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ABSTRACT: Troponin | (Tnl) is the component of the troponin complex, Tnl, TnC, TnT, that is responsible
for inhibition of actomyosin ATPase activity. Using the fluorescence of pyrene-labeled tropomyosin (Tm),
we probed the interaction of Tnl and TnIC with Tm on the reconstituted muscle thin filament. The results
indicate that Tnl and TnIC{C&") bind specifically and strongly to actiiTm with a stoichiometry of 1

Tnl or 1 TnIC/1 Tm/7 actin, in agreement with previous results. The binding of myosin heads (S1) to
actinr—Tm at low levels of saturation caused Tnl and TnIC to dissociate from-actim These results

are interpreted in terms of the S1-binding state allosteric-cooperative model of theTwtithin filament,
closed/open. Thus, Tnl and TnkECa™") bind to the closed state of actiTm and their binding is greatly
weakened in the S1-induced open state, indicating that they act as allosteric inhibitors. The fluorescence
change and the stoichiometry indicate that the Tnl-binding site is composed of regions from both actin
and Tm probably in the vicinity of Cys 190.

In vertebrate skeletal and cardiac muscle, the tropenin 0.5. These results can be interpreted with the allosteric-
tropomyosin (Tr-Tm) complex interacts with actin to confer  cooperative model of the thin filament (closed/opeh},(
C&" sensitivity to muscle contraction and to aetimyosin 12), whereby Tnl and TnIC binding is inhibited when the
ATPase, see reviewd{3). Tm is ana-helical coiled coil actin—Tm filament is shifted into the open statd2].
molecule which interacts with seven actin subunits and with Preliminary reports of this work and effects on aetifrm
itself in a head to tail fashion to form a continuous filament activated myosin ATPase have been present&d14).
along actin. Tn contains three subunits, TnC, TnT, and Tnl.

TnT interacts with Tm from a region near Cys 199 (o EXPERIMENTAL PROCEDURES

the heaed-tail overlap and is the component which anchors
the troponin +troponin C (TnlC) complex to actinTm. In

the absence of G4, Tnl interacts with actin, which results
in the inhibition of contractions). Binding of C&" to TnC

Rabbit skeletal actin was prepared from an acetone powder
of rabbit muscle and purified by cycles of polymerization/
depolymerization15, 1. Rabbit skeletal Tm was purified
. " - by isoelectric precipitation and ammonium sulfate fraction-
causes local dissociation of Tnl from act#) (relieving the ation (17, 18. For the fluorescence experiments, Tm was
inhibition. labeled with pyrene iodoacetamide as described eatl@®r (

Early studies have indicated that the binding to actin of RSTm, which consists predominantly as a 60/40 mixture of
Tnl and the TnIC complex in the absence of?Cas aa/af isoforms (9), was used without further fractionation.
enhanced by Tm7-9). In this study, we used the fluores- \whereas thet isoform contains a Cys at 190, tfidsoform
cence of pyrene-labeled Tra@) to probe the interaction of  contains an additional Cys at 36. Since the labeling was
Tnl and TnIC with Tm in the actirTm complex. done in the unfolded state, both sites should label with the

We found that Tnl and TnIC«{C&") bind strongly to same efficiency. Thus, 83% of the pyrene fluorescence
actin—Tm with a stoichiometry of 1 Tnl/1Tm/7actin but do  should originate from the pyrenes at Cys 190. We therefore
not bind to Tm. In view of the stoichiometry and the large interpreted fluorescence changes as originating from the Cys
fluorescence change (40%), the Tnl-binding site probably 190 region. The concentration of the labeled Tm was
jointly involves Tm in the region of Cys 190 as well as actin. determined by BCA-protein assay (Pierce) using unlabeled
We also show that the binding of S1 caused dissociation of Tm as a standard, and the concentration of pyrene bound to
Tnl and TnIC from actir-Tm at S1/actin ratios less than Tm was determined withezganm = 2.2 x 10* M™% The
labeling ratio, pyrene/Tm, was 1.6. Singly labeled Tm in
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Ficure 1: Pyrene monomer (M) and excimer (E) spectral changes [Tni]/[Actin]
on binding TnIC to doubly labeled actiim* and reversal 0 0.5 9 15 2 25 3
of monomer change by S1. ActfTm* (- - -); +TnIC (—); +S1 RN R A A R RS
(--+). [actin] = 2 uM, [Tm] = 0.3uM; [TnIC] = 2 uM; [S1] = 2 C
uM in 10 mM Hepes buffer, pH 7.5, 5 mM Mg&I50 mM NacCl,
and 2 mM EGTA, 25°C.

at the indicated wavelengths: 0.63 (290 nm, G-actin); 0.74
(280 nm, S1); 0.40 (280 nm, Tnl); 0.18 (280 nm, TnC).
Steady-state fluorescence data were obtained with a SPEX
Fluorolog 2/2/2 photon-counting fluorometer (Edison, NJ)
in the ratio mode with a 2.5 nm band-pass for both excitation
and emission on samples incubated in thé@2%hermostated j
housing. Titrations were carried out with excitation at 340 ,‘
nm and emission at 405 nm to monitor pyrene monomer 1;| ]
fluorescence 10). © 0.51/00.5 1 1.5 2 2.5
The titration data were fit to a quadratic binding equation [TniC/[Actin] [Tni]/[Actin]
(4) to Ob.tam the binding.conStam and stoichiometry using Ficure 2: Binding of Tnl and TnIC to actin Tm* monitored by
the Kaleidegraph nonweighted least squares program (Syn-yrene monomer fluorescence. (A) Doubly labeled Tm*. Conditions

1.6F

Fluorescence

Relative Tm*

ergy). as for Figure 1 except [NaCK 100 mM and [C&'] = 0.3 mM
for TnIC(HCa&). The curves are the best fits to the data. For TnIC,
RESULTS K =6 x 10° M~1, n = 0.14 TnIC/actin subunit. For Tnl 2 classes
- . of binding sites were used by fixing; = 6 x 10° M~1, n; andn,
Binding Using PyreneTm FluorescenceThe fluores- (14 and 0.86 Tni/actin subunit, respectively and obtaiag

cence of rabbit skeletal Tm, highly labeled with pyrene =3 x 105 M1 The binding of TnIC+ C&* was weak and not
iodoacetamide (Tm*) consists of a structured monomer bandanalyzed. (B) Singly labeled Tm*. Conditions as for Figure 1. Two
in the 400 nm region and a broad excimer band in the 480 titrations were done: (1) Tnl titratiorCy, top abcissa); (2) TnIC
nm region (0). The excimer band arises from an interaction (W added to [TnICl/[actin}= 1, then Tnl was titrated®, bottom
. . . . abscissa, ©2.5 Tnl/actin).

between pyrenes on adjacent chains and is conformationally
sensitive 22), whereas the monomer band, arising from The results indicated similar binding constants and a stoi-
noninteracting pyrenes, is sensitive to environment polarity. chiometry of 1 Tnl or TnIC/1 Tm/7 actin. Additional weaker
Singly labeled Tm which is mainly labeled at one of the binding of Tnl but not TnIC which influenced Tm fluores-
two equivalent Cys of each chain only exhibits monomer cence was also observed. To further explore the weaker
fluorescence. A 3640% increase in monomer fluorescence additional binding of Tnl and competition with TnIC, the
and a smaller change in excimer fluorescence was causedluorescence of singly labeled Tm* bound to actin was
by the binding of TnIC to the actthTm* complex (Figure monitored during binding of Tnl before and after binding
1). Addition of S1 reversed the monomer fluorescence TnIC (Figure 2B). First TnIC was added to actiim*
change and produced a large increase in the excimer bandin the absence of C& to ensure saturation at the TnIC
The S1-induced excimer fluorescence change is due to aspecific site (dotted curve) before adding Tnl, then Tnl
change in conformation of Tm* on actin associated with a was titrated into the TnlC bound actiim system Tnl
change in thin filament statd@). The S1-induced monomer produced a further increase in fluorescence (dashed curve),
fluorescence change is due to the displacement of TnIC fromsimilar to that produced by binding Tnl in the absence of
actir—Tm* when S1 binds to actin. A similar magnitude of TnIC (solid curve). These data suggest that Tnl displaced
monomer fluorescence change occurs on binding TnlC to TnIC in the specific site and also bound to additional
singly labeled actinr Tm* (Figure 2B), indicating that there  sites on actin to increase the fluorescence. Thus, it appears
was little contribution to the monomer fluorescence change that Tnl and TnIC in the absence of €abind strongly
associated with the S1-induced aetiim* conformational to a specific site on actinTm* near the label on Tm at
change. Cys 190. Tnl binds additionally to sites of lower affinity on

The change in monomer fluorescence was used in titrationsactin, affecting the environment of the label via a long-range
to obtain binding constants and stoichiometry (Figure 2A). effect.
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Ficure 3: Binding of TnIC to actir-Tm monitored by actin
sedimentation and gel electrophoresis (16% polyacrylafBi2S).
(A) Gel bands of proteins bound to actin in pellet. Bands91
Increasing concentrations of TnIC from 0 to AWM were mixed
with actin—Tm in the absence of €a(2 mM EGTA). Band 10; 3
uM TnIC mixed with actin-Tm in the presence of €a (1 mM

CaCl). [actin] = 5 uM, [Tm] = 1 uM, 100 mM NacCl, 10 mM
sodium phosphate buffer, pH 7.0, 2 mM MgCand 1 mM DTT,
20 °C. (B) Densitometry of gel bands.

Binding by Actin SedimentatiolRirect evidence for the
binding properties of TnIC to actinTm was obtained by

Zhou et al.

the level of Tnl and TnC in the actin pellets after sedimenta-
tion in the absence and presence of'CaDensitometry
verified that about half of Tnl and (TnC) were displaced
when S1/actire 0.2, much before full saturation of the actin
by S1 (Figure 4C).

DISCUSSION

Our work extends the early studies of the binding of Tnl
and TnIC to actir-Tm (7—9) with the use of a fluorescence
probe primarily at Cys190 of Tm (Tm?*). Titrations showed
that both Tnl and TnIC bind to actiitm* with a stoichi-
ometry of 1 Tnl or TnIC/7 actin, the same stoichiometry as
Tm binding to actin. The 3640% fluorescence increase is
probably due to a local environmental change due to
shielding of the pyrene group from solvent. A similar
fluorescence increase was observed on binding Tn and TnT
to pyrene-labeled Tm1Q). Thus, the fluorescence change
is most probably due to binding in the region of Cys 190,
the main site of labeling. However, a long-range effect cannot
be entirely ruled out. In view of the stoichiometry and the
magnitude of the fluorescence change, it appears that the
TnIC—Tnl specific binding site combines a region of Tm
and a region of 1 of the 7 actin subunits that interact with
the Tm. In addition to the specific binding site involving
Tm, Tnl, but not TnIC, binds to other sites on aetifim,
probably to actin, in agreement with earlier evidence of
binding to actin in the absence of Tri)(

The dissociation of Tnl and TnIC from actiim by S1
binding can be explained in two ways; via S1 directly
competing with Tnl-binding sites on actin or via S1 changing

actin sedimentation and gel electrophoresis. Increasingthe state of Tm on actin, which causes the loss of the Tnl-

amounts of TnIC were mixed with act#Tm and sedimented

binding site. Although there is evidence that S1 and Tnl bind

at high speed. The proteins in the actin-containing pellets in the same region of actin, a direct effect would require

were visualized on gels (Figure 3A). In the presence 6f Ca

that the loss of Tnl and TnIC binding would occur in parallel

no TnIC was observed in the pellet (lane 10). Densitometry to the binding of S1. The above data which show that S1

indicated that TnlC was bound to actifm close to the

binding at low S1/actin ratios to actiTm is sufficient to

Tm—actin stoichiometry of 1/7 and a binding constant of 6 dissociate Tnl and TnIC argues for the indirect effect. The

x 10°P M~ (Figure 3B). The 10 times lower binding constant
for TnIC binding to unlabeled actinTm compared to
pyrene-labeled actinTm* (Figure 2) could be due to the

actin—Tm thin filament equilibrates between open and closed
S1-binding states or on and off activity staté2,23. The
inhibition of actin-S1 ATPase on binding Tnl is due to

influence of the label since an increased binding constantallosteric shifting of the actinTm equilibrium to the off

was observed on binding Tn to pyrene labeled Tr®)(

Displacement of Tnl and TnIC from ActiTm by S1As
indicated in Figure 1, the binding of S1 to actiim*

state. However, S1 and S1-ADP, which make strong
complexes with actin, trap the actifm filament in the on
or open state. Only a few bound S1s per Tm are required in

reverses the increase in monomer fluorescence produced byiew of the large cooperative unit sizéZj. By shifting the

Tnl and TnIC. To determine the mechanism of the S1- thin filament to the on or open state, the Tnl and TnIC thin
induced displacement, the monomer fluorescence of-actin filament interaction is weakened, causing dissociation. Thus,
Tm*—Tnl and actin-Tm*—TnIC mixtures was monitored it appears that Tnl and TnlC do not bind well to aetiim
during titrations with S1. To determine the S1 binding in the on or open state as required for allosteric inhibitors
stoichiometry, the light scattering associated with the binding (12). Evidence for a different position of Tm on actin in the
of S1 was also monitored (FigureAd The data indicate  on state has been obtained from structural studds The
that the binding of S1 to actinTm* causes the dissociation loss of a Tnl-binding site made up of parts of both Tm and
of Tnl and TnIC from the specific sites at low levels of actin due to binding of S1 would be consistent with a
saturation of S1/actin, i.e., half of the Tnl and TnIC is movement of Tm which would eliminate that common site.
dissociated from actinTm when only about 1/5 of the actin In the complete thin filament (actiAiTmTn), C&" causes
sites are occupied with S1. local dissociation of Tnl from actinTm (6), but interaction
Direct sedimentation and gel electrophoresis data verified of TnIC with the C-terminal region of the TnT component
the dissociation of TnIC from actiniTm at low ratios of keeps the TnIC attached to the thin filament. As shown
binding of S1 (Figure 4B). In the presence of?C4lanes previously and verified in this work, in the absence of TnT,
a—f), very little binding of TnIC was observed compared to complete dissociation of TnIC is facilitated by €49, 25
the absence of Ca (lanes g-i). Increasing [S1] decreased 26). Low binding ratios of rigor bonds of S1, such that occur
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Ficure 4: Displacement of Tnl and TnIC from actiTm* by S1. (A) Pyrene monomer fluorescenc®, @). S1 binding to actini(, H).

TnIC, (@, m); Tnl, (O, O). [actin] = 1.4 uM, [Tm*] = 0.2uM, [TnIC] = 0.7 uM in 50 mM NacCl, 10 mM Hepes buffer, pH 7.5, 5 mM

MgCl;, 2 mM EGTA, and 1 mM DTT. [Tnl]= 1.4 uM in the same solution except [NaC 100 mM. (B) Intensity of gel bands of

proteins bound to actin in pellet after sedimentation and 9 to 18% gradient gel electrophoresis. Increasing concentrations of S1 were added
to solutions containing [actinF 16 uM, [Tm] = 4 uM, [Tnl] = 6.7 uM, [TnC] = 12uM, in 100 mM NaCl, 2 mM MgC}, 0.4 mM CacCl2

(lanes a-f), or 0.8 mM EGTA (lanes gi). Sodium phosphate buffer, 10 mM, pH 7.0, 5. Polyacrylamide gradient gel, 9 to 18% . LC1

and LC3 are S1 light chains, which increase in proportion to the bound S1. (C) Densitometry of gel bands in panel B, as a ratio to the
constant amount of Tm present. Because the Tnl band was not sufficiently resolved from the LC1 band, they were integrated together, and
the corrected value of LC1 bound was obtained by subtracting the density of the- D@Lbands at high Ca where little Tnl was bound.

The linear increase in LC3 with S1 added indicates the validity of the correction procedure.

at low [ATP] (27) andN-ethyl maleimide treated S1, which interfere with the binding of S1 to 1 of the seven actin sites,
binds to actin strongly in the presence of ATP, have been resulting in a contribution to the ATPase inhibition. It thus
shown to activate the actiiTmTn thin filament even inthe  appears that, in the actfTmTn thin filament, Tnl binds to
absence of Ca (28). Clearly, the activation most probably actin in the absence of €ato inhibit ATPase in two ways:
involves a shift to the on state, releasing Tnl. In this case, (1) by causing a block of the initial or weak binding of S1
the Tnl is locally dissociated from the specific site but is and (2) by stabilizing Tm in the off state which inhibits the
held on the thin filament by the presence of TnT. isomerization of S1.
In the absence of Tm, Tnl binds weakly to actin to cause
inhibition of ATPase 7). Since actin does not equilibrate ACKNOWLEDGMENT
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