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ABSTRACT. Contraction of vertebrate striated muscle is regulated by the interaction %6f@ith the
heterotrimeric protein troponin (Tn), composed of troponin-C (TnC), troponin-1 (Tnl), and troponin-T
(TnT). Although much is known about the €ainduced conformational changes in TnC, the?CGa
binding subunit of Tn, little is known about how Tnl, the inhibitory subunit, responds to the binding of
Ca&* to TnC. In this work, we used resonance energy transfer to measure the distance between probes
attached at Cys48 and Cys133 in the N- and C-terminal domains, respectively, of Tnl. A mutant rabbit
skeletal Tnl, TM8/133(C64S), was constructed by converting Cys64 into Ser. The remaining two thiols
at Cys48 and Cys133 were labeled with the fluorescent donor 1,5-IAEDANS, and the nonfluorescent
acceptor, DAB-Mal. We found an interprobe distance~a@f1 A for both uncomplexed Tnl and Tnl in

the binary complex with TnC. This distance increased to 51 A in the ternary Tn complex with TnT.
These distances did not change significantly on binding 8f @TnC. In the reconstituted thin filament,

this distance remained to be 50 A in the presence of saturatiftig Rt increased te-66 A on removing

Ca" with EGTA in the presence of Mg. Our results indicate firstly that while TnC has only small
effects on the global conformation of Tnl, the presence of TnT in the ternary Tn complex gives rise to an
apparent elongation of Tnl. Secondly, whereas there is no detectablel&azendent change in the global
conformation of Tnl in the Tn complex free in solution, the removal of'Gaused a substantial separation

of the N- and C-terminal Tnl regions in the reconstituted thin filament, owing to the interaction between
the C-terminal region of Tnl and actin in the relaxed state.

The contraction of vertebrate striated muscle is regulated domains connected by a long centrathelical region
by C&" interacting with the heterotrimeric regulatory protein (Herzberg & James, 1985; Sundaralingainal., 1985). There
troponin (Trt), composed of the Ca-binding, inhibitory, are four functional C&-binding sites in skeletal muscle TnC,
and Tm-binding subunits (TnC, Tnl, and TnT, respectively). one pair in each globular domain. TheCdinding sites
X-ray crystallographic studies have shown that TnC is a in the C-terminal domain have higher affinity for €ahan
dumbbell-shaped molecule with its N- and C-terminal those in the N-terminal one. The former also bind#g

with a binding constant about 1000 times smaller than that
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sin, respectively; TnC, Tnl, and TnT, the €ebinding, inhibitory, and while the remaining N- and C-terminal masses of Tnl would

Tm-(bindilrflg subunri]tsho;‘)Tr;], rlespedctively; 1,5-IAEI?]Ahi‘lS;iodcl)acetyl- f be disposed as two caps on the two globular TnC domains
N '-(5-sulfo-1-naphthyl)ethylenediamine; DAN, the dansyl moiety o lah . 1994 Olah & Trewhella: 1994).

1,5-IAEDANS; DAB-Mal, 4-dimethylaminophenylazophenyk#ale- (Olahet al, 1994; Olah & Trewhe ?’ 994) .

imide; DAB, the dimethylaminophenylazophenyl moiety of DAB-Mal; Current models for the mechanism of Caegulation
Tnl*8133 mutant rabbit skeletal Tnl with Cys64 replaced by Ser, (Farah & Reinach, 1995; Grabarekal.,, 1992; Zot & Potter,

retaining Cys48 and Cys133; d-T#I33 Tnl¢/133 |abeled with the 1987) pr that in the low &=or rel tate of muscl
fluorescence donor DAN on the cysteines; da?¥HE Tnl*¢133|abeled 987) propose tha elo elaxed state of muscle,

with both donor and acceptor (DAB); MES, BHmorpholino)- Tnl interacts strongly with actin and maintains Tm at a
ethanesulfonic acid; HEPES\-(2-hydroxyethyl)piperaziné'-(2- position in the thin filament that inhibits the cyclic interaction
ethanesulfonic acid); DTT, dithiothreitol; EDTA, ethlenediaminetet- between myosin heads and actin. In the activated state, the
raacetic acid; PMSF, phenylmethanesulfonylfluoride; ATP, adenosine binding of C&" to TnC causes the strengthening of the
5'-triphosphate; PCR, polymerase chain reaction; RET, resonance. . .
energy transfer; MOM, method-of-moments; SBSAGE, sodium interaction between TnC and Tnl, and weakening of the

dodecyl sulfate-polyacrylamide gel electrophoresis. interaction between Tnl and actin, giving rise to the
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detachment of Tnl from actin and the movement of Tmtoa Proteins Tn subunits (Greaser & Gergely, 1973), Tm
noninhibitory position. Over the years, much effort has been (Greaser & Gergely, 1971), and actin were prepared from
directed toward deciphering the detailed mechanism of this rabbit skeletal muscle according to established methods
complex process. Many workers have studied the interaction(Spudich & Watt, 1971). Rabbit skeletal myosin was
between TnC and Tnl and between Tnl and actin [see prepared as described previously (Wagner & Yount, 1975)
reviews by Farah and Reinach (1995), Leavis and Gergelyand stored in 50% glycerol at20 °C. Chymotryptic S1
(1984), and Zot and Potter (1987)]. Resonance energywas prepared as described by Weeds and Taylor (1975) and
transfer experiments provided evidence for a change inwas assumed to have a molecular weight of 115 000 and
distance between TnC and Tnl (Tat al, 1989) and for €280 = 0.75 (mg/mLy* cm™* (Wagner & Weeds, 1977).
the proposed movement of Tnl with respect to actin in Mutant Tnl cDNA was produced using the PCR method of
response to Ca (Tao et al., 1990). overlap extension (Het al.,, 1989). Starting from the wild

In recent years, the €ainduced conformational transition  type rabbit fast skeletal cDNA (Jhat al, 1994), cDNA
in TnC that initiates the chain of events leading to the coding for Tnf¥133was constructed by converting the TGC
activation of the cyclic acto-myosin interaction has become codon for Cys64 to TCC for Ser. The construct was
better understood (Herzberg al, 1986; Grabarelet al., completely sequenced using the Sequenase kit (United States
1990; Fujimoriet al., 1990; Wanget al, 1992; Gagneet Biochemical Corp.). The expression vector pAED4 and
al., 1995). In contrast, only a few studies have been carried Escherichia colstrain BL21(DE3) were used for expression
out to characterize the conformational changes that occurof the mutant protein as described by Goetgal. (1993).
within Tnl in response to Ca binding to TnC. Excimer  The cells were harvested by centrifugation, suspended in a
emission of pyrene groups attached to Cys48 and Cys64,solution containing 10 mM MES, 1 mM DTT, and 1 mM
both in the N-terminal region, (Strasbueg al., 1985) as EDTA, pH 5.5, and centrifuged again following several
well as the tryptophan fluorescence (Wang & Gergely, 1986) cycles of freezing and thawing. The pellets were washed
of Tnl in the TnGTnl complex is decreased by €abinding with a solution containing 25 mM MES, 1 mM DTT, 1 mM
to the low-affinity sites of TnC. Lakowiczt al. (1988) EDTA, ard 3 M urea, pH 6.0, and resuspended in a solution
found no effect of TnC on the distribution of the distance containing 50 mM Tris-HCI, 1 mM DTT, 1 mM EDTA, 0.2
between Trp158 and Cys133 of Tnl, both in the C-terminal mM PMSF, anl 7 M urea, pH 8.8, for extraction of
region, without C&". In the presence of €4, the distribu- recombinant Tnl. The cell debris was pelleted, and the
tion was narrower. These studies indicate that sonfé-Ca supernatant was loaded onto a 2510 cm DE-52 (What-
induced local conformational changes do take place in Tnl. man, preswollen microgranular anion exchanger) column pre-
Little is known, however, about the nature of the global equilibrated with the extraction solution. The flow-through,
conformational changes that occur in Tnl wherf Chinds to which 30 mM sodium acetate was added and whose pH
to TnC. was adjusted to 4.5 witl N HCI, was loaded onto a 2:6

In this study, we used resonance energy transfer (RET) 10 cm SP-Sepharose Fast Flow (Pharmacia Biotech., strong
measurements to characterize the relative disposition of thecation exchanger) column pre-equilibrated with the separation
N- and C-terminal domains of Tnl, marked by probes on solution (30 mM sodium acetate, 1 mM DTT, 1 mM EDTA,
Cys48 and Cys133, respectively, in various forms of com- 4 M urea, and 0.28 M NaCl, pH 4.5). On elution with the
plexation and metal ion states. For this purpose, we separation solution using a linear gradient of 0.28 to 0.7 M
constructed a mutant Tnl that contains only these two of the NaCl, recombinant Tnl appeared at about 0.35 M NaCl. The
three indigenous Cys residues (T#3. Using 1,5- purified Tnl was dialyzed against distilled water, lyophilized,
IAEDANS as the fluorescent donor and DAB-Mal as the and stored at-20 °C. The purity was assessed by SBS
nonfluorescent acceptor, we measured the distance betweeAGE and UV spectrophotometry.
these two residues in uncomplexed Tnl, the binary ThC  Protein Labeling Two different procedures, random
Tnl complex, the ternary Tn@nl-TnT (Tn) complex, and  labeling and specific labeling, were used to label “¥##
in the reconstituted Tm-actin thin filament. The mea-  with the donor and the acceptor. Random labeling was
surements were carried out both in the presence of saturatingcarried out with the protein in the denatured state, so that
Ca', simulating thén vivo activated state, as well as inthe the donor and the acceptor were randomly distributed
presence of EGTA and Mg, simulating then vivo relaxed between the two residues. The second procedure exploits
state. Our results show, firstly, that whereas TnC had little the fact that Cys48 is nonreactive while Cys133 remains
effect on the distance between residues 48 and 133 of Tnl,reactive in the ternary Tn complex (Chong & Hodges, 1982).
the addition of TnT to the Tnd'nl complex increased this For random labeling, lyophilized T#*33was dissolved,
distance by~10 A. Secondly, whereas the removal oP€a  ~40uM, in a solution containig 6 M urea ® 4 M GdmcCl,
has only negligibly small effects on this distance in the TnC 2 mM EDTA, 0.1 M NaCl, and 20 mM HEPES, pH 7.5
Tnland TnCTnl-TnT complexes, there is an increase of 16 (denaturing solution), plus 5 mM DTT. After incubation at
A'in this distance in the reconstituted thin filament upon the room temperature for 30 min, the reduced “ff# was
removal of C&". dialyzed against the DTT-free denaturing solution and then

incubated with 1,5-IAEDANS at a probe:protein ratio of

MATERIALS AND METHODS 0.75:1 (mol/mol) for 20 min at room temperature. The

Chemicals Unless otherwise specified, common reagents reaction was quenched with 5 mM DTT and dialyzed against
were obtained from Sigma (St. Louis, MO). HEPES was the denaturing solution. The extent of DAN incorporation
obtained from Research Organics (Cleveland, OH), reagentswas determined spectroscopically usifigo (1 mg/mL, 1
for recombinant DNA procedures from New England Biolabs cm path)= 0.4 for Tnl, 337 = 6000 M1 cm™, andezgo =
(Beverly, MA), and chemicals for gel electrophoresis from 1060 Mt cm™ for DAN (Hudson & Weber, 1973). The
Bio-Rad (Richmond, CA). donor-labeled material, d-T#¥*33 was then incubated with
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DAB-Mal at a probe:protein ratio of 10:1 (mol/mol) for 3 h
at room temperature, and then overnight atG After
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reconstituted myofibrils;~0.5 mg/ml, were initiated by the
addition of 2 mM ATP (Ballet al,, 1994). At each of three

quenching and dialysis as described above, the mutant Tnlor four time points 2 min apart, an aliquot of the reaction
labeled randomly with donor and acceptor, designated as da-mixture was removed and quenched with equal volume of

Tnl*8133 was stored at20 °C in the denaturing solution.

10% cold trichloroacetic acid. After centrifugation, the

Before using, the denaturant was removed by dialysis. Thephosphate content of the supernatant was determined by

spectroscopically determined labeling ratios were DAN:
DAB:Tnl = 0.4:0.9:1 using the extinctions given above and
€460 = 24 800 M1 cmfl, €280 = 8400 M1 cm™! for DAB
(Taoet al., 1983).

For specific labeling, the reduced T#133was recombined
with TnC and TnT at a molar ratio of 1:1:1 in the denaturing
solution, and dialyzed against a solution containing 0.1 M
NaCl, 0.2 mM CaGl, and 10 mM HEPES, pH 7.5 (Tn
buffer). The Tn complex, 2630 uM, was incubated with
DAB-Mal for labeling of Cys133 at a probe:protein ratio of
5:1 (mol/mol) fa 3 h atroom temperature, and continued
overnight at 4°C. The alkylation reaction was quenched
by 5-10 mM DTT. The reaction mixture was spun and

measuring the absorbance at 700 nm following the addition
of ammonium molybdate and fresh FeSt0 0.66% each
and HSQO, to 0.5 N. The regulated actin-activated S1-
MgATPase activities were determined using &M S1 to
initiate the reaction in an assay mixture containing N
F-actin, 1uM Tm, TnC, TnT, and Tnl or modified Tnl
mutant and 2 mM ATP. Other conditions are specified in
the legends.

Fluorescence MeasurementSluorescence and anisotropy
decay curves were obtained using a modified ORTEC9200
nanosecond fluorometer as described previously (Tao & Cho,
1979). Fluorescence decay curves were analyzed by the
method-of-moments (MOM) using the program FLUOR

dialyzed against the denaturing solution to remove the (Small & Isenberg, 1976) to yieldqs and z4, the donor
unreacted probe and to dissociate the Tn complex. Thelifetime in the presence and absence of acceptor, respectively.

DAB-labeled Tnf®133 was separated from the other two

Energy transfer efficiencies and distances were calculated

subunits of Tn by a procedure used to purify Tn subunits with the use of Foster's equations:

from extracted rabbit skeletal Tn (Greaser & Gergely, 1973).

The modified Tnt®13% was then incubated with 1,5-
IAEDANS at a probe:protein ratio of 1:1 (mol/mol) for 30
min. After quenching with DTT, the reaction mixture was
dialyzed against the denaturing solution and store¢t 2Q
°C. Typical labeling ratios were DAN:DAB:Tn&= 0.45:

E = 1 - Tda/Td

()
R=R,(E " - 1" @

whereR, is the critical transfer distance, corrected for the

0.8:1. A donor-alone control sample was also prepared with yariation in donor fluorescence quantum yield using the

iodoacetamide substituted for DAB-MAL in the first step
before labeling with 1,5-IAEDANS.

Upon reconstitution with other subunits, the labeled or
unlabeled Tr#133was mixed stoichiometrically with TnC
or TnC and TnT, all in denaturing solution, and dialyzed
against a solution containing 0.1 M NacCl, 0.2 mM CacCl
and 10 mM HEPES, pH 7.5. To make regulated thin
filaments, the reconstituted Tn was mixed with Tm and
F-actin in a molar ratio of 1:1:7 (the actual concentration of
Tn was adjusted so that [DANF 1 uM for all the

equation:

R, =Ry(z/ Td')l/6 3)
with R, = 39.9 A andry’ = 13.5 ns measured for the DAN-
DAB couple (Taoet al., 1983).

Steady-state fluorescence intensity and polarization mea-
surements were carried out on a ISS K2 spectrofluorometer
in the L-format with the excitation and emission wavelengths

fluorescence measurements). This mixture was dialyzedSet at 337 and 480 nm, respectively.

against solution containing 50 mM NaCl, 2 mM Tris-HCI,

pH 8.0, 0.2 mM CaG| 1 mM MgCh, and 0.2 mM ATP.
ATPase Actiity Assays.The regulatory activity of labeled

and unlabeled TA¥3% was assessed by a myofibrillar

RESULTS

ATPase Actiities. The ability of the various Tnl forms
to modulate C& regulation of acto-myosin ATPase activity

ATPase assay and actin activated S1-MgATPase regulatedvas assessed using both the reconstituted myofibrillar system

by the reconstituted troponin. Rabbit skeletal myofibrils

and the regulated acto-S1 system (see Materials and Meth-

were prepared by homogenizing fresh psoas or adductorods). The results are shown in Figure 1. As expected, the

muscle in a medium containing 80 mM KCI, 1 mM HEPES,
pH 7.0, and 0.1 mM DTT, followed by five cycles of
sedimentation and resuspension (Soketral, 1971). The

intact myofibrils exhibited high ATPase activity in the
presence of G4, which decreased by 82% in the absence
of Ca* (Figure 1A, column 1). Also, as expected, the

endogenous TnC and Tnl were extracted by incubating the ATPase activity of myofibrils whose TnC and Tnl had been

myofibrils with rabbit skeletal TnT (myofibril:TnT= 4:1
by weight) in a solution containing 0.25 M KCI, 20 mM
MOPS/KOH, 5 mM EGTA, 5 mM Mgdj, 0.5 mM DTT,
pH 6.5, at 25°C for 1 h (Shiraishiet al,, 1992). Following

extracted exhibited no Gadependence (Figure 1A, column
2). The Cé&'-regulated activity was restored to the same
extent by muscle Tnl. All three forms of Tnl, TH#33
d-Tnl*®133 and da-Tm#133 exhibited the same Caregula-

low-speed sedimentation, the extracted myofibrils were tory activities as muscle Tnl (Figure 1A, columns@). The
rehomogenized in the ATPase assay solution containing 60acto-S1-MgATPase activities regulated by Tn containing

mM KCI, 2 mM MgCl,, 30 mM imidazole, pH 7.0. Labeled
or unlabeled Trff/133 either alone or complexed with TnC,
was then added to the extracted myofibrils to a final
concentration of 4M (Shiraishiet al, 1992; Ballet al,

these Tnl forms were the same, both in the presence and
absence of C4, as that using Tnl from rabbit muscle (Figure
1B). All these results indicated that neither the conversion
of Cys64 to Ser nor the labeling with DAN or both DAN

1994). The ATPase reactions of the intact, extracted andand DAB significantly impair the functional integrity of Tnl.
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= Ficure 2: Fluorescence anisotropy decay of d-“Ff#3 (solid
3 0.20 curves), or da-Trif133 (dashed curves): Modified Tnl free in
a8 - solution (1), complexed with TnC {C), complexed with ThC and
~ TnT (I-C-T), and in reconstituted thin filaments-Q-T-Tm-A).
g 0.10 Solution conditions, free Tnl: 0.5 M NaCl, 10 mM HEPES, pH
= 7.5, 2 mM EDTA. Binary and ternary complexes: 0.1 M NacCl, 10
6.00 mM HEPES, pH 7.5, 0.1 mM CaglReconstituted thin filaments:

50 mM NaCl, 2 mM Tris-HCI, pH 8.0, 1 mM MgGJ 0.2 mM

) _— . . ATP, 0.2 mM CadJ. All measurements were made with [DAN]
Ficure 1: (A) ATPase activities of (1) rabbit skeletal myofibrils, _— 1 uM and at 20°C.

(2) extracted myofibrils (with the endogeneous Tnl and TnC

removed), (3) extracted myofibrils reconstituted with rabbit skeletal ,_. .
Tnl and TnC, (4) extracted myofibrils reconstituted with wild-type (Figure 2). Thesé, values are considerably lower than the

TnC and Tnt#133 (5) same as 4, but with d-T#§(133 and (6) same  theoretical maximum value of 0.4, suggesting a considerable
as 4, but with da-Tr#f’133 A typical assay mix contained 6-0.6 degree of rapid depolarization owing to either rapid seg-

mg/mL of myofibrils, 4 uM exogenous TnC and Tnl or Tnl  mental rotational mobility of the probe or electronic depo-
derivatives, 60 mM KCI, 30 mM immidazole, pH 7.0, 2 mM MggCl larization of the excited state

lus 0.2 mM Cadl for the C&* stat t I 2mM . . - .
EéSTA for,n the %%?L_?{ee estate fsﬁaedg%m&i’uﬁ?n‘g’)‘?”(Sg)",&ag? s1.  CosedimentationThe incorporation of the labeled F##3

MgATPase activities regulated by troponin consisting of rabbit into reconstituted thin filaments was also checked by
skeletal TnC, TnT, and (1) Tnl, (2) recombinent T3 (3) ultracentrifugation (Beckman TL100 Ultracentrifuge, 30000
d-Tni*81330r (4) da-Tnf¥13% The assay mix contained 181S1, 20 min) followed by SDSPAGE analysis on aliquots of

1 uM reconstituted troponin and TmyBV F-actin,~17 mM NacCl,
5'mM MgCh, and 2 mM ATP, plus 0.2 mM Cagfor the C&* the samples used for RET measurements. In the presence

state (empty columns) or 2 mM EGTA for the Tdree state ~ Of Ca&*, all Tn subunits, including the labeled T#H
(shaded columns). All ATPase experiments were performed at 22 cosedimented with Tm and actin, indicating no dissociation

°C. of the subunits or dissociation of the Tn complex from
F-actin. In the absence of &a all the labeled Trif*33and
Fluorescence PolarizationThe binding in the presence  TnT and 86-90% of TnC cosedimented with actin.
of C&" of the labeled Trff"**3with TnC, TnC, and TnT, as Resonance Energy TransfetVe recorded the fluores-
well as to thin filaments, was examined using time-resolved cence decay curves of d-F#t33and da-Trme/ 233under four
fluorescence anisotropy measurements. Under conditionscomplexation conditions: (1) free Tnl; (2) in the binary
identical to those used for the energy transfer measurementsTnC-Tnl complex; (3) in the ternary Tn complex; and (4) in
the anisotropy decay rate of d-T#I was significantly  the reconstituted Tm-F-actin complex. Measurements
decreased by TnC (Figure 2). This is consistent with the were made first on samples containing 0.2 mM G&Gt
lower rotational mobility of the binary Tn@nl complex  the C&*-bound state, then on the same sample to which 2
compared with free Tnl owing to its larger volume. A further mM EGTA and 8 mM MgC} were added. In the latter
decrease in the anisotropy decay rate was observed wherondition, Mg binds only to the high-affinity sites in the
TnT was present, consistent with a further decrease inC-terminal domain, simulating the €afree relaxed state
rotational mobility of the ternary Tn complex. The anisot- in muscle.
ropy was virtually nondecaying for the reconstituted thin  Figure 3 shows the decay curves from one set of data (set
filament, reflecting the virtual immobility of the F-actin 1 in Table 2) for free Tnl, the binary complex, and the ternary
filaments on the nanosecond time scale of fluorescencecomplex, all in the presence of &a It can be seen that the
lifetimes. The shapes of the anisotropy decay curves weredecays of the doneracceptor samples (lower curves) are
not affected by the presence of the acceptor (Figure 2, dashedaster than those of the donor alone samples (upper curves)
lines), which can be expected to increase thg fluorescencepwing to quenching of the donor fluorescence via energy
decay rate of the donor but not to affect the anisotropy decay transfer to the acceptor. The extent of quenching is similar
rate if the hydrodynamic volume and shape remain the same for free Tnl and that in the binary complex, but notably less
These results indicate that both the singly donor labeled andin the ternary complex, indicating that the interprobe distance

the doubly donoracceptor labeled Tf**are fully able in Tnl is little affected by the presence of TnC, but is
to form the binary Tn€Tnl complex, the ternary Tn increased in the presence of both TnC and TnT.
complex, and the reconstituted thin filament. The fluorescence decay curves were subjected to MOM

Values of the anisotropy at time zewn,, vary from 0.13 analysis to obtain the lifetimes, followed by application of
for free Tnl to 0.24 for Tnl incorporated into thin filaments the Faster equations to obtain information on probe separa-
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Ficure 3: Fluorescence decay curves of d-*fiB3 (upper curves, monoexponential) and da#¥&3 (lower curves, biexponential). (A)
Labeled Tnt®133was free in solution, (B) complexed with TnC, and (C) complexed with TnC and TnT. Conditions were the same as in
Figure 2 for the corresponding complexation states. Circles are experimental points, shown one for every three; solid lines are calculated

curves using paramenters derived from MOM analyses (Table 1).

Upper panels show the deviation functions“4¥#illed circles)

and da-Tn®133(open circles) decay curves. The deviation function is defineld; as(c; — g)/(e)Y2 wherec; ande are the calculated and
experimental fluorescence intensities, respectively, aitthdata point. All measurements were made af@0

tion distances (see Materials and Methods). In what follows,

these values fory and 74, into eq -3 yielded a transfer

we illustrate the procedure using the data for randomly efficiency E of 0.499 and a separation distance of 41 A

labeled Tnt®133in the free state. For d-T#%3 monoex-
ponential analysis yielded a lifetime of 16.5 ns (Table 1).

(Table 1).
The properties of the decay curves for the binary and

Biexponential analysis yielded a major component with a ternary complexes in both €aand C&*-free (presence of

lifetime of 16.0 ns and a minor component with a negligibly

Mg?t and EGTA) states are similar to those for free Tnl, so

small fractional amplitude (0.015). Residual analysis showed that we could apply the same analysis to obtain transfer

that the quality of fit was only marginally improved when

efficiency and distance information (Table 1). As we

the biexponential parameters were used to describe the datageduced from qualitative considerations, we found that TnC

We conclude that the decay of d-T#i33 is essentially

had no effect on the donor-acceptor separation, while the

monoexponential and that the value of 16.5 ns can be takenaddition of TnT increased this distance by?7 A. The
asty, the fluorescence lifetime of the donor in the absence distance between probes attached to residues 48 and 133 in

of the acceptor. The fact that the decay curve of d*¥if
exhibits only one significant lifetime indicates that probes
at either site are in similar environments. This is also
supported by the finding that thg values for randomly and
specifically labeled samples are similar.

The fluorescence decay of da-T#1%2is distinctly mul-
tiexponential. Biexponential MOM analysis yielded a major
and a minor component with lifetimes of 8.28 and 17.5 ns,
respectively. Triexponential analysis yielded a third com-
ponent of negligible fractional amplitude (0.005). Thus, we
considered the decay of da-T#133to be essentially biex-

Tnl (hereafter referred to as the 48/133 distance) was
insensitive to C& for the binary TM{TnC complex and for
the ternary THTnC-TnT complexes, as is the case for free
Tnl.

Figure 4 shows the decay curves for d-¥ff3 and da-
Tnl*8133jncorporated into the TATNC:- TnT-Tm-actin syn-
thetic thin filament in the Ca (panel A) and C#&-free
(panel B) states. It can be seen that in thé'Cstate the
extent of quenching is similar to that for the ternary complex
(Figure 3C), while in the Cd-free state the quenching is
virtually abolished. The addition of excess?Céo the C&"-

ponential. The 17.5 ns value is comparable to the 16.5 nsfree sample restored the quenching observed for the original

lifetime of d-Tnr8133 and most likely corresponds to the
unguenched donor decay in the da-“*Pf# preparation that

Ca*-saturated sample (panel C), indicating that the effect
is reversible. These qualitative observations suggest that

contains no acceptor moiety. The 8.3 ns component clearly unlike the binary and ternary complexes, the 48/133 distance
corresponds to donor moieties whose fluorescence decay ratén Tnl undergoes a substantial increase from thé*Ca
is enhanced owing to energy transfer to the acceptor, andsaturated to the C&a-free state. The decay curves for these

can therefore be taken ag, the fluorescence lifetime of

samples were also subjected to the analysis procedure

the donor in the presence of the acceptor. Substitution of described above, and the results are shown in Table 1. It
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Table 1: Fluorescence Decay and RET Parameters fof¥f&Labeled Randomly with Donor 1,5-IAEDANS and Acceptor DAB-Mal
(Detailed Data for set 1 in Table ®2)

proteins metal 71 (nS) 72 (ns) 73 (NS) %3N E R (A) R(A)
d cat 16.52 (1.00) 2.48 41.3
16.01 (.985) 33.02 (.015) 1.48
|da ca* 8.28 (.676) 17.49 (.324) 4.31 0.499 41.3
5.69 (.454) 14.81 (.541) 34.60 (.005) 2.83
E Mg2* 16.77 (1.00) 3.05 41.4
16.57 (.998) 49.24 (.002) 2.04
|da Mg2* 8.30 (.684) 17.61 (.316) 3.75 0.505 41.3
4.90 (.415) 14.26 (.576) 30.81 (.010) 1.69
[4-C cat 15.43 (1.00) 2.64 40.8
15.18 (.997) 43.36 (.003) 1.69
|da.C car 8.42 (.736) 16.93 (.264) 5.71 0.454 42.1
5.94 (.461) 13.77 (.543) 31.34 (.006) 7.48
19.C Mg2+ 16.61 (1.00) 2.70 413
16.36 (.997) 45.70 (.003) 1.99
|da.C Mg2+ 7.29 (.638) 16.75 (.362) 3.01 0.561 39.6
5.36 (.481) 14.51 (.503) 25.67 (.016) 1.64
19.C-T ca* 15.40 (1.00) 3.37 40.8
15.16 (.997) 42.49 (.003) 2.77
|da.C-T ca* 11.09 (.860) 19.40 (.140) 2.15 0.280 48.2
10.54 (.744) 16.87 (.253) 32.64 (.003) 2.04
19.C-T Mg2* 16.56 (1.00) 3.23 413
16.48 (1.00) 64.26 (.000) 3.00
198.CarT Mg2* 11.06 (.660) 17.55 (.340) 1.29 0.332 46.4
9.40 (.402) 15.61 (.594) 31.47 (.004) 1.18
1%-CaT-Tm-A cat 15.70 (1.00) 2.86 40.9
15.54 (.998) 43.13 (.002) 2.45
[92.C-T-Tm-A cat 11.66 (.689) 18.05 (.311) 1.42 0.257 48.8
11.21 (.596) 17.09 (.400) 27.88 (.004) 1.41
14.C-Tm-A Mg2+ 16.86 (1.00) 2.04 41.4
16.37 (.973) 27.59 (.027) 1.82
98.C-T-Tm-A Mg2* 15.94 (.947) 27.30 (.026) 1.49 0.055 66.6
14.35 (.665) 19.51(.313)  —2.71(.023)

a|djs Tnl*#133|abeled with the DAN donor alone, i.e., d-T#33 [92js Tnl*8133|abeled with both the DAN donor and the DAB acceptor, i.e.,
da-Tnr¥133 Cis TnC, T is TnT, Tm is tropomyosin, and A is actin. Treare fluorescence lifetimes obtained by MOM analysis; the quantity in
parenthesis following each lifetime is the fractional amplitude of each decay compgfidhis the mean residual, defined g3¥N = [ZiNzl(fi -
fa)2fi)/N, whereN is the number of data pointf,is the measured intensity of tli data point, andi; is the calculated intensity using the derived
parameterst is the transfer efficiency, calculated according to eq 1 (Materials and MethRds)the corrected critical transfer distance, calculated
according to eq 3R is the interprobe distance, calculated uisng eq 2. The solution conditions ¥ostge of all complexes were those given for
Figure 2. To change to the Mgstate, 2 mM EGTA, and 8 mM Mgglwere added.

Table 2: Distances (A) between Cys48 and Cys133 of Tnl by RET different, justifying their being a_lveraged_. The averaged
Measurements values show that the 48/133 distance is 41 A for both

uncomplexed Tnl and Tnl complexed with TnC. In the

protein metal setl set2 set3 set4d ave sem .. -

: c- 413 385 409 432 41 41 ternary Tn complex containing TnT as well, it increases to
Mg?* 413 392 416 412 41 +1 51 A. _AII the;e yalues are @a msens[tlve. In .the

I-C C&* 421 391 458 443 43 41 reconstituted thin filament, this distance is 50 A, in the
Mgi+ 39.6 413 438 405 41 +1 presence of C4, virtually identical to that for Tn by itself.

I-C-T Ce' 482 479 56.7 51 £2 In the absence of @4, this distance increases by 16 A to
Mg2* 46.4 532 540 51 +2 66 A

I-CT-Tm-A Ca&" 488 456 536 50 =2 '
Mg?*  66.6 641 672 66 +1 We should add that two protein combinations were used

2 Data sets 1 and 2 were obtained using randomly labeled #.al as controls for the measurements of the 48/133 distance in
and da-Trf®!33 Data sets 3 and 4 used specifically labeled d*¥4¥ the reconstituted thin filaments. One is Thin-actin, and
and da-Trf®**with donor on Cys48 and acceptor on Cys133. ave is the other is TrTnC-TnT-Tm, in which the distance is 46
the unweighted average. sem is the standard error of mean. and 51 A respectively, regardless ofZCaoncentration.
These results indicate that mere binding of Tnl to-@otin

can be seen that the 48/133 distance in Tnl increased byor Tn binding on Tm alone without actin does not result in
~17.8 A when C& was removed from the synthetic thin the observed large distance increase within Tnl in thin

filaments. filaments.

In Table 2, we present the results of three additional data
sets as well as set 1 that has been discussed in detail abovey|SCUSSION
Sets 1 and 2 are randomly labeled, sets 3 and 4 are
specifically labeled with donor on Cys48 and acceptor on In this work we measured the distance between residues
Cys133. Data were collected and analyzed as was done fod8 and 133 of Tnl (48/133 distance) under a variety of
set 1 reported in detail in Table 1. Despite the differences conditions to gain new insights into structural changes in
in the sample preparation, the measured distances for eacfinl that underlie the regulation of vertebrate muscle contrac-
protein combination and metal condition are not significantly tion. We stress that all the labeled mutant Tnls retain their
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Ficure 4: Fluorescence decay curves of d-PAF3(upper curves, monoexponential) and da¥#(lower curves, biexponential) combined
with TnC, TnT, Tm, and F-actin to form reconstituted thin filaments. Condition&! €aturated (panel A): 50 mM NacCl, 2 mM Tris-HClI,
pH 8.0, 0.2 mM ATP, 1 mM MgGl 0.2 mM CaC}, C&* free (panel B): as for A plus 2 mM EGTA and 8 mM MgCC&" re-added
(panel C): as for panel B plus 2.5 mM CaCDther conditions and definitions as in Figures 2 and 3.

native biological properties with respect to’Caegulation be pointed out that both Trp158 and Cys133 are in the
of reconstituted myofibrillar MgATPase activity. C-terminal domain of Tnl, while we measured a larger

We found that the 48/133 distance is 41 A in Tnl itself or distance (41 A) between residues that are in different N-
when Tnl forms a binary complex with TnC. When TnT and C-terminal domains.
binds to the TrTnC complex, this distance becomes 51 A,  The 48/133 distance of 41 A in the FAhC complex
an increase of 10 A, and remains at this value in theTn reported here is much shorter than that the model of Olah
complex. While none of the above distances are sensitiveand Trewhella (1994) would predict. According to this
to C&*, there is an increase by 16 A or more upon the model, TnC is in the same conformation as that in the crystal
removal of C&" in the reconstituted thin filaments. structure, while residues-#49 and residues 131179 of Tnl

It is not likely that this increase in distance inferred from constitute the cap regions at either end of the TnC molecule.
a decrease in transfer efficiency is due to a change in theThis means that the 48/133 distance must be at least as large
orientation factor?. Firstly, the values of, (the zero time as the length of the TnC moleculgz. 70 A, in the crystal
anisotropy) for da-Trif133TnC-TnT-Tm-actin in the C&" structure. Our results would place both, or at least one of,
and Mg states are similar (0.22 and 0.24, respectively), so residues 48 and 133 between the cap regions. Indeed, in
that there does not appear to be any'Gdependent change the complex of TnC with a Tnl mutant, of which the native
in the rotational mobility of the donor. Secondly, the fact Cys133 is the sole cysteine, Cys133 was found to be located
that the randomly and the specifically labeled samples gavebetween the N- and C-terminal lobes of TnC (Lebal,
the same results suggests that the value?dé the same 1996). These apparent discrepancies indicate that whereas
regardless of the location of the donor and the acceptor, mosthe general features of the Olah and Trewhella (1994) model
likely the isotropically averaged value &. Finally, these are probably correct, the precise placement of specific Tnl
values are considerably smaller than the theoretical maximumresidues remains to be revealed by higher resolution tech-
of 0.4, indicating substantial rapid reorientation of the donor’s niques.
transition moment via either mixing of electronic states (Haas  The fact that we found no change in the 48/133 distance
et al, 1978; Perkingt al., 1984) or rapid probe rotation or  in free Tnl as a function of G4 is to be expected since Tnl
both, further justifying our assumption thet is %/3 under by itself is known not to have any high-affinity metal-binding
all conditions. sites. That this distance is independent ot'Ga the binary

Our finding that the 48/133 distance is unaffected by the Tnl-TnC and ternary Tn complex is somewhat surprising
binding of TnC can be compared with results from a previous since it is expected that the €ainduced conformational
RET measurement of an intra-Tnl distance; it was reported change in TnC is transmitted to Tnl during thin-filament
that, while the distribution of the distance between Trp158 regulation. Also, early RET measurements of inter- and
and a probe attached at Cys133 of Tnl was affected uponintrasubunit distances in the TAhC complex have led to
the binding of TnC, the average distance increased only the conclusion that extensive structural rearrangements occur
nominally from 24 to 27 A (Lakowicet al, 1988). It should both within and between the subunits as a function gf*Ca
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(Wang & Cheung, 1986). However, later distance distribu- change in the N-terminal domain of TnC has been predicted
tion measurements of Lakowigt al. (1988) showed little (Herzberget al, 1986) and observed (Wareg al, 1992;
or no C&*-induced change in the average distance betweenSlupskyet al, 1995; Slupsky & Sykes, 1995) in response
Trp158 and Cys133 of Tnl as a function of€a Our RET to binding of C&" to the low-affinity sites of TnC.
measurement of the distance between Cys98 of TnC and The origin of this C&-dependent structural change in Tnl
Cys133 of Tnl in the ternary Tn complex also showed only in the presence but not in the absence of actin is not clear.
a small C&"-dependent change of5 A (Taoet al, 1989). It has been suggested that in the ‘mMC complex the
Studies of intersubunit cross-linking using labeled TnC or polypeptides run in an antiparallel manner, so that the
Tnl in the Tn complex found no G&dependent change in  N-terminal structural domain and the C-terminal regulatory
the cross-linking pattern (Sutoh, 1980; Sutoh & Matsusaki, domain of Tnl interact with the C- and N-terminal domains
1980). Taken together with our present findings, the weight of TnC, respectively, (Farah & Reinach, 1995; Faedlal.
of the evidence seems to indicate that there is no large scale1994; Kobayashet al., 1994). In this context, our results
Cat-induced structural rearrangements either within or can be rationalized in the following model: in the’Catate
between the subunits in the Tn complex. the C-terminal domain of Tnl has high affinity for the
It should be noted that it is possible for Tnl to undergo a N-terminal domain of TnC and remains attached to TnC
Ca*-induced conformational change without there being a regardless of the absence or presence of actin. In thie Ca
change in the 48/133 distance. This would occur if the free state, the affinity of Tnl's C-terminal domain for TnC's
change was (e.g.) a rotation about one or the other of theN-terminal domain is reduced, so that in the presence of actin
two cysteine residues. We will in our future work attempt attachment of Tnl's C-terminal domain (or a portion thereof)
to resolve this issue using Tnl mutants with cysteines at to actin is now thermodynamically favored. This C-terminal
locations other than 48 and 133. regulatory region of Tnl containing Cys133 then moves to
Our finding that TnT significantly affects the conformation attach to actin, while the N-terminal structural domain of
of Tnl upon binding to the TATNC complex has not been  Tnl containing Cys48 remains attached to the C-terminal
reported before. There are many pieces of evidence fordomain of TnC and the rest of the f'm complex, giving
interactions between TnT and Tnl. It has been pointed out rise to our observed increase in the 48/133 distance. In the
that residues 53106 of Tnl and residues 26355 of TnT absence of actin, in spite of the lowered affinity, most of
possess a heptad hydrophobic repeat, suggesting that Tnl and@nl’s C-terminal segment remains attached to TnC, with Tnl
TnT may be interacting by means of coiled coils (Parry, retaining its overall conformation. This would account for
1981, Pearlstone & Smillie, 1985). Such interactions may our observed lack of change with €an the 48/133 distance
be the origin of the TnT-induced increase in distance betweenin the Tn complex alone.
the N- and C-terminal regions of Tnl found in this work. In closing, we would point out that this is one of the first
The possibility of a direct interaction between TnT and the studies on the conformation of a Tn subunit in the complete
regions containing Cys48 and Cys64 of Tnl in native Tn synthetic thin filament, so that interpretation of these results
was suggested by Chong and Hodges (1982) on the basis ofs necessarily difficult. Here we present a possible scenario
studies on the reactivity of Tnl's thiol groups with iodo- that is compatible with our findings and current knowledge.
acetamide. In any case, these results indicate that thewWe anticipate that this and other hypotheses will be tested
conformation of Tnl in the ternary complex is different from in the future by ourselves and others. We would also add
that in the binary complex of TATNC. that the~16 A change in distance in Tnl might make a
The most striking result of this study is the observation contribution to the change in the X-ray diffraction pattern
of a large increase in the 48/133 distance upon the removalof thin filaments in response to &abinding, which has been
of Ca* in the reconstituted thin filament. Since this increase mainly attributed to tropomyosin’s movement [see Holmes
does not occur in the Fim complex, it must arise owing  (1995)].
to the presence of actin. Our current understanding of thin
filament regulation is that in entering relaxed (absence of REFERENCES
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