13 (-21) ad
TNI-4-sEco-pETb (5-GCG AAT TCA ACCATG AGT GAC GTT GAC G-3) primers Notethet
the TNI-4-s-Eco-pETb primer dtered the dop codon in the 5 untrandated region UTR) of the
tni-4 cDNA. pCTNI-4g19s Was condructed by insating an Xhol redriction fragment
corresponding to the 519 bp 3-region of the tni-4 cDNA from yk328a10 into the Xhol Ste of the
PET-28b(+) vector.

Expresson vectors of other TNI-1/-3 isoforms were dso condructed briefly as follows
PCTNI-11.106 Was condructed by insarting an EcoRI redriction fragment of tni-1 cDNA from
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yk103h4 into the EcORI Ste of pET-280(+) vector. pCTNI-1;06250 Was condructed by insarting the
Xhal redriction fragment of tni-1 cDNA from yk103ré into the Xhol Ste of pET-28b(+) vector.
PCTNI-31.125 Was condructed by insarting an EcoRI redriction fragment of tni-3 cDNA from
yk338al2 into EcoRI dte of pET-28a(+) vector. pCTNI-3118.260 Was condructed by inserting the
Bglll-Xhol redriction fragment of tni-3 cDNA from yk338al2 into Bglll-Xhol Ste of pET-28¢(+)
vector. In summary, the N-termind, C-termind and C-termind extension-ddetion congtructs of the
TNI isoforms, as shown by the barsin Fg. 1, were cloned into the pET-28a(+), pET-280(+) and
PET-28c(+) vectors (Novagen), respectively and each of fragments were produced in E. coli drain
BL21(DEJ).

2.1 2. Condruction of the TNT-1, TNT-4, TNC and TM expression vectors

pPCTNT-1 was condructed by inserting an EcoRI redtriction fragment corresponding to
the 1215-bp full-length tnt-1/mup-2 cDNA from yk1354g3 into the EcoRI Ste of the pET-284(+)
vector. Thisregriction fragment was prepared by PCR usng yk1354g3 as atemplate with TNT-1-s
(5-TTGAAT TCATGT CCG ACG AGG AGG AGG TAT AC-3) ad TNT-1-as (5-TTG AAT
TCATTC GAC AAC GAC CTC TTC TCC-3) primers, fallowed by EcoRI digestion. pCTNT-4
was condructed by insating a BamHI redriction fragment corresponding to the 1044-bp
ful-length tnt-4 cDNA from yk1174g10 into the BanmHI gte of the pET-284(+) vector. This
redriction fragment was prepared by PCR using yk1174g10 as atemplae with TNT-4-s (5-CCT
GGA TCC TCGATGAAC ATGTCT GAC GAG GAATAC TCC G-3) and TNT-4-as(5-TCT
GGA TCC TTA ATAGTC TTC CTC TTC CTC GGC-3) primers The plasmid vectors for the
bacterid expresson of TNC-1 and TNC-2 have been described previoudy [14, 15].

Some expression vectors of TNC, TNI and tropomyosin of C. degans were used as
reported previoudy (Table 1) [14-16]. TMI and TMIII expression vectors and the cDNA donesof
CeTMI and CeTMIII were used as described previoudy [16]. All sub-cloned congructs were
verified by DNA ssquencing.

2. 2. \Western blot analyss and protein overlay assay

Wegtern blot andysis was performed using the ECL detection system (Amersham, now
GE Hedthcare Bio-Sciences by udng the fallowing specific antibodies ant-CeTMIII [16],
anti-CeTNC-1/-2[15] and anti-CeTNI-2/-4 [14]. Table 1 dso describes the antibodies usad in this
gudy. Anti-CeTNC-1 and ant-CeTNC-2 were tissue-specific as they detected only body wall
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TNC-1 and pharynged TNC-2, respectively (Fig. 2c) [14]. Anti-CeTMIII detected both the body
wdl TMI and the pharyngedl TMIII isoforms (Fig. 2d). Cross-reativity of the TMI isoform with
anti-CeTMIII, which was raised to detect the pharynged tropomyosin, TMIII isoforms, is due to
the sharing of some amino acid residues from common exons[16, 17].

The body wal TNI2 and TMI, and the pharyngedd TNI-4 and TMIII proteins of C.
elegans were produced in E. coli grain IM109, which were trandformed with each of cDNA
expresson vectors. cDNA dones of TNIF2-4 and TMI/IIT were cloned into pGEX-4T series and
PUR289, respectively [14,16]. The TNC-1 and TNC-2 proteins were produced in E. coli grain
BL21 (DE3) transformed with the pCTNC-1 and pCTNC-2  vectors, respectively [15]. Note
that the expressad proteins had ro tag. TNT-1 and TNT-4 proteins were produced in E. coli BL21
(DEJ) trandformed with the pCTNT-1 and pCTNT-4 vectors, which expressed Histagged TNT-1,
the body wadl isoform, and TNT-4, the pharyngedd TNT isoform of C. degans. Protein samples
were prepared according to the gandard procedure in which 0.05 pg/ml TNI, 0.02 pg/ml TNC,
0.04 pg/ml tropomyosn and 0.05 pg/ml TNT were run on SDS-PAGE and blotted onto a nylon
membrane. The processed membranes were immersed in 20 pg/ml TNI, 30 pg/ml TNC, 25 pg/ml
tropomyosn and 50 mM TrisHCI (pH 6.8) solution with 1 mM CaCh or 2mM EGTA a 4 °Cfor
12 hours. After washing, Western blot andyss was performed usng 0.05 mg/ml rabbit polycona
anti-CeTNI-2, antrCeTNI4, antrCeTNC-1 and antiFCeTNC-2 antibodies, anti-CeTMIII
anti-serum were ussd as the primary antibody, and 0.2 mg/ml of horseradish anti-rabbit 1gG
(Amersham Biosciences) was used as the secondary antibody; the samples were incubated a room
temperature for 1 hour and andlyzed by using the ECL detection system.



3. Reaults

3. 1. Characterization of the fragments of the TNI, TNT and TM isoforms and ther antigenic
characters

In C. degansdl isoforms of any muscle protein are identified and are available from the
database, WormBase. We expressad severd muscle thin filament proteinsin E. coli by congtructing
expression vectors that are summarized in Table 1. We dso condructed expresson vectors to
produce the N- and C-termind fragments of three body wall isoforms (TNI1, TNI-2 and TNI-3)
and ore phaynged isoform (TNI-4) (see Maerids and methods, FHg. 1 and Tadle 1). The
fragments consisted of two parts: the N-termind fragment containing the TNC-binding Ste and the
C-termind  fragment containing the actin/ TNC-binding dte. For example, deetion of the
C-termind extenson fragment of TNI-2 was designated as TNI-2120. The molecular 9zes of the
N-termind TNI-21_117, C-terminal TNI-294.0p, TNI-2118 22 and C-termindl extenson deletion
TNI-21_2p fragments of the TNI-2 isoform were confirmed by SDS-PAGE (data not shown) and
aresummarized in Table 1 The products of these fragments were detected by Western blot andyss
by usng the ant-CeTNI-2 antibody thet gained dl four TNI isoforms of C. degans (Fg. 23) [14].
Size differences were obsarved in the fragmentsof the TNI isoforms due to the design of the
expresson vectors. We focusad on the body wal TNI-2 isoform, amgor known TNI component
of the body wall musde and the product of thetni-2/unc-27gene[14].

The expression vectorspCTNT-1 and pCTNT-4 expressed body wal TNT-1, aproduct of
mup-2 [18] and pharynged TNT-4, aproduct of tnt-4, respectivdy. The molecular Szes of these
recombinant proteins are summarized in Tabde 1. These protens and other thin filament
components were used in the molecular interaction experiments.  The antrCeTNI-2 antibodly;
which was rased againg the mgor body wall type, crossreacted with al TNI isoforms, three body
wadl types and one pharynx type (Fg. &). This antibody dso detected the N- and C-termindl
fragments and the full length of all TNI isoforms, which suggested the presence of more than one
recognition Ste in the TNI-2 isoform (FHg. 28). As shown in FHg. 2b, the anti-CeTNI-4 antibody
specificaly detected the pharynged isoform, TNI-4. Fig. Z shows that antiseraagaingt eech of
both the body wal type TNC-1 and the pharynx type TNC-2 isoforms had tissue spedificity [14,
15]. The recombinant proteins and antibodies produced in this gudy are summarizedin Table 1 and
Méaterids and methods.



3. 2. Molecular interactions of body wall and pharyngeal TNI isoforms with other thin filament
components

3. 2. 1. Interaction between TNI and TNC isoforms

Both the TNC-1 and TNC-2 isoforms were overlaid on blotted N-termind TNI-21_417,
C-termind TNI-204242 ad TNI-2115 20, and the Gtermina extensontdeleted TNI-2;ox0 fragments
in the presence or absence of C&*. Similar overlay experimentswere aso performed withthe TNC
isoforms and the pharynged TNH4y_165 and TN4gi 191 fragments Each of the overlad TNC
isoforms was detected by usng the anti-CeTNC-1 or ant-CeTNC-2 antibody (Fig. 3b). Thee
resultsindicated thet body wall TNC-1 bound specificaly with the N-termina body wall TNI-2;.417
fragment, but not withthe pharynged TNI-4 isoform (Fig. 3, upper and lower pands) [14].
Pharynged TNC-2 interacted with both the N-termind TNI-2;.417 and TNI-4y.165 fragments and
ds the ful-length TNIF2 and TNI-4 isoforms (Fg. 3b, upper and lower pands) [14]. The
C-termind extensgondeleted TNI-2;0 fragment of body wal TNI-2 isoform was abdle to bind
with both the TNC isoforms but both the C-termind body wal TNI-2o4 242, TNI-2418 210 and
pharynged TNI-4g1101 fragments did not bind with ether the body wal TNC-1 or pharynged
TNC-2 isoforms, repectively (Fig. 3a-b). All interaction profiles between each par of TNI and
TNC isoforms are summarized in Fg. 3c. We conduded that the N-termind body wall TNI-2
interacted with both the body wal and pharynged TNC isoforms, but the N-termina pharyngedl
TNI-4 interacted only with pharynged TNC-2.

The extent of the interaction varied among the TNI isoforms and the N-termind fragment
used depending on the presenceor absence of Ca*. However, itwas difficult to determine whether
these results reflect quantitetive differences in these interactions. We heresfter focus on the TNI-2
isoform to study the molecular interactions with other thin filament components from baoth the
body wall and the pharynx.

3. 2. 2. Interaction between TNI and TNT isoforms
We performed proten overlay assays on ful-length and fragmented body wal TNI
isoforms with both body wal and pharynged TNT isoforms (Fig. 4). Full length TNI-2, the
N-termina TNI-2;_117,the C-termind TNI-2g4 20and the C-termind extensonddeted TNI-2;ox
fragments interacted with both the TNT isoforms (Fig. 4a b, d and € but the C-termind
TNI-2118 200 fragment did not (Fig. 4¢)._
The full length TNI-4 and two fragments TNI-44_165 ad TNI-4g1194 bound only the
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pharynged TNT-4 isoform (Fig. 4--h). Theresults of the interaction of the TNI isoforms with the
TNT isoforms in the presence or absance of C&* were dmost Similar (data not shown). The
interaction profiles between the TNI and TNT isoforms are summearized in Fg. 4i. In condusion,
the body wal TNI isoforms interacted with both the body wal TNT-1 and the pharynged TNT-4
isoforms, but the pharyngedl TNI-4 only bound the pharyngedl TNT-4. The TNT interaction Stes
of four TNI isoformsin FHg. 1 were presented more detailsin FHg. 6a (see Discusson).

3. 2. 3. Interaction between TNI and TM isoforms

We further determined which of the TNI termind regions interact with the tropomyosin
isoformsof C. eegans Thepharynged TNI-4 isoform bound only tothe pharynged tropomyosin,
TMIII (Fig. Sb). Interestingly, the TNI-21.117, TNI-204 220, TNI-2118 20, TNI-41_165 and TNI-gy 104
fragments had log the ability of the body wal and pharynged TNI isoforms to interact with
tropomyosn isoforms (Hg. 5ab). We condude that body wal TNI2 bound TNC/T and T™M
components from both tissues but pharynged TNI-4 interacted only with the pharynged
components (Fg. 1). All the tissue-specific interactions of the TNI isoforms with other thin filament
components are summarized in FHg. 1 (right pand) and are schematicdly shown in FHg. 6b (see
Discusson).
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4. Discusson

By peforming the protein overlay assays usng antibodies as probes we have determined
the molecular interactions of the body wal TNI isoforms with other thin filamert components
TNC, TNT and TM. We obtained evidence tha the pharynged TNI-4 isoform bound
tissue-gpedificdly with other thin filament components but that the body wal TNI isoforms
interacted with these components from baoth tissues The functiond sgnificance of the Gtermind
extenson, which is unique to the body wall TNI isoforms of C. degans, was not found by this
goproach.

4. 1. Molecular interactionsamong troponin componentsand troponyosn

4. 1. 1. Function of the Cterminal extenson inthe body wall TNI-2 isoforms

In this dudy, we found that the N-termind TNI-2)117, the C-termind TNI-204 22,
C-termind extendgonddeted TNI-2150 and full-length TNIF2 adl bound in asmilar manner with
both the body wall and pharynged TNT isoforms (Fig. 44 b, d and €). The evidence obtainedin
thisin vitro study confirmed that there was no difference in the interactions of body wal TNI
isoforms with or without the C-termind extenson (Fig. 4d and ) and in the presence or absence of
C&* (datanot shown). Smilarly, the overlay assay resuts of TNC and TM isoforms also show thet
the C-termind extendonddeted TNI-2;_pfragment isable to bind to both TNC and TM isoforms
(Fig. 3ab and FHg. 5a-b). Therefore, these resullts imply that the G-terminal extension has no direct
role on binding to TNC, TNT and TM isoforms in C. degans Although we did not study the
molecular interactions of the C-termind TNI extenson ddetions of the two other body wall
isoforms, the sequence smilarity of the three TN isoforms suggests thet the G-termind extenson
could have functions thet were not detected by in vitro overlay assay. As theatomic structure of the
core component of the human cardiac troponin complex does not include the TNI Gtermind
region of this endof TNI [4], it could ill have an important role in actin-myosin interactions.
Tancka e d. [19] reported that the ATNIxzog Gtermind fragment of Akazara scdlop TNI
inhibited actomyosin-tropomyosn Mg ATPase edtivity. Al-Hillawi et d. [20] aso reported thet the
recombinant human cardiac TNI inhibited the acto-S1 Mg ATPase attivity. This inhibition was
potentiated by the presence of tropomyosin and was reversed by the addition of the TNC to the
system. Although we have not done experiments on the C-termind extenson to determine
functiond effects on ATPase activity, we assume that the Gtermind extengon of the three body
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wall TNI isoformsof C. degans hassome biologicd function

In musde gudies for C. degans sydem [21], in vivo expeiments could be used to
determine the functiond importance of the C-teemind extenson. This might be achieved by
sudying whether the pharynged or Gtermind extensondeeted body wal TNI isoform could
rescue the mutant phenotype of tni-2/unc-27 animds that have a mutation in the mgor body wall
isoform gene, tni-2 [14].

4.1. 2. Molecular interactions between the TNI and TNT isoforms

Immunoblotting, cross linking and competitive labeing sudies on the rabbit fast skeletd
TNI and TNT suggest thet the TNI 58-107 segment bound to TNT [22-24]. The aomic Sructure of
the human cardiac troponin core complex shows that the hdlical part of H2 (1) interacted to H2 (T2)
[4]. Thisregion has been designated to the IT-arm [4]. We have focused on the IT-arm region,
resdue F90-R136 in humen cardiac, of TNI in comparing resdues among the four TNI isoforms
of C. degans and other animas (Fg. 6a) [14]. Our overlay assay results of the N-termind
TNI-21.117 and the Ctermind  TNI-294.242 fragments of TNI-2 isoform suggest that TNI and TNT
interaction gStes are located in resdues A-117 (FHg. 1, FHg. 63). The sequence dignment for the
interaction gtesin the four TNI isoforms of C. elegans(shaded in Fg. 6a) show that the interaction
gtes located in the Ntermind part of the IT-ams congst of three hdlicd surfaces, three aand d
surface of the heptad. In contrast to that, the pharynged TN isoform bound only with the
pharyngedl TNT-4 isoform (Fig. 4-h), whereasthe body wal TNI-2 interacted with both tissue
TNT isoforms (Fig. 4a b, d, eand i). This suggesisthat the Stes & which TNI and TNT interaction
occurred contain some differences. From these reaults we assume that functiond differences
between the body wall and pharynged TNI isoforms came from ddeting three amino acid resdues
in the pharynged isoform, TNI-4. The sequence dignment and the secondary ructure prediction
dgorithm dso sugges that this region can form a hdicd configuraion. In the outsde of the
N-termind of the helix, ane proline resdue is present in both TNI-1 and TNI-2 but two proline
resdues occur in TNI3 and TNI4. These will cause tilting of the hedlicd rod of the IT-arm.
Compardd to the acti TNC-binding Stes of these TNI isoforms the identity of TNT-binding stes
among animalsdoes not have a high sequence homology but there are some sequenceshomologies
for forming helicad conformations. Functiond differencesin the TNT-binding Ste betweenthese
animas may aise from fine-tuning the conformation of these regions between TNI and TNT.
More detalled experimenta sudies on functiond differences will be needed to invedtigate this
further.
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4. 1. 3. Molecular interactionsof body wall TNI-2with other thin filament components

Our resultsthat the pharyngea TNI-4 only bound with the pharyngeal TNC-2 isoform but
not with body wal TNC-1 (Fg. 3a-b) are amilar to those in aprevious report that the nature of the
TNI and TNC interaction is very different in different organiams and tissues[19]. Theresult of our
overlay assays of TNC hinding to TNI isoforms implies thet the Ntermind regions of both the
TNI-2 and TNI-4 isoforms interacted with pharynged TNC-2 (Fig. 3ab). Farah & d. [25] d<o
reported that the N-termind region of chicken skeeta muscle TNI bound to the C domain of TNC.
The NMR dructure of cardiac TNI reveds that the N-termind fragments of cardiac TNI interact
with the C-termind region of cardiac TNC [2]. Therefore, our results suggest thet the importance of
the N-termind region of TNI in interactions with TNC isoforms could be common in both
vetebraes and invertebrates.  The reason why dl G-termind fragments of TNI did not to bind to
TNC dthough they dl contain actiny TNC-binding region could be the character of invertebrates
This was conggent to the case that molluskan Akazara scallop TNz, Which contained the
actin/ TNC-binding region, did not interact with TNC even in the presence of C&£* [19]. It is of
interest to sudy how molecular interactionsamong TN complex are devel oped during evolution.

Figure 5c summarizes the interactions between the two tissue-gpedfic TNI and

tropomyaosin isoforms. These results suggest that the conformation of the TNI isoform dtered after
fragmentation, as the fragmented forms could not bind the tropomyosn isoforms (Fig. 5ab).
Smilar results were obsarved in overlay assays of the tropomyosn and TNI isoforms in the
absence of C&* (data not shown). It has been reported that truncated troponin binds weekly to
tropomyosin, regardless of C&* presence [26]. Our results are consstent with this. It has aso been
reported that TNI binds weskly to tropomyosin in the presence or absence of C&*, wheress the
TNI/TNC complex shows no detectable interaction with tropomyosin under smilar conditions [27].
Thus, the direct binding of TNI with tropomyosin could be important in the regulation of muscle
contraction

4, 2. Possble limitation of the protein overlay assay

Although the yeest two-hytrid sydem is a wdl-characterized method for andyzing
protan-protein interaction [28], it can only identify potentid binding partners for a protein of
interest; no information is provided about whether an interaction actualy occursin vivo or whet the
conseguences of binding might be. Pull-down gpproaches [29] can reved protein assodiations thet
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occur inacdl of interegt, but Hill cannot address the functional consequences of those interactions.
Thus it remains difficult to identify those specific protein interactions that are functionaly rdevant
to abiologicd activity of interest. Here, we show thet protein overlay assays can be used to study
molecular interactiors between TNI and other thin filament components. This gpproachis more
convenient than column chromeatography. It is quicker and uses less euipment and protein. The
degree of protein refolding, the antibody used as probe, and the order of overlaid or blotted proteins
are important factors for success Hdicd sructures eqpedidly are easly recovered in the origind
dructure and can interact with other proteins under the experimental conditions. Our results on
Western andysesshow that isoform specificities of each fragmented TNI isoform aredetected by
the corresponding antisera (Fig. 2). Depending on solubility or the Sze of proteins the interaction
can vary. We desgned our experiments so that the soluble and smdler proteins were overlaid onto
blots of theless soluble or larger protein. Unfortunately we could not detect differences in protein
binding in the presence or absence of C&". It is difficult to control the quantities of the ssmple
solution. Despite these limitations the overlay gpproach is a powerful means to determine the
overd| reationships between wide ranges of proteins from different sources We have discussed in
more detalsour use of this gpproach to sudy TNI isoforms and other thin filament components

4. 3. Gene duplication of thin filament components

Based on the assay resultsof the interaction between TNI and TNC (Fig. 3), TNI and TNT
(Fig. 4) and TNl and TM (Fg. 5) inthissudy, we summarized the molecular interactions between
these proteins in two tissues (Fig. 6b). Further, we observed the important fact that pharynged
TNI-4 interacted only with other pharynged thin filament proteins, and not with the body wal
protens (Fig. 6b). We assume that this was due to evolutionary and functiond reasons. Thin
filament proteins expressad in the pharynx interacted with each other, as was obsarved in the
overlay assay between the pharynged isoform pairs (ep 1). In evolution, the body wal TNI gene,
probably tni-3, duplicated subssquently, from tni-4 (step 2) [14]. ™o other body wal TNI genes
arelikely duplicates of the origind body wal TNI genetni-3; thisisdso implied their tandem array
on chromosome X. However, these genesdo nat differ consderably in their functions, dthough we
have not determined thisexperimentdly. These three body wall TNI isoforms can il interact with
the pharynged isoforms (2ep 3). The body wall type genes of the thin filament components TNC-1,
TNT-1 and tropomyosn TMI/IlI subssquently duplicated together with a mutation in the
corresponding pharynged genes (dep 4). The products of these genes could not interact with
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pharynged TNI-4 because of the mutations thet had occurred following gene duplication. Findly,
the three body wal TNI isoforms could interact with the body wal TNC, TNT and TM isoforms
(sep-5). Troponin gene duplication during evolution and current isoform interactions can be
explaned in this manner. The sequence homology of the TNT-binding Stes in the four TNI
isoforms was lower than those of TNC- and acti' TNC-binding Stes (Fig. 63) [14]. Even with
regard to the helica configuration of the TNFTNT interaction Site the functiond differences that
depend on the type of amino acid resdues of the isoforms could be important, dthough we have
yet to determine any functiond differences between these body wall isoforms The  hypothess

presented in this study will be useful to explore further the interactions within the troponin complex
and other thin filament componentsin detall.
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Figurelegends

Fig. 1. Schematic structures of four TNI isoforms and their congtructed fragments and summeary of
ther molecular interactions. The fragments containing the number of amino acids are shown in
suffix. For example, the N-termind fragment of TNI-1 containing amino acid resdues 1-126 weas
TNI-111. Amino add resdue number follows to the previous report [14]. Highlighted boxes
represent each location of the TNC-binding, TNT-binding, actin/ TNC-binding and the Gtermind
extenson, regpectivdly. More detals for TNT-binding Ste are presented in Fg. 6a The bar
represents 50 anino adid resdues. The fight pand summarizes the molecular interactions of the
condructed fragments of TNI isoformswith TNC, TNT and TM. BW, body wal; PHX, pharynx.
“+" and “-” indicate apogtive or negative interaction respectively.

Fg. 2. Spedificty of theantiserum agang TNI, TNC and TM of C. degans. (a) Cross-reactivity of
four TNI isoforms and their fragments with ant-CeTNI-2 antibody in Western blot andyss. The
lanes contained the totd protein of E. coli harboring the expression condructs containing the N-,
C-termind fragments of four TNI isoforms, Gtermind extensonddeted fragment of body wall
TNI-2 and four full-length TNI isoforms (Table 1). (b) Cross-reactivity of four TNI isoformswith
anti-CeTNI-4 antibody [14]. (c) Crossreactivity of two TNC isoformswith theanti-CeTNC-1 and
anti-CeTNC-2 antibodies [14]. (d) Crossreactivity of the body wal tropomyosn TMI and the
pharynged tropomyosn TMIII isoforms withant-CeTMIII antibody in Western blot analyss [17].
The pogtions are indicated by the molecular Sze of marker proteins in kilo Ddtons (kDa). Lane B
contained thetotd proteinsin E. coli BL21 (DE3).

Hg. 3. Protein overlay assay of the body wal TNC-1 and the pharynged TNC-2 isoforms with
both body wall TNI-2 and pharyngedd TN isoforms in the presence or absence of C&. ()
Protein overlay assay of the TNC-1 isoform with the N- and C-termind fragments of both TNI-2
and TNI-4 isoforms in the presence of Ca?* (upper pand) or absence of C&* (lower pand)). The
overlad TNC-1 isoform was detected by usng the anti-CeTNC-1 antibody. (b) A amilar protein
overlayassay between the TNC-2 isoform and TNI isoforms or ther fragments. Overlad TNC-2
was detected by using the ant- CETNC-2 antibody. + Cat™ ard - C&* indicates the presence and
absence of Caf*, respectively. () Summary of the interactionsbetween the TNI and TNC isoforms
It was noted thet the body wal TNC-1 only interacted with the N- termind containing TNI-2y_417
fragment, C-termina extensonde eted TNI-2;ox0 fragment and full-length TNI-2,
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Fig. 4. Protein overlay assay between the body wall and pharynged TNI isoforms and both tissues
TNT isoforms. Pands (a)-(h) demondrate the results of the protein overlay assays, (8) TNI-2-117,
(b) TNI-294.242, (€) TNI-2118 222, (d) TNF21.20, (€) TNI-2, (f) TNI-41165, (9) TNFo1104 and (h)
TNI-4isoforms with both the body wal and pharynged TNT isoforms. The arowheadsindicate a
52-kDa TNT-1 and a 45kDa TNT-4. Aderisks indicate no interaction with respective TNT
isoforms. The overlad TNF2;117, TNI-204 20, TNI-2118 242, TNI-21_200 ad TNI-2 fragments were
detected by using the ant- CETNI-2 antibody, and the overlaid TNI-411g5, TNI-4g1.10, and TNI-4
fragments were detected by using the ant-CeTNI-4 antibody. (i) Summeary of interactions between
the TNI and TNT isoforms.

Fig. 5. Protein overlay assay of body wal TMI and pharynged TMIII with boththe body wall
TNI-2 and pharynged TN isoforms. () Protein overlay assay of the TMI isoform with the N-
and C-termind fragments of both TNI-2 and TNI-4 isoforms and the C-termind extensonddeted
fragment TNI-21 0. (D) A similar assay of the TMIII isoform with those of TNI isoforms.
Ovealad TMI and TMIII were detected by udng the anttCeTMIII antibody. (€) Summary of
interactionsbetween TNI and TM isoforms obtained from the results of (8) and (b).

Hg. 6. Alignment of the TNT-binding Ste of the TNI isoforms of invertebrates and vertebrates and
the molecular interaction modd. (8) Sequence comparison of the TNT-binding Stes of four TNI
isoforms of worms and those of Akazara scallop, crayfish, Drasophila, Ciona heart and body wall,
rabbit cardiac, human cardiac, rabbit dow, human dow, rabhit fagt and human fagt skdetd muscles
The shade indicates the TNT-binding Ste of the TNI-2 isoform. The box indicatesthe I T-arm of the
humean cardiac TNI [4]. The black bars represent the (H2) TNI hdlix region [4] and TNT-binding
gte, respectivdy. Numbers in the TNT-, TNC- and acti TNC-hinding Stes represent percentage
homology. Data follows the previous report [14]. Hydrophobic amino acids locating at the‘d and
‘d pogtionsin the heptads repeat arelocated a the top of the sequence. Theidentity and smilarity
of the amino adid resdues are indicated by (*) and (/.), respectivdy. (b) The molecular interaction
modd to sudy the interactions between the TNI isoforms and those with the other thin filament
components TNC, TNT and TM. Step 1 represents the interaction of the pharyngedl TNI-4 isoform
with that of pharynged TNC-2, TNT-4 and TMIII; Step 2 represents the presumably gene
duplication of pharynged TNI-4 to the body wal TNI isoforms, Step 3 representstheinteraction of
the body wall type TNI isoformswith other pharynged thin filament proteins (as mentioned in step
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1); Step 4 represents presumably gene duplication with mutations of pharynged isoforms to their
corresponding body wall isoforms, Step 5 represents the interaction of the body wall troponin and
tropomyosin isoforms with the body wal TNI isoforms, repectivdly. The rectangles and dirdes
indicate the body wall and pharynx specific isoforms, respectively.
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Tablel

Construction and expresson of TNI, TNC, TNT and TM

Plasmid Restriction stes Product Length Molecular sizea  Expressed tissue
(aa) (kDa)
pCTNI-1 EcoRI-Sma | TNI-1 250 50 BWb
PCTNI-1;.196 EcoRl TNI-15.926 126 23 ND
PCTNI-11062p  Xhol TNI-1106 250 144 22 ND
pCTNI-2 EcoRlI TNI-2f 242 50 BwWb
PCTNI-2, ;47 BamHl| TNI-2(447 117 18 ND
PCTNI-2g4.245 Xhol-Hindl 11 TNI-294.042 148 20 ND
PCTNI-2;382  BamHlI TNI-2118 247 124 20 ND
PCTNI-21.220 BamHi| TNI-24.50 220 29 ND
pCTNI-3 EcoRI-Sma | TNI-3 260 52 BWb
PCTNI-311 ECoRI TNI-31105 125 24 ND
PCTNI-3150  Bglll-Xhol TNI-31g0 142 22 ND
pCTNI-4 BamHI-Small TNI-4f 194 48 PHXb
PCTNI-4y 166 EcoRl TNI-41.165 166 27 ND
PCTNI-4g; 194 Xhol TNI-4g 194 103 17 ND
pCTNC-1 EcoRI TNC-1f 161 24 BwWe
pCTNC-2 Sl 1-EcoRl TNC-2f 160 20 PHXc¢
pCTNT-1 EcoRI TNT-1 405 52 BwWd
pCTNT-4 BamH| TNT-4 347 45 PHXd
pCTMI Hind 1 T™I 284 40 Bwe
pCTMIII Pst I-Hind 111 TMIIIf 256 38 PHXe

BW, body wall; PHX, pharynx; ND, not determined; amolecular size on SDS-PAGE; "Ruksana et al.[14];

cTerami & al.[15]; YWormBase; ®Kagawaet al.[16]; fProductsare used for the producti on of anti bodly.
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Fig. 1 Amin et al.
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Fig. 2 Amin et al.
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Fig. 3 Amin et al.
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Fig. 4 Amin €t al.
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Fig. 5Amin et al.
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Fig. 6 Amin et al.
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OGQPKNLDGANEE- QLRAI | KEYFDHTAQ ESCKY DVELEI | RKDYEI NELNI QVNDLR
GGSPRNLSDASED TLKSLI KQHYDR NKL EDQKY DLEYVWK RKDVE | NDLNAQVNDLR
LEPLSG LNSMSSQELMOLCRELHGK KV DEQRF O EARWKKNDTE | EELNCKI FDLR
LEPLSG LNSMSSQE LMOLCRELHGK DKV DEQRF D EARWKKNDTE | EELNCKI FDLR
QQPLE- - LAGLGFAE LQDL CRQLHARVDKV DEERY DVEAKVT KNI TEI ADLT CKI FDLR
QQPLE- - LAGLGFAE L HARVDKV DEERY D EAKVT KNI TEI ADLT QK1 FDL
| PALQ- - TRGLSLSALQDL CRLHAKVEVV CEERY D EAKQL HNTRE | KDLKLKVLDLR
| PTLQ- - TRGLSLSALQOLCRELHAKVEVVCEERY O EAKQL HNTRE | KDLKLKVMDLR
CPPLS-- LPGS MAEVOELCKQLHAK DAAEEEKY DVH KVQKSSKE LEDMNCKLFDLR
CPPLH-- | PGS MBE VQEL CKQLHAK DAA EEEKY DVEVRVQKT SKE LEDMNCKLFDLR

*

Body wall
5 TNC-1
4—Pp | NT1L-2-3
T™I/II
3
4
<«—>
Phar ynx

-29-

150
138
150
134
239
137
135
153
106
136
136
102
105
105
105

Identity( % of
the binding sites

TNT
100
72
59
48
41
31
24
14
14
28
28
21
21
25
25

TNC
100
81
71
75
40
60
60
31
27
19
27
25
31
23
22

Acti n/ TNC

100

100
94
94
65
88
94
47
53
53
47
53
53
53
53



