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ABSTRACT: To obtain information about the interaction of tropomyosin (Tm) with actin associated with
the regulatory states of the muscle thin filament, we used luminescence resonance energy transfer (LRET)
between Tb3+ as a donor and rhodamine as an acceptor. A novel Tb3+ chelator,S-(2-nitro-5-thiobenzoate)-
cysteaminyl-DTPA-Cs124, was synthesized, which specifically labels Cys groups in proteins. With the
Tb chelate as the donor and tetramethylrhodamine-5-maleimide as the acceptor, both bound to specific
Cys groups of Tm, we obtained 67 Å as the distance between Tm’s across the actin filament, a much
shorter value than that obtained from structural studies (72-86 Å). The difference appears to be due to
submillisecond motion associated with Tm flexibility, which brings the probes closer during the millisecond
lifetime of the donor. Ca2+ did not change the energy transfer with the reconstituted thin filament, but
myosin subfragment 1 decreased the transfer, consistent with either a 5-6 Å increase in distance or,
more likely, a decrease in flexibility.

Tropomyosin (Tm),1 a component of the native actin thin
filament, acts with troponin (Tn) and Ca2+ to regulate muscle
contraction (See reviews of refs1 and2). An extension of
the original steric blocking model of thin-filament regulation
(3-5) was proposed by McKillop and Geeves (6) involving
three biochemical states of the thin filament, blocked, closed,
and open, which affect myosin binding. In the absence of
Ca2+, the blocked state is mostly occupied, which causes
the inhibition of the initial or weak binding of myosin heads.
Ca2+ causes a shift to the closed state, which allows low-
affinity myosin binding, but Tm mostly blocks the strong
binding and activation of ATPase associated with force
generation. When Tm moves to the open state because of
the cooperative binding of myosin heads, the thin filament
is activated.

Structural studies have indicated that Tm moves to a
different position on the actin-Tm-Tn thin filament induced
by Ca2+ with further movement associated with myosin
binding, allowing for an apparent relationship between the
three positions of Tm and the three biochemical states (7-
11). Although these EM image reconstruction methods
obtained evidence for three positions of Tm on actin in the
actin-Tm-Tn thin filament, it has been difficult to obtain
solution evidence for Tm movement. Several FRET (Fo¨rster
or fluorescence-detected resonance energy transfer) studies,
which measured the distance changes between Tm and F
actin, obtained different results. Some measurements did not

show a distance change between Tm and actin induced either
by Ca2+ or myosin binding (12, 13), although a significant
distance change between troponin and actin can be observed
(13-16). A more recent FRET study using frequency domain
lifetime detection methods indicated that Ca2+ mainly affects
the distance between one of the two chains of Tm to F actin,
consistent with Tm rolling over the F-actin surface (17).
Graceffa observed that the distance between smooth-muscle
Tm and F-actin changes, induced by myosin subfragment 1
(S1) and heavy meromyosin (18, 19). Recent lifetime
measurements indicated that the S1-induced movement was
consistent with a rolling of Tm over the actin surface (20).

To obtain further information on Tm movement, the
energy-transfer technique of LRET (luminescence resonance
energy transfer) was employed with the use of a thio-reactive
Tb3+ chelate as the donor. Lanthanide chelates have desirable
donor properties (21-27): millisecond lifetimes, narrow and
multiple emission bands, unpolarized emission, and large
Stokes shift. These characteristics enable temporal and
spectral discrimination against background fluorescence,
leading to high-detection sensitivities. In addition, with
appropriate acceptor labels, such as rhodamine, large dis-
tances can be measured with LRET (∼50-80 Å) because
of the large Fo¨rster critical transfer distanceR0 ) 57 Å. These
distances are in the range expected between equivalent sites
on Tm across actin, and therefore changes in distances
associated with thin-filament regulation may be monitored.

We synthesized a novel lanthanide chelate,S-(2-nitro-5-
thiobenzoate)cysteaminyl-DTPA-Cs124 (NbS‚SCy-DTPA-
Cs124), based on syntheses of similar compounds (21, 28,
29). The label consists of three functional groups: A DTPA
group, which binds Tb3+; a NbS group, which can specifi-
cally react with Cys groups; and an antenna group (Cs124),
which efficiently transfers the absorbed energy to Tb3+. The
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Cs124 thereby eliminates the requirement for inefficient
direct excitation of the weakly absorbing Tb3+. With the Tb
chelate bound to Tm as the donor and tetramethylrhodamine-
5-maleimide on Tm as the acceptor, we obtained 67 Å as
the apparent distance between Tm’s bound to actin. This is
shorter than 73-76 Å, the distance calculated from structural
data (30-33), suggesting submillisecond relative motion,
which allows a greater degree of transfer at a closer distance
during the millisecond lifetime of the donors. The observation
of significant LRET from a large fraction of Tm’s that bind
to opposite strands of the actin filament indicates that they
are in-register. However, a significant fraction did not
transfer, suggesting that some Tm random binding to actin
occurs. Ca2+ produced little or no change in the distance
between Tm’s across the actin-Tm-Tn filament. However,
binding of myosin S1 to actin-Tm or actin-Tm-Tn
produced a decrease in energy transfer between Tm’s
consistent with either a∼5-6 Å increase in distance or a
decrease in flexibility between the two Tm’s.

MATERIALS AND METHODS

Chemicals.The following chemicals and their sources
were used in the synthesis of the probe and for protein
labeling: 5,5′-dithiobis(2-nitrobenzoate) (NbS‚SNb) from
Sigma; diethylenetriamine-pentaacetic dianhydride (DTPA
dianhydride), 2-aminoethanethiol hydrochloride (cysteamine),
carbostyril 124 (Cs124), dimethyl sulfoxide anhydride
(DMSO) from Aldrich; and tetramethylrhodamine-5-male-
imide (TMR-5-mal) from Molecular Probes.

Synthesis of NbS‚SCy-DTPA-Cs124.NbS‚SCy-DTPA-
Cs124 was synthesized using NbS‚SNb, cysteamine hydro-
chloride, DTPA dianhydride, and Cs124 by modifying the
methods of Bertrand et al. (28) and Chen and Selvin (21)
(Figure 1). Cysteamine hydrochloride (22 mM) in 500 mM
CHES buffer (pH 8.6) was reacted with 20 mM NbS‚SNb
dissolved in DMSO for1/2 h at room temperature. The
absorption at 412 nm because of the liberated NbS anion
was monitored to make sure that the reaction was complete.
Cs124 (8.7 mg) dissolved in DMSO was then mixed into
the solution to a final concentration of 20 mM and stirred
for 10 min. DPTA dianhydride (21.4 mg), dissolved in
anhydrous DMSO by heating to 70∼80 °C, was added

immediately into the solution with strong stirring to a final
concentration of 23 mM. The solution was allowed to react
overnight. The final solution was spun to remove some
insoluble precipitates. NbS‚SCy-DTPA-Cs124 was isolated
by reverse-phase HPLC as follows: the solution was loaded
on a Vydac C-8 208TP510 column and eluted for 40 min
with a 20-50% acetonitrile/H2O gradient containing 0.1%
trifluoroacetic acid at a flow rate of 1 mL/min and detected
at 330 and 375 nm. The NbS‚SCy-DTPA-Cs124 eluted at
35% acetonitrile. MALDI mass spectra data showed that the
molecular weight of this component was 805.8 (the calculated
molecular weight is 804). The steps of synthesis are shown
in Figure 1.

Labeling of Proteins.We used RRTm from chicken
skeletal muscle purified by standard methods and 2 different
recombinant single Cys mutants ofR gizzard smooth-muscle
Tm (GTm), [S56C/C190S (Tm56) and D100C/C190S
(Tm100)] (34). The terbium-labeled chelate was simply
prepared by mixing 2 mM NbS‚SCy-DTPA-Cs124 in 20 mM
Hepes buffer (pH 7.5) with TbCl3 (0.9 Tb/probe molar ratio)
for 20 min. Then, a 10-fold molar ratio of NbS‚SCy-(Tb3+-
DTPA)-Cs124 to Tm (∼10-30 µM) was reacted in 20 mM
Hepes, 5 M guanidine hydrochoride (GuHCl), 50 mM NaCl,
and 5 mM MgCl2 (pH 7.5), for 2 h at room temperature.
The absorption at 412 nm from the released NbS- group
increased, indicating an efficient reaction of the probe with
Cys. The sample was then dialyzed versus GuHCl buffer
(20 mM Hepes and 5 M GuHCl at pH 7.5), high-salt buffer
(20 mM Hepes, 500 mM NaCl, and 5 mM MgCl2 at pH
7.5), and finally 20 mM Hepes, 50 mM NaCl, and 5 mM
MgCl2 at pH 7.5 separately to renature Tm. The label/Tm
ratio varied between∼40-60%. Actin and myosin subfrag-
ment 1 was from rabbit skeletal muscle purified by standard
methods (52).

Another Tm sample was labeled with the acceptor by
reacting a 10-fold molar excess of TMR-5-maleimide with
∼10-30 µM Tm in GuHCl buffer, dialyzing successively
versus GuHCl buffer, high-salt buffer, and final buffer as
indicated above.

The acceptor/Tm label ratio was near 2 in agreement with
one Cys on each chain of the dimer. The absorption spectrum
of TMR consists of a peak at 550 nm and a shoulder at 520
nm. However, some rhodamine-labeled proteins have a
changed absorption spectrum consisting of an increase in
the 520-nm contribution because of rhodamine-rhodamine
dimerization of locally proximal probes (35, 36). The
observation of a large contribution at 520 nm because of
the absorption of TMR-Tm (A520/A550) ) 0.9, indicates close
proximity of rhodamines attached to equivalent Cys groups
of the in-register coiled-coil chains. This result is analogous
to the pyrene-pyrene interaction from labels at the same
Cys, which resulted in excimer fluorescence (52). Some
samples, however, had an absorption spectrum with a much
greater 520:550 nm ratio, suggesting the presence of an
aggregated excess label. In these cases, aggregation was
verified when we obtained a normal absorption spectrum
after denaturing with 0.1% SDS or 6 M GuHCl and dialyzing
into final buffer to remove the excess label and to renature
the sample.

To measure the interchain distance between positions 56
and 100 inRRGTm, donor-labeled Tm56 was mixed with
5-fold excess acceptor-labeled Tm100 (Tm56D and Tm100A)

FIGURE 1: Scheme of the synthesis of NbS‚SCy-DTPA-Cs124. (See
the Materials and Methods for details).
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in 5 M GuHCl buffer and dialyzed versus high-salt buffer
and then final buffer to renature. The excess acceptor-labeled
chains ensured that molecules containing donors were mainly
present as Tm56D-Tm100A heterodimers.

For measuring the distance between Tm sites across F
actin, 0.2µM skeletalRRTm labeled with NbS‚SCy(Tb3+-
DTPA)-Cs124 as the donor (TmD) and 0.8 µM skeletal
RRTm labeled with TMR-5-maleimide as the acceptor (TmA)
was mixed together in a 20 mM Hepes, 50 mM NaCl, and
5 mM MgCl2 (pH 7.6) solution and added to 10µM F actin,
with an incubation for1/2 h at room temperature. Effects of
myosin S1 and Tn( Ca2+ were determined by adding 5
µM S1 and 1µM Tn, respectively, in the presence (0.1 mM
CaCl2) or absence of Ca2+ (1 mM EGTA).

Measurement of Luminescence Decay.Time-resolved
spectra were measured with an instrument constructed by
Aviv Corp. (Lakewood, NJ), which coupled a VSL-337ND-S
nitrogen laser (337 nm, LSI Corp.) to an AVIV filter
fluorometer (Model ATFF-212). The computer-controlled
filter fluorometer triggers the pulsed laser, and data collection
is initiated by the laser pulse. The luminescence was collected
through either a 545( 5 nm filter or 568( 2 nm filter
(Omega). The 545( 5 nm filter was used to detect the direct
Tb3+ luminescence, whereas the 568( 2 nm filter, which
monitors the signal in the rhodamine spectrum, was used to
detect the Tb3+ luminescence transferred to the rhodamine
(Figure 2). The temperature of the measurement was 25°C,
controlled thermostatically with the Peltier device in the
instrument.

The emission of the donor [NbS‚SCy(Tb3+-DTPA)-Cs124]
was obtained at 545 nm, where there is no contribution from
the rhodamine emission. The emission at 568 nm only
originates from rhodamine because there is no contribution
from Tb3+ at that wavelength. However, at 568 nm, the large
amount of directly excited rhodamine fluorescence present
in the nanosecond time region is gated out by the instrument
so that only the transferred Tb3+ emission is observed.
Donor-only Tm decays detected at 545 nm were fitted with
up to 2 lifetimes. In the absence of the acceptor, a small
lifetime contribution of about∼0.3-0.4 ms and a large
contribution of about 1.4 ms is observed. In the presence of
the acceptor, 3 lifetimes were needed to fit the decays at

545 and 568 nm. The longest decay component at 568 nm
directly gives the lifetime because of transfer,τDA. The data
were fit using Origin software.

Theory (17, 37).According to the Fo¨rster theory, the rate
of energy transfer from a donor to an acceptor (kT) is

whereτD is the decay time of the donor in the absence of
the acceptor,R0 is the Förster distance, andr is the donor-
acceptor distance.

The reduced lifetime in the presence of acceptor,τDA is

The energy transfer efficiency is given by the reduction in
lifetime

and the distancer is

whereR0 is the critical transfer distance, defined below. The
rate of energy transfer (kT) is

For a multi-D-A system, the apparent distancera can be
defined by ref17 with

This apparent distance represents the D-A distance “seen”
by our LRET experiment.R0 is defined by the equation

wheren is the refractive index of the medium, taken as 1.33
(19, 32); κ2 is the orientation factor, taken as2/3; Q0 is the
quantum yield of the donor in the absence of the acceptor,
taken as 0.468, the value in water (38); andJ is the spectral
overlap integral (in M-1 cm-1 nm4) between the donor
emission Fd(λ) and acceptor absorptionεΑ(λ) spectrum,
defined by

We obtained a value forR0 of 57 Å.

RESULTS

Properties of NbS‚SCy-DTPA-Cs124.The labeling reagent
contains the aromatic disulfide moiety, 2-nitro-5-dithioben-
zoate, NbS, which is released as the anion during the labeling
reaction, allowing the kinetics to be monitored using its
absorption at 412 nm (29). The Figure 3 insert illustrates
the reaction kinetics between the probe and rabbit skeletal

FIGURE 2: Donor absorption (‚‚‚) and luminescence (s) and
acceptor (TMR) absorption (- - -) and fluorescence (-‚-). All spectra
are normalized at peak intensity. Note the overlap of emission of
Tb3+ with the absorption of rhodamine. Labels 1 and 2 show the
band pass of filters that we used (filter 1) 545( 5 nm, and filter
2 ) 568 ( 2 nm).
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Tm. Rabbit skeletal Tm is a dimer of two chains,R andâ,
in a 60:40 mixture ofRR andRâ, respectively, with theR
andâ chains containing 1 and 2 Cys, respectively, [Cys/Tm
) 2.4 (39)]. From the final change in absorption at 412 nm
(Figure 3), a labeling ratio of 1.5 probe/Tm was estimated.
Thus, about 62% of the available Cys was labeled. The
labeling reagent, NbS‚SCy-DTPA-Cs124, has a characteristic
absorption spectrum, with two peaks, 325 and 345 nm,
because of Cs124, as well as a shoulder from 350 to 400
nm because of a contribution from the NbS group whose
absorption peak at 325 nm overlaps the Cs124 absorption.
The reaction of rabbit skeletal Tm with the label produced
changes in the spectrum: a contribution from the protein at
280 nm, a decrease at 325 nm because of loss of NbS, and
an increase at 412 nm because of the liberated NbS ion
(Figure 3).

Energy Transfer between Position 56 and 100 inRRGTm.
Energy-transfer measurements were made within gizzard-
muscle RRTm using a recombinant mutant heterodimer
containing the Tb3+ donor at Cys 56 on one mutant chain
and a rhodamine acceptor at Cys 100 on the other mutant
chain (see the Materials and Methods). This allowed a
comparison of the experimentally determined distance with
the known distance betweenR carbons of equivalent residues
of a coiled-coil Tm.

Figure 4 shows the donor-alone and donor-acceptor decay
curves. A single-exponential decay with a lifetime of 1.37
ms fit the donor-alone data. In the presence of the acceptor,
a three-component fit was required. The 1.43-ms component,
with a lifetime close to the donor-alone value is the
contribution of donor-labeled molecules, which do not “see”
the acceptors. This is due to the presence of homodimer
TmD56-TmD56 molecules. About 78% of the luminescence
has a shortened lifetime of 0.61 ms because of energy
transfer. The observed 30µs component is probably due to
photomultiplier ringing caused by rhodamine fluorescence
present at 545 nm. The ringing is a greater problem at 568
nm, where rhodamine fluorescence is very intense. From the
reduction in the donor lifetime from 1.37 to 0.61 ms, it is
calculated that the energy-transfer efficiency is 56.2% and
that the distance between the donor and acceptor is therefore

55 Å (see the Theory). A separate Gaussian distance
distribution fit of the data gave a distance of 56 Å with a
distribution width,σ, of 5 Å.

Measurements of millisecond decay at 568 nm, which
should only give the Tb3+ luminescence transferred to
rhodamine, shows short lifetime components because of
photomultiplier ringing caused by the intense rhodamine
fluorescence, which is not completely gated out (40). Because
this ringing does not die out until 0.1-0.2 ms, only the
longest lifetime component was used. This value was 0.6
ms, the same as the transferred value obtained at 545 nm.

The Tm-Tm distance can be compared to a comparable
distance obtained from an X-ray structure of tropomyosin
(41). Positions from the X-ray structure were chosen to be
44 residues apart and in the same positions of the 7 residue
repeat (Tm14D and Tm58D), respectively. From the model,
the distance betweenR carbons at equivalent residues at 44
residues apart is about 65 Å (Figure 5A). The 15% smaller
value obtained by LRET is probably due to the flexibility
of the probe-containing domain of Tm in the submillisecond
time regime, which on the millisecond lifetime of the donor
can result in a greater transfer than a static molecule (25).
When this hetero-labeled Tm was bound to actin, the energy
transfer decreased from 56 to 51%, reflecting either an
average increase in distance from 55 to 57 Å or a reduction
in the flexibility expected in the complex (42, 43).

Distance between Tm Sites across F Actin.The actin-
Tm filament was reconstituted by mixing excess F actin with
a solution containing chicken skeletalRRTm with 4 times
as much acceptor-labeled (TmA, 0.8 µM) as donor-labeled
Tm (TmD, 0.2µM). This increased the probability for a high
degree of energy transfer between Tm molecules bound to
actin on opposite sides of the filament.

In Figure 6, we show the luminescence decay of the donor-
labeled sample bound to unlabeled actin in the absence and
presence of acceptor-labeled actin. The decays fit well to a
long lifetime of 1.44 ms (contribution 0.90) and a short
lifetime at 0.41 ms (contribution 0.10). The Tb3+ lumines-
cence decays of donor-acceptor samples were detected both
at 545 nm (direct Tb3+ detection) and 568 nm (acceptor-
sensitized Tb3+ transfer). At 545 nm, the decay was fit to
three components (Figure 6 and Table 1): (1) an appreciable
contribution from a component of 1.44 ms because of Tb3+

FIGURE 3: Absorption spectra of NbS‚SCy-DTPA-Cs124 before
(- - -) and after (s) the reaction with Tm. Tm (2µM) in 50 mM
CHES buffer (pH 8.6) was reacted with 10µM NTBC-DTPA-
Cs124 at 35°C. The insert shows the reaction rate of NbS‚SCy-
DTPA-Cs124 with rabbit skeletal Tm monitored by the absorption
of the liberated NbS ion.

FIGURE 4: Intramolecular LRET between positions 56 and 100 on
different chains of the Tm dimer. Luminescence decay of the Tb3+

donor at Cys 56 (Tm56D) in the absence (s) and presence of the
TMR (- - -) acceptor at Cys 100 (Tm100A) within the Tm
heterodimer. The decay was detected at 545 nm.
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luminescence, which is not transferred; (2) a component of
1.04 ms because of energy transfer; and (3) a component of
0.3 ms because of the ringing of the photomultiplier. The
568-nm decay was best fit to three components in which
the major component, 1.04 ms, is due to energy transfer and
two shorter components most likely arising from photomul-
tiplier ringing because of intense rhodamine fluorescence,
which could not be completely gated out. From eqs 3 and 4,
it is calculated that the energy-transfer efficiency is 27.8%,
and therefore the apparent distance between Tm’s is 67 Å

(Table 1). This is shorter than the average apparent distance,
ra, between probes (73 Å) using eq 6 with the indicated
distances estimated from structural studies (Figure 5B).

When S1 was bound to actin, the transferred lifetime
increased about 10% (Table 1), indicating that the average
distance between Tm molecules increased. From the lifetime
change, it is calculated that the energy-transfer efficiency
decreased from 28 to 21.0%, which corresponds to an
apparent distance increase from 67 to 71 Å.

We also monitored the effect of Tn and Ca2+ on the energy
transfer. Tn decreased the donor-alone lifetime from 1.43 to
1.25 ms, independent of Ca2+, indicating a direct interaction
between Tn and Tm in the region of the donor at Cys 190
(Table 1) as indicated earlier (55). The energy-transfer
efficiency and the distance calculated from the data in the
presence of the acceptor showed that Tn( Ca2+ did not
change the Tm-Tm energy transfer across the actin filament.
However, as in the case of actin-Tm, for actin-Tm-Tn (
Ca2+, addition of S1 increased the apparent Tm-Tm distance
about 5 Å.

To determine that the component with the unchanged
lifetime was not due to unbound Tm or Tb chelate, the
samples were measured again after centrifuging to a pellet
the reconstituted thin filaments, homogenizing the pellets in
sample buffer, and repeating the lifetime measurements. The
results were similar to the original results.

DISCUSSION

AdVantages of NbS‚SCy-DTPA-Cs124.In this paper, we
synthesized NbS‚SCy-DTPA-Cs124 and used its Tb3+ che-
late as a donor and rhodamine maleimide as an acceptor in
energy-transfer experiments between Cys sites on Tm. This
class of Tb3+ probes originally developed by Selvin and co-
workers to be used as donors in LRET measurements has
been reviewed (44) and used in several applications (22-
25). Chelated Tb3+ exhibits luminescence with a lifetime in
the millisecond range, and Cs124, the antenna moiety used
here, has appreciable absorption at 337 nm and can therefore
be excited with a low power N2 laser. Its emission is
efficiently transferred to Tb3+ in the chelate. Lifetimes in
the millisecond range allow for direct acquisition and gating
methods to obtain the decay profile. The high quantum yield
of the Tb3+ chelate and the good overlap of its emission
with the rhodamine absorption band allow large distances
to ∼80 Å to be determined. The narrow emission bands of
Tb3+ facilitate both the direct observation of the total Tb3+

decay and the rhodamine-detected Tb3+ emission transfer.
Thus, it is possible to monitor only the transferred milli-
second Tb3+ (indirect) emission in the rhodamine band,
where Tb3+ does not directly emit, by gating out the
nanosecond rhodamine fluorescence. However, the ringing
of the PMT because of the intense rhodamine fluorescence
could not be completely gated out in this paper. Other
methods have been used to attempt to solve this problem
(40). Distances can also be more accurately obtained because
the Tb3+ emission is unpolarized, allowing for the use of
the random2/3 value for the orientation parameter,k2, in the
calculation ofR0.

Our probe is particularly useful as a labeling reagent for
Cys groups because the NbS group reacts efficiently and only
with Cys in a manner similar to the previously used 2-pyridyl

FIGURE 5: (A) Atomic model of a region of the Tm coiled-coil
structure from Brown et al. (41). Positions from the X-ray structure
were chosen to be 44-residues apart, Tm14D and Tm58D, in the
same position of the 7-residue repeat with Tm56 and Tm100. They
are indicated by green and red balls, respectively, having about
the same dimensions as the probes. From the model, the distance
betweenR carbons at equivalent residues at 44-residues apart is
64.3-65.8 Å. (B) Atomic model of the Tm-F-actin complex from
Lorenz et al. (30). D1 and D2 (green dots) show the approximate
position of the Tb3+ chelates labeled with Tm. A1 and A2 (red
dots) show the approximate position of the rhodamine probes. The
shortest and longest distances between the donors and acceptors
are indicated.

FIGURE 6: Comparison of the decays detected at 545 and 568 nm
between Tb3+ at Cys 190 of Tm (TmD) and TMR at Cys 190 of
Tm (TmA) across the actin filament.

Tropomyosin Flexibility Biochemistry, Vol. 43, No. 36, 200411495



group (21) to liberate absorbing species, which can quanti-
tatively monitor the labeling reaction. However, the NbS
group has an advantage over the 2-pyridyl group in that its
liberated NbS ion absorbs at 412 nm, which does not overlap
with the Cs124 antenna absorbance, allowing more accurate
labeling information to be obtained. A property of the
disulfide-containing labels compared to the maleimide that
one must be aware of is that the disulfide label can be
removed on exposure to high concentrations of SH reagents
such as DTT.

LRET Distance within Tm.For a control experiment, we
compared the LRET-determined average distance between
Cys 56 on one chain and Cys 100 on the other chain of the
in-register heterodimeric-labeled mutant Tm with the known
distance obtained from an equivalent position of the coor-
dinates of the crystal structure of an 80-residue Tm coiled-
coil peptide (41). The smaller value in solution (55 Å)
compared with that calculated from structural data (65 Å) is
consistent with the probe motion because of the flexibility
of Tm in solution. We also checked the distance changes at
different temperatures. The apparent distance changed from
55 to 53 Å (energy transfer from 50 to 60%) when the
temperature was increased from 10 to 50°C. The decrease
in apparent distance suggests an increase in flexibility with
temperature.

This smaller average distance is a consequence of the
millisecond donor lifetime because microsecond motion of
the probe will bring the donor closer to the acceptor resulting
in a closer average distance, increasing the probability of
energy transfer. The small decrease in the average distance
on binding to actin is consistent with some immobilization
on actin. Similar conclusions were reached with phospho-
rescence anisotropy studies (45). In a different system, a
shorter distance between a similar millisecond Tb3+ milli-
second probe compared to a nanosecond Cy5 probe transfer-
ring to rhodamine-maleimide was explained by probe
dynamics (46); i.e., microsecond motion would allow for
more transfer during the millisecond lifetime but not during
the nanosecond lifetime. Independent probe motion about
single C-C bonds may occur, but it is expected to be of a
relatively small amplitude so as to not appreciably affect the
transfer rate. It is difficult to know the precise submillisecond
motion that contributes to the flexibility, but EM images of
individual Tm molecules show that they are not rigid (47).
Also, hydrodynamic measurements of coiled coils indicated
that they were semiflexible ropelike molecules with a
persistence length of 1300 Å (48). Thus, regions could bend

5-10 Å in a distance of one or two molecular lengths of
400-800 Å (49).

Energy Transfer between Tm’s on the Actin Thin Filament.
Energy transfer from Tm molecules with donor-labeled Cys
surrounded by acceptor-labeled Tm molecules could only
take place across the actin filament because equivalent
cystines along the long pitch thin filament are too far apart
(∼400 Å).

Many early structural studies showed that Tm binds to
actin at a radius of about 38-40 Å from the filament axis
(27-30). Thus, the distance between the Tm filaments across
the actin is about 76-80 Å. The distance between equivalent
R carbons of Cys 190 ranges from 76 Å for the closest chains
to 84 Å for the furthest chains (30), which changes somewhat
with a reasonable estimate of the location of the probes on
the R carbons (17) (Figure 5B). An apparent distance,ra,
can be calculated from eq 6 for each of the donors to both
acceptors. The average apparent distance obtained was 73
Å. The LRET-determined distance for actin-Tm in the
absence and presence of Tn determined in this paper is about
67 Å. The significantly shorter distance between Tm’s across
the actin filament than expected appears to be due to the
movement of Tm on actin in the submillisecond range.
Flexing and/or torsional motions of Tm on the surface of F
actin in the microsecond range would bring the donor and
acceptor probes closer during the millisecond lifetime of the
donor, as discussed above. Tm flexibility has been suggested
from structural studies (30), from modeling studies (50, 51),
and spectroscopic studies (43, 45, 52). This flexibility may
play an important role in regulation.

For actin-Tm-Tn-reconstituted thin filaments, the LRET
data indicated that Ca2+ did not produce a significant change
in the Tm-Tm intermolecular distance. Previous EM studies
indicated that Tm moved about 25° on the surface of actin
induced by Ca2+ (8-11). Our earlier study using FRET
measurements showed that the data were consistent with a
17° rolling of Tm over the actin surface (17). However, the
movement did not change the radial distance between Tm
axes. The resolution of the LRET measurements made here
were not as high as the FRET measurements, allowing only
a single average apparent distance from the two donors to
be obtained. Therefore, the lack of change of the apparent
Tm-Tm distance is consistent with a lack of change of the
radial distance of the Tm axis from the actin axis. The lack
of an effect of Ca2+ also suggests little or no change in
flexibility because of Ca2+ binding to troponin in the thin
filament (see below).

Table 1: TmD-TmA Distances Across the Actin Filament in the Absence and Presence of Tn, Ca2+, and S1a

sample donor lifetimeλD (ms) λ (nm) donor-acceptor lifetimes (ms) ET (%) distanceR (Å)

Tm + F actin 1.44 545 0.30 (0.10),1.01(0.44), 1.44 (0.46) 27.8 66.8
568 0.04 (0.56), 0.26 (0.16),1.04(0.28) (2 (1.2

Tm + F actin+ S1 1.44 545 0.35 (0.09),1.13(0.42), 1.43 (0.49) 21.5 70.7
568 0.03 (0.51), 0.29 (0.18),1.13(0.31) (3 (1.8

Tm + F actin+ Tn (-Ca2+) 1.26 545 0.28 (0.27),0.97(0.36), 1.26 (0.37) 26.2 67.7
568 0.03 (0.57), 0.24 (0.19),0.93(0.24) (3 (2.0

Tm + F actin+ Tn (+Ca2+) 1.24 545 0.28 (0.26),0.92(0.37), 1.24 (0.37) 27.4 67.0
568 0.02 (0.63), 0.19 (0.15),0.90(0.22) (1.6 (1.0

Tm + F actin+ Tn + S1 (-Ca2+) 1.26 545 0.33 (0.27),1.04(0.33), 1.26 (0.40) 19.8 71.9
568 0.03 (0.67), 0.26 (0.14),1.01(0.19) (2.4 (1.9

Tm + F actin+ Tn + S1 (+Ca2+) 1.24 545 0.34 (0.28),1.02(0.24), 1.24 (0.48) 19.4 72.3
568 0.02 (0.67), 0.26 (0.14),1.00(0.19) (1.7 (1.3

a Donor-acceptor decays were fit to 3 lifetimes, and the bold lifetime,τDA, was used to calculated the efficiency of energy transfer.
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For actin-Tm-Tn and actin-Tm, addition of saturating
S1 caused a small but significant increase in the apparent
distance between Tm’s. This can either be due to an actual
increase in the average distance or a decrease in flexibility.
As discussed above, the Tm-Tm distance obtained by LRET
in the absence of S1 is appreciably smaller than what has
been determined from structural studies, probably because
of the effects of motion of Tm. The 4-5-Å larger apparent
distance produced by S1 binding to actin suggests some
immobilization of Tm on actin because of S1 binding to
actin, which would decrease the motion leading to a greater
apparent distance; i.e., the sampling of the closer distances
associated with the motion would decrease. This result is
consistent with the polarized phosphorescence studies on the
erythrosine-labeled Tm (45). The measured anisotropy of the
skeletal Tm-actin complex changed from 0.025 to 0.049
when S1 was added, indicating that myosin binding signifi-
cantly blocks the microsecond rotational motions of Tm on
the surface of actin (45).

Stoichiometric S1 binding in the absence of ATP (rigor
complexes) to actin-Tm and actin-Tm-Tn, even in the
absence of Ca2+, induces Tm to move to the open state (1).
Thus, it is not surprising that a similar change in transfer
occurred for those systems.

Both structural and FRET studies provided evidence for
Tm movement induced by the myosin head binding to actin.
Three dimensional electron microscopic reconstruction ob-
served a 10° azimuthal Tm movement around actin induced
by the myosin heads binding in addition to the movement
induced by Ca2+ (9). This is consistent with the three
regulatory states of the thin filament (6). FRET studies of
S1-induced movement of gizzard-muscle Tm obtained a S1-
induced Tm movement of∼6-8 Å between Tm and actin,
consistent with a rolling motion at a constant radius (20).

Are Tm Molecules In-Register on Actin?There is consid-
erable evidence that 1 Tm binds to 7 actin subunits, leaving
few if any gaps between neighboring Tm’s (53, 54), in
agreement with the relatively strong end-end interactions
that occur, particularly in the presence of Tn (55). However,
the possibility exists that for reconstituted filaments, par-
ticularly in the absence of Tn, there are different numbers
of bare actin subunits at the filament ends as well as some
gaps in the middle, which could lead to Tm’s across the actin
filament not being in-register. The presence of excess actin
in these experiments may also contribute to the presence of
gaps. For random binding, energy transfer would only take
place for 2 of 7 relative binding modes where neighboring
Tm’s are within transfer distance. If a fraction of the Tm’s
do not see acceptors, the amplitude of the transferred
component (the shortened lifetime) would be decreased from
1.0. The observation that there was incomplete transfer (Table
1) suggests the possibility of some nonregistered binding of
Tm’s. Of course, incomplete transfer could be due to
unbound Tm and a contribution of donor-labeled Tm’s
adjacent to each other. However, we noted above that
resuspension of pelleted filaments gave the same result. Also,
assuming random neighbor formation on renaturation, with
a 4:1 ratio of acceptor/donor, only a small fraction of donor-
labeled molecules would be neighbors and would not
contribute to the transfer.

To check the possibility of Tm’s out of register across
the filament, we measured the distances between mutant

gizzard-muscle Tm mixtures containing labels at different
Cys positions. These labeled mutants allowed for potential
transfer from positions 56-56, 56-190, 100-100, and 100-
190 as well as the previously discussed positions 190-190.
All of the LRET measurements gave similar distances
between the different sites across actin, 64-67 Å (Table 2).
If Tm molecules are in-register across the actin filament,
the distance between these nonequivalent sites would be too
far for energy transfer to take place; e.g., 200 Å separates
position 56 and 190. These data suggest the existence of
some out of register Tm binding in these reconstituted
filaments (54). Previous data with native thin filaments or
filaments containing Tn indicated that the Tm’s were in-
register (55, 56). It is possible that some random binding
takes place in solution, especially in the absence of Tn when
end-end interactions are weaker. There is also the possibility
of thin-filament aggregation bringing Tm’s close together.

In conclusion, (1) a new Cys-directed Tb3+ label useful
for LRET measurements has been synthesized; (2) labeled
Tm bound to actin shows fluorescence energy transfer across
the actin filament; (3) in the reconstituted actin-Tm-Tn
thin filament, Ca2+ did not change the distance; (4) S1
produced a 4-Å increase in the apparent distance; and (5)
distances obtained with this millisecond probe appear shorter
than expected, suggesting Tm flexibility.
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