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Excimer Fluorescence of Pyrenyliodoacetamide-Labeled Tropomyosin: A Probe of
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ABSTRACT: Rabbit skeletal tropomyosin (Tm) specifically labeled at cysteine groups with N-(1-pyrenyl)-
iodoacetamide (PIA) exhibits excimer fluorescence. The excimer fluorescence was sensitive to the local
conformation of Tm, to actin binding, and, in reconstituted thin filaments, to the Tm state change induced
by binding of myosin subfragment 1 (S1). The properties of PIATm were similar to previously studied
pyrenylmaleimide-labeled Tm (PMTm) [Ishii, Y., & Lehrer, S. S. (1985) Biochemistry 24, 6631] except
that S1 binding to actin-Tm increased the excimer fluorescence in contrast to the time-dependent decrease
seen for PMTm. The fluorescence properties of PIATm are sensitive to the Tm chain—chain interaction
via equilibria among pyrene configurations and nonfluorescent dimer as well as the monomer and excim-
er-forming configurations. The effect of bound troponin (Tn) on the excimer fluorescence of PIATm in
the reconstituted systems was dependent on ionic strength with a slight Ca?* dependence. S1 titrations in
the absence and presence of Tn and Ca?* indicated that the excimer fluorescence probes the state change
of Tm from the weak S1 binding state to the strong S1 binding state which is facilitated by Ca?* [Hill et
al. (1980) Proc. Natl. Acad. Sci. US.A. 77, 3186]. Binding of MgADP-S1 and MgAMPPNP-S1 produced
the same total excimer fluorescence change as for nucleotide—free S1, showing that the strong S1 binding
state of Tm—actin is independent of nucleotide. TnT1, the N-terminal fragment of troponin T, did not affect
the S1-induced Tm state change profile although it strengthened the binding of Tm to actin due to enhanced
end-to-end interaction. Thus, changes in Tm chain—chain interactions are associated with the Tm state

change important in regulation.

Topomyosin (Tm),! a two-chain coiled-coil -helical mol-
ecule, is an essential component of Ca?*-dependent thin fila-
ment regulation of striated muscle contraction (Leavis &
Gergely, 1984). Biochemical studies have shown that recon-
stituted thin filaments of actin-Tm and actin—-troponin
(Tn)-Tm equilibrate between two states, a weak myosin
binding state or an inhibited state and a strong myosin binding
state or an activated state, which results in cooperative myosin
subfragment 1 (S1) binding (Greene & Eisenberg, 1980) and
cooperative S1 dependence of ATPase activity (Lehrer &
Morris, 1982; Nagashima & Asakura, 1982). The state
change induced by the S1 binding has been directly monitored
with fluorescence probes on Cys-190 of Tm sensitive to en-
vironmental changes (Ishii & Lehrer, 1985, 1987; Lehrer &
Ishii, 1988) and to changes in the geometrical relationship
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between Tm and actin (Lehrer & Ishii, 1988).

Previous studies with pyrenylmaleimide-labeled Tm
(PMTm) showed excited-state dimer (excimer) fluorescence
from pyrenes attached to Cys-190 on each chain (Betcher-
Lange & Lehrer, 1978). The excimer fluorescence from
PMTm is sensitive to localized conformational changes
(Graceffa & Lehrer, 1980), to binding to actin, and to binding
of S1 to the PMTm-actin complex (Ishii & Lehrer, 1985).
Some problems were noted with the PM probe on Tm. Al-
though the monomer fluorescence could be used to study the
S1 binding profile, the excimer fluorescence could not be used
due to time-dependent changes, and the PM probe caused an
appreciable perturbation of the Tm conformation.

In this study, we used N-(1-pyrenyl)iodoacetamide-labeled
Tm (PIATm) which contains the pyrene fluorophore covalently

! Abbreviations: Tm, tropomyosin; S1, myosin subfragment 1; Tn
troponin; TnT1, N-terminal half of the chymotryptic fragment of the
troponin T component; PIATm, Tm labeled with N-(1-pyrenyl)iodo-
acetamide; PMTm, Tm labeled with N-(1-pyrenyl)maleimide; Hepes,
N-(2-hydroxyethyl)piperazine-N"-2-ethanesulfonic acid; GuHCI, guani-
dine hydrochloride; DTT, dithiothreitol; AMPPNP, 5’-adenylyl imido-
diphosphate.

© 1990 American Chemical Society
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attached to Cys groups via an acetamido linkage rather than
maleimido. Although the properties of PIATm were found
to be very similar to PMTm, the PIA probe did not perturb
the conformation as much as the PM probe and did not exhibit
the time-dependent changes in excimer fluorescence observed
for PMTm. In addition, a large change in the excimer
fluorescence intensity of PIATm was observed when S1 was
bound to the PIATm-actin complex. Previous studies with
PMTm and PM-labeled dithiothreitol (Lehrer & Ishii, 1989)
have indicated that, in contrast to organic solvents where there
is no ground-state interaction (Birks, 1970), in aqueous solu-
tions the intramolecular excimer forms rapidly from pyrenes
that interact hydrophobically in the ground state. For PIATm,
in contrast to PMTm, the contribution of a class of interacting
pyrenes that are nonfluorescent needs to be considered.

With PIATm, it is shown that the excimer fluorescence
directly monitors the S1-induced cooperative change in state
of Tm in Tm-actin and Tm~Tn-actin reconstituted thin fi-
lament complexes in both the presence and the absence of
Ca?*. Effects cn the cooperative parameters due to Tn and
Ca?*, due to different nucleotides and due to TnTl, the
fragment of troponin T which enhances the end-to-end in-
teraction of Tm (Jackson et al., 1975; Brisson et al., 1986),
have been obtained.

EXPERIMENTAL PROCEDURES

All proteins used in this study were prepared from rabbit
skeletal muscle. Actin was prepared by the method of Spudich
and Watt (1971), myosin by that of Balint et al. (1975), and
myosin S1 by chymotryptic cleavage as described by Weeds
and Pope (1977). Tn was purified by the methods of Ebashi
et al. (1971) and van-Eerd and Kawasaki (1973), and TnT]1,
the chymotryptic fragment of troponin T component, was
purified as described in Morris and Lehrer (1984). Tm was
prepared and reduced with dithiothreitol (DTT) as described
previously (Lehrer & Morris, 1982). Tm at ~2 mg/mL in
5 M GuHCl and 10 mM Hepes (pH 7.0) was labeled with
a 5X molar excess of N-(1-pyrenyl)iodoacetamide (PIA)
(Molecular Probe) dissolved in dimethylformamide for 4 h at
room temperature. The reaction was quenched with excess
dithiothreitol (DTT). The sample was filtered to remove some
undissolved PIA, dialyzed vs S M GuHCl and | mM DTT at
pH 7.0 to remove unreacted PIA and renatured by dialysis
vs 0.5 M NaCl/10 mM Hepes (pH 7.0) followed by exhaustive
dialysis vs 2 mM Hepes and 1 mM EDTA. The concentration
of PIATm was determined by the BCA-protein assay (Pierce)
using unlabeled Tm as a standard, and the concentration of
PIA bound to Tm was determined by using €35, = 2.2 X 104
(Kouyama & Mihashi, 1981). The labeling ratio of pyrene
to Tm was 1.8. Skeletal Tm consists of a mixture of ae and
afs molecules where « contains a single Cys at residue 190 and
B contains Cys at residues 190 and 36. The excimer
fluorescence only can originate from pyrenes at Cys-190. In
agreement with this, similar results were obtained with labeled
cardiac Tm which is aa.

Steady-state fluorescence measurements were obtained with
a Spex Fluorolog 2/2/2 photon-counting fluorometer (Edison,
NJ) in the ratio mode with a 2.25-nm band-pass for both
excitation and emission with sample in the thermostated
housing. S1 titrations were carried out by programming the
Datamate computer to cycle the emission monochromator
wavelengths to monitor the PIA excimer fluorescence (at 485
nm) and the light scattering (at 350 nm) obtained in the same
cuvette after each addition of S1 (Ishii & Lehrer, 1987).
Before titration, the sample was clarified by centrifugation at
low speed for 10 min. For S1 titrations in the presence of
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ADP, a small amount of contaminating ATP was converted
to ADP by incubating the solution with a small amount of S1
for 1 h. The fluorescence and light-scattering titrations were
fitted to the equations of Hill et al. (1980) using a nonlinear
least-squares computer-fitting program written by Dr. Edward
P. Morris. The binding of S1 (light scattering), 6, and the
fraction of Tm in state 2 (fluorescence change), P,, are ex-
pressed as a function of concentration of free S1, ¢, as

0=(1-P)Kic/(1 +Ki0)+ P,K,/(1 + Ky0) (1)

Py = 2aY"/[v(1 - a + v)] )
v=[(1 - a)? + 4aY 112 (3)
a=(1+Kye)/[L(1 + Kic)'] (4)

L’is the equilibrium constant between the two actin—Tm states,
state 1 (weak S1 binding state) and state 2 (strong S1 binding
state), Y is the end-to-end cooperativity parameter, and X and
K, are the binding constants of SI to states 1 and 2, respec-
tively.

The binding of PIATm to actin was measured by sedi-
mentation and fluorescence measurements. The sedimentation
experiments were carried out in a Beckman airfuge, and the
concentration of PIATm in the supernatant was determined
by the monomer fluorescence in the presence of SDS.

Fluorescence lifetime measurements were made on a mod-
ified Ortec 9200 nanosecond fluorometer. Excitation was
selected with a 340 interference filter and emission with a 380
interference filter for monomer and with KV 470 filter for
excimer. The circular dichroism data were obtained with an
Aviv Associates 60 DS instrument with a Hewlett Packard
thermoelectric temperature controller as previously described
(Lehrer & Ishii, 1988).

RESULTS

Properties of PIATm. The fluorescence spectrum of PIA-
Tm is composed of a broad excimer band centered at 485 nm
as well as a structured monomer band with peaks at 385 and
405 nm (Figure 1A). The excitation spectrum of the excimer
fluorescence was broadened compared to the monomer
fluorescence, indicating pyrene—pyrene ground-state interac-
tion. The fluorescence decay showed the presence of multiple
lifetimes for both monomer and excimer with longer excimer
lifetimes than the monomer (Figure 1B). The time ¢,,, when
the fluorescence intensity decreased to 1/e was 4.0 and 38.7
ns for monomer and excimer, respectively, in agreement with
previous results; i.e., ; Je Was estimated to be 4.5 and 39.2 ns
for monomer and excimer, respectively, using the data of Lin
(1982). There was little time lag between excimer and mo-
nomer peaks (<2-3 ns), indicating a rapid reorientation to the
excimer configuration during the monomer excited-state
lifetime. These fluorescence properties are similar to those
of PMTm in which the pyrene succinimido ring attached to
Cys is cleaved by alkaline hydrolysis (Graceffa & Lehrer,
1980; Ishii & Lehrer, 1986). The perturbation by the probe
on the conformation of Tm was minor and much less than for
PMTm (Ishii & Lehrer, 1985a) as seen by a comparison of
the thermal helix unfolding profile of PIATm with unlabeled
Tm (Figure 2). The main effect of the probe was a small
increase in the magnitude of a helix unfolding pretransition
in the range of 25-40 °C.

The excimer fluorescence increased in the pretransition due
to local unfolding in the region of Cys-190 and then decreased
in the main transition due to further chain separation and
subunit dissociation (Figure 2). The excimer fluorescence
intensity increase was associated with an excitation spectrum
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Table I: Effects of Nucleotide, lonic Strength, and Tn Components on Parameters Obtained from S1 Titrations of PIATm~Actin

system (actin +) [NaCl]® (mM) nucleotide L* Y? Kt M) K (M) AE/Eg (%)
Tm 30 - 16 6 1x 104 1 X 108 128
Tm 30 AMPPNP 16 6 1 x10* 1.2 x 106 115
Tm 100 ADP 8 2 1 x 104 5 X 108 120
Tm + TnT1 30 - 16 10 1 x 104 1 x 108 116
Tm 4+ Tn (+Ca?") 30 - 18 10 1 x 10 1 X 108 38

¢Other solvent conditions are 5 mM MgCl,/20 mM Hepes (pH 7.5) at 25 °C. ®L’, state 1/state 2 equilibrium constant; ¥, end-to-end cooperative
parameter; K, binding constant of S1 to state 1; K, binding constant of S1 to state 2 (Hill et al., 1980); AE/E,, total fluorescence change. The same

values are obtained by fitting both excimer fluorescence and light scattering.
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FIGURE 1: (A) Fluorescence emission spectra of PIATm (-),

PIATm-actin (---), and PIATm-actin-S1 (—). Excitation wave-
length was 340 nm. Solvent background was subtracted, and the
spectrum was corrected for the variation in sensitivity. (B) Effects
of the binding of S1 to PIATm-actin on the fluorescence decay of
the excimer (E) and monomer (M). L is the lamp pulse. The curves
in the absence and presence of S1 are identical for both excimer and
monomer. Conditions: 0.70 uM PIATm, 5.0 uM actin, and 5.5 uM
S1in 20 mM Hepes (pH 7.5), 5 mM MgCl,, and 30 mM NacCl at
25 °C.

shape change; the shoulder at 333 nm relative to the peak
intensity at 343 nm increased from 0.8 at 25 °C to 0.9 at 40
°C, indicating a change in the ground-state environment of
excimer-forming pyrenes as Tm locally unfolds. The tem-
perature of maximum excimer fluorescence was 40 °C, com-
pared to 30 °C for PMTm, indicating that the PIA probe did
not perturb the Tm conformation as much as the PM probe.

When PIATm was bound to actin, the excimer fluorescence
decreased, and the monomer fluorescence slightly increased
(Figure 1). In the complex, the excimer fluorescence did not
increase with temperature up to 40 °C, indicating that actin
suppressed the unfolding pretransition of Tm as previously
noted with PMTm (Ishii & Lehrer, 1985). The excimer
fluorescence increased above 40 °C toward the values of
PIATm alone, because PIATm starts to dissociate from actin.
The dissociation temperature of ~44 °C for PIATm was
higher than that for PMTm (~33 °C) in further agreement
with a decreased conformational perturbation.

Effects of Myosin S1 Binding to PIATm—Actin. S| binding
to the actin~-PIATm complex caused a 2.2X increase in the
excimer fluorescence and a slight increase in monomer
fluorescence (Figure 1A). Despite these changes in steady-
state fluorescence, the fluorescence decay profiles of the ex-
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FIGURE 2. Comparison of the helix unfolding of PIATm (P) and
unlabeled Tm (U) with the temperature dependence of the excimer
fluorescence of PIATm (®). The ellipticity was monitored at 222
nm. The excimer fluorescence was monitored at 485 nm with the
excitation wavelength at 340 nm. Concentrations of PIATm and
unlabeled Tm were 0.75 and 0.77 uM, respectively, for CD and 0.65
uM for fluorescence. The solvent conditions for both measurements
were 0.5 M NaCl, 20 mM Hepes (pH 7.5), | mM EDTA, and | mM
DTT.

cimer and monomer fluorescence did not change (Figure 1B).
This indicates that the S1-induced increase in the excimer
fluorescence is due to a greater fraction of pyrenes contributing
to excimer fluorescence rather than a change in the excited-
state properties of the excimer. The effects of S1 were reversed
by the addition of ATP, in agreement with the known ATP-
induced S1 dissociation, and recovered after all ATP was
hydrolyzed by the acto-S1 ATPase.

The excimer fluorescence and light-scattering intensity were
measured during titrations with S1 in the absence and presence
of the nucleotides, MgADP and MgAMPPNP. The light
scattering is a measure of the binding of S1 to actin-PIATm.
The profile of the excimer fluorescence change with S1 binding
was similar to the fluorescence profiles monitored by other
probes at the same site interpreted as an S1-induced change
in state of Tm on actin (Ishii & Lehrer, 1985; Lehrer & Ishii,
1988). Whether or not nucleotide was present, the excimer
fluorescence change was half-complete when an average of one
S1 was bound to seven actin subunits, and was almost complete
when three S1’s were bound (Figure 3). The data were fit
to the Hill et al. cooperative S1 binding model (1980), and
reasonable agreement was obtained as seen by the fit of the
theoretical curves to the experimental data. The parameters
obtained from the fits are listed in Table . L’and Y were
found to be independent of nucleotide under the same ionic
conditions, even though binding affinities of S1 (K,) are
different (compare the data in the absence of nucleotide and
presence of MgAMPPNP). The smaller values of L’and Y
obtained in the presence of MgADP were explained by the
salt concentration dependence of these parameters (Greene,
1982); e.g., the excimer fluorescence profile in the presence
of MgADP was the same as in the absence of MgADP at 0.03
M NaCl and 5 mM MgCl, where the S1 binding was so strong
that the binding profiles were indistinguishable in the presence
or absence of MgADP. K, was found to be nucleotide-de-



Pyrenyliodoacetamide-Tropomyosin Excimer

08|
0.6 o

04 g

AllAo

AilAo

1 i 1 1

0 1 2 3 4 5
[S1] (uM)

FIGURE 3: Effects of the binding of myosin S1 to PIATm-actin on
excimer fluorescence (O) and light scattering (). (A) No nucleotide
present, 5 mM MgCl, and 30 mM NaCl. (B) 4 mM AMPPNP, 7
mM MgCl,, and 30 mM NaCl. Other conditions: [PIATm] = 0.41
uM, [actin] = 2.88 uM, 20 mM Hepes (pH 7.5) at 25 °C. Theoretical
curves are drawn with the parameters listed in Table 1. The total
light-scattering change was ~10X.

pendent as expected. To assess the significance of these pa-
rameters, the range of acceptable parameters was estimated
from x2, the sum of squared differences between calculated
and experimental values, around the minimum, x?2,, when one
parameter varied from the best fit with others held constant.
For example, in the absence of nucleotide, L’ = 15-18, Y =
4-10, K, <1 X 106M, and K; > 5 X 107 M™! could be used
to fit the data to give similar deviations of x? from x2,.

The total fluorescence change was independent of the
presence and type of nucleotide within experimental error,
indicating that the resulting state of Tm is independent of these
nucleotides. This result was confirmed by direct comparison;
i.e., the excimer fluorescence did not change upon the addition
of MgADP or MgAMPPNP in the presence of excess S1.

Control experiments showed that the label did not affect
the S1 binding, state change of Tm, and ATPase activity. S1
binding was the same for PIATm—actin or unlabeled Tm-actin
in the presence of MgADP, S1-induced excimer fluorescence
changes were similar in mixtures of different ratios of PIATm
and unlabeled Tm (1:0 and 1:3), and PIATm inhibited acto-S1
ATPase to a similar extent as unlabeled Tm.

Effects of TnT1. TnTl, which is known to enhance the
end-to-end polymerization of Tm, does not appear to bind close
to Cys groups, because the environment of the probes attached
to Cys groups did not change (Morris & Lehrer, 1984; Ishii
& Lehrer, 1986b). TnT! was, therefore, used to study the
relationship of end-to-end interactions of Tm to the strength
of binding to actin and to the S1-induced Tm-state change.

The strength of the interaction between Tm and actin was
measured by determining the salt concentration at which Tm
dissociates from actin. It was found that in the presence of
TnT1, a 0.1 M greater concentration of salt was required to
dissociate Tm from actin, indicating that TnT1 increased the
binding strength of Tm to actin (Figure 4), in agreement with
previous results (Morris & Lehrer, 1984). A small decrease
(15%) of the excimer fluorescence of PIATm-actin caused by
TnT1 at low salt (0.03 M NaCl) appears to be due to a small
conformational change of PIATm transmitted to Cys-190
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FIGURE 4: Effects of TnT1 on the binding of PIATm to actin. (A)
Salt dependence of the fraction of free PIATm determined by sed-
imentation. (B) Salt dependence of the binding of PIATm to actin
determined by excimer fluorescence. The experiment was done in
the absence (O) and presence (@) of 0.55 uM TnT1. [PIATm] =
0.5 uM and [actin] = 3.5 uM. (X) is the excimer fluorescence of
PIATm alone as a control. Solvent conditions: 20 mM Hepes (pH
7.5)/5 mM MgCl, and 25 °C.
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FIGURE 5: Salt dependence of the excimer fluorescence of PIATm-
Tn—actin in the absence (A) and presence (B) of S1. The fluorescence
was corrected for dissociation of Tm~Tn from actin. (+) PIATm-
actin; (@) PIATm-Tn-actin in the presence of 0.1 mM Ca?*; (0)
PIATm-Tn-actin in the presence of 0.1 mM EGTA. The line in (B)
is the same as the line in (A) for PIATm-actin~Tn in the absence
of Ca?* to more easily see S1 effects in the absence of Ca?*. Con-
ditions: [PIATm] = 0.6 uM, [actin] = 4.2 uM, [Tn] = 1.0 um, and
[S1] = 4.2 uM in 20 mM Hepes (pH 7.5) and S mM MgCl, at 25
°C.

induced by TnT1 binding (Tishii & Lehrer, 1986b).

The S1-induced final fluorescence and the state change were
not affected by the presence of TnT1 (Table I).

Effects of Tn on PIATm—-Actin. The binding of Tn to
PIATm-actin in low-salt solutions (<0.1 M NaCl in the
presence of 5 mM MgCl,) increased the monomer fluorescence
(74% and 66% in the presence and absence of Ca?*, respec-
tively) and decreased the excimer fluorescence (19% and 8%,
respectively). The excimer fluorescence of the reconstituted
thin filament was thus slightly Ca?* concentration dependent.
When the NaCl concentration was increased above 0.1 M
NaCl, the excimer fluorescence of PIATm-Tn—Actin increased
toward the value of PIATm alone independent of the presence
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Table 1I: Effects on Ca?* of Parameters Obtained from S1 Titrations of Reconstituted Thin Filament, PIATm-Tn~Actin

[Ca?*]a nucleotide L' Y K, (M) K, (M) AE/E, (%)
+ - 4 10 1 X 104 1 x 108 28
+ ADP 4 10 1 x 10* 2.5 x 10% 29
- - 40 5 1 % 104 1% 108 27
- ADP 40 S 1 x 10* 2.5 x 10 31

4 Experimental conditions are 0.25 M NaCl, 5§ mM MgCl,, 20 mM Hepes (pH 7.5), 0.1 mM CaCl,, or 0.1 mM EGTA at 25 °C.

or absence of Ca?* (Figure 5A). These data were corrected
for dissociation of Tm~Tn from actin which took place in
0.4-0.5 M NaCl (e.g., 20% and 50% PIATm were dissociated
from actin in 0.4 and 0.5 M NaCl in the presence of Ca?*,
respectively). The excimer fluorescence increase with salt was
associated with a monomer fluorescence decrease.

In the presence of bound S1, the binding of Tn to PIATm-
actin in low-salt solutions decreased the excimer fluorescence
(42% and 48% in the presence and absence of Ca?*, respec-
tively), and as in the absence of S1, the excimer fluorescence
increased with salt concentration above 0.1 M NaCl toward
the value of PIATm-actin—S1 which was independent of salt
concentration (Figure 5B).

Effects of S1 Binding to PIATm—Tn~Actin. The excimer
fluorescence change induced by S1 binding to PIATm-ac-
tin—-Tn was small (~30%) in the presence of Ca?* in low-salt
solutions. The profile of the Sl-induced state change of
PIATm-actin—Tn in the presence of Ca?* was similar to that
of PIATmactin (Table I). In the absence of Ca?* in low-salt
solutions, the excimer fluorescence change induced by the S1
binding was too small to compare with the presence of Ca?*.
Effects of Ca?* on S1 titrations, however, could be observed
at high salt (0.25 M NaCl) (Figure 6). In the absence of
nucleotide, where the S1 binding is strong and stoichiometric
both in the presence and in the absence of Ca?*, the
fluorescence change could distinguish effects of Ca?*; i.e., more
S1 binding was required to switch the Tm state in the absence
of Ca?*. In the presence of MgADP, where the S1 binding
was weakened and the light-scattering change therefore ap-
peared sigmoidal, the profiles of both the binding and the
fluorescence change were Ca?* concentration dependent.
Whether or not MgADP was present, however, the fluores-
cence change was half-complete when ~0.5 S1 and ~1.5 S1
were bound to 7 actin subunits, in the presence and absence
of Ca?*, respectively. These data were fitted to the Hill et
al. model and gave L’and Y values that are Ca?* concentration
dependent and a K, value which is nucleotide concentration
dependent (Table II). The ratio of L’ in the absence to
presence of Ca?* was 40/4 = 10, in reasonable agreement with
the value obtained in a previous study with PMTm, 8.3 (Ishii
& Lehrer, 1987), and the values obtained from the S1 binding
studies, 6-16 (Greene et al., 1982).

DISCUSSION

Fluorescence Properties of PIATm. The properties of ex-
cimer fluorescence of PIATm in solutions and the effects of
the binding to actin are similar to those obtained with PMTm
(Graceffa & Lehrer, 1980; Ishii & Lehrer, 1985) which were
interpreted by a model in which the probes equilibrate between
two sets of ground-state configurations, interacting pyrene—
pyrene configurations leading rapidly to excimer and nonin-
teracting configurations resulting in monomer. With this
model, when excimer fluorescence decreases due to tempera-
ture or actin binding, monomer fluorescence increases and vice
versa.

The data obtained for S1 binding to actin~PIATm, however,
indicate that nonfluorescent probe configurations should also
be considered. The lack of change in the fluorescence decay

AlAo

AlAo

[S1] (uM)

FIGURE 6: Effects of the binding of S1 to PIATm-Tn~actin on excimer
fluorescence. The excimer fluorescence (O, @) and light scattering
(0, m) were measured in the absence (A) and presence (B) of 2 mM
ADP. Theoretical curves are drawn by using the parameters listed
in Table II. [PIATm] = 0.5 uM, [Tn] = 0.55 uM, and [actin] =
3.5 uM in 0.25 M NaCl, 5 mM MgCl,, 20 mM Hepes (pH 7.5), and
0.1 mM CaCl, (@, ®m) or 0.1 mM EGTA (o, O).

profile with S1 binding despite the large intensity change
indicates changes in ground-state pyrene—pyrene interactions.
However, two sets of ground-state configurations cannot ex-
plain a fluorescence increase of both excimer and monomer.
Nonfluorescent dimer configurations, in which interacting
pyrenes are incapable of forming excimer, must be considered
to equilibrate with monomer and excimer configurations. It
is reasonable that pyrenes will interact hydrophobically in the
ground state in a variety of configurations in these aqueous
solutions and that certain configurations may result in static
quenching analogous to quenching in concentrated solutions.
Further evidence for nonfluorescent dimer configurations was
obtained for PIATm under certain conditions: (1) When the
pH was lowered from neutral pH (>6.5) to 5.7 at low tem-
perature, which did not change the helix content, the excimer
fluorescence increased 50% without a monomer fluorescence
change, suggesting a shift from nonfluorescent dimer config-
urations to excimer configurations. (2) On introduction of low
concentrations of GuHCI (1-1.5 M) at low temperature, which
did not cause helix unfolding, the excimer fluorescence de-
creased 30-40%, and monomer fluorescence decreased
10-15%, suggesting a shift from both excimer and monomer
configurations to nonfluorescent dimer configurations. Thus,
the distribution between these three classes of probe config-
urations is influenced by small conformational changes.
By increasing both monomer and excimer fluorescence, S1
binding to PIATm-actin affects Tm chain—chain interaction,
causing a redistribution of pyrene probes away from non-
fluorescent dimer configurations toward excimer and monomer
configurations. The conformation change of Tm involved does
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not appear to be the same as the local unfolding of Tm that
occurs in its unfolding pretransition in the absence of actin,
in view of the somewhat different fluorescence changes ob-
served; e.g., the local unfolding produced a small change in
the excitation spectrum of excimer fluorescence which was not
observed when S1 was bound.

For PMTm, no corresponding evidence for nonfluorescent
dimer configurations has been obtained. If nonfluorescent
configurations are present, their contribution does not ap-
preciably change. The main difference between the PM and
PIA probes is an extra charge from a carboxylate group
produced by the cleavage of the succinimido ring attached to
Cys in PMTm (Ishii & Lehrer, 1986a). Absorption and
fluorescence spectra of the model compound, PM—dithiothreitol
(Lehrer & Ishii, 1989), have indicated that electrostatic re-
pulsion inhibits the formation of nonfluorescence dimer con-
figurations. When the carboxylates are protonated at acid pH
values, the nonfluorescent dimer configurations are no longer
inhibited, and both excimer and monomer fluorescence is
quenched. Such electrostatic interactions as well as confor-
mational effects may be operating in the case of PMTm to
minimize pyrene dimer formation.

States of Tm in Actin-Tm and Actin-Tm-Tn Thin Fila-
ments. S1 titrations showed that the excimer fluorescence
change was sensitive to the S1-induced state change of Tm
for both PIATm-actin and PIATm-Tn-actin thin filaments.
The ability of the excimer fluorescence to probe the Tm state
change thereby provides a direct test of the cooperative binding
theory in which the fraction of Tm in state 2 originally could
only be inferred from the S1 binding profile to reconstituted
thin filaments (Greene & Eisenberg, 1980). Another ad-
vantage of direct measurement of the state change is that
cooperativity parameters can be obtained even under stoi-
chiometric binding conditions; i.e., even when S1 binding does
not appear cooperative, the fluorescence profile shows coop-
erativity. To date, changes in several different properties of
probes at Cys-190 correlated with the S1-induced Tm state
change: a change in the Tm chain—chain interaction (this
work), a change in the environment at Cys-190 (Ishii &
Lehrer, 1985; Lehrer & Ishii, 1988), and a change in the
geometrical relationship between actin and Tm (Lehrer &
Ishii, 1988).

These data with PIATm can distinguish between two pro-
posed alternative Tm state models which are not distiguishable
by St binding profiles alone (Hill et al., 1980, 1983). In the
original model or “two conformation” model (Hill et al., 1980),
Tm occupies two states, while in an alternative model or
“induced fit” model Tm is allowed to exist in a continuum of
nucleotide-dependent states (Hill et al., 1983). Our data
support the former model because the total fluorescence change
was independent of nucleotide. The same conclusion has been
suggested from the ATPase activity studies with S1 chemically
modified with N,N“p-phenylenedimaleimide (Greene et al.,
1987).

TnT]1 did not affect the profile of the S1-induced Tm state
change although it strengthened the binding of Tm to actin,
most probably by increasing the end-to-end interactions of Tm
on the actin filament. The importance of the end-to-end
interactions in the binding of Tm to actin has been demon-
strated by analyzing binding profiles (Wegner, 1979) and by
using Tm whose polymerization is inhibited, via carboxy-
peptidase A treatment (Ueno et al., 1971; Mak & Smillie,
1981) or PM labeling (Graceffa & Lehrer, 1980). One form
of cooperativity in the S1-induced state change of Tm on actin
is believed to result from the difference in strength of end-
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to-end interactions when neighboring Tm’s are the same state
compared to different states through the end-to-end cooperative
parameter Y (Hill et al., 1980). The lack of effect of TnT1
on Y of the S1-induced Tm state change indicates that the
end-to-end interactions are increased to a similar extent in-
dependent of the state of neighboring Tm’s. The profile of
the state change in the presence of Tn and Ca?* is very similar
to that in the absence of Tn, in agreement with the S1 binding
experiments (Williams & Greene, 1983). The difference in
actin-activated S1 ATPase of the two systems is probably
explained by different kinetic parameters or slightly different
equilibrium constants (Lehrer & Morris, 1982; Williams et
al., 1988).

In contrast to our results with probes on Tm, fluorescence
probes on Tnl appear to monitor the thin filament state change
induced by S1 binding in the presence of Ca?* but not in the
absence of Ca?* (Trybus & Taylor, 1980; Greene, 1986). This
is probably because a probe on Tnl may be sensitive not only
to the state change induced by S1 binding but also to other
concomitant changes, e.g., changes in Tnl-actin interactions.
Thus, probes on Tm appear to monitor the thin filament state
change more accurately.

Salt-Dependent Tn—Tm Interactions. Previous studies have
shown changes in the environment of probes at Cys-190 of Tm
caused by Tn binding, suggesting close interaction of regions
of Tn with the Cys-190 region of Tm (Morris & Lehrer, 1984;
Ingraham & Swenson, 1985; Lamkin et al., 1983). The de-
crease in excimer fluorescence of PMTm and PIATm on
binding of Tn also indicated direct or indirect effects on the
probe environment (Ishii & Lehrer, 1986b). The studies with
PIATm-Tn-actin reported here indicated that the Tn-Tm
interaction on the thin filament is ionic strength dependent.
Similar ionic strength effects on the Tm—Tn interaction were
noted in the absence of actin (Ishii and Lehrer, unpublished
results). Both of these probe studies show that at high salt
the Tn—Tm interaction is weakened near the Cys-190 region
of Tm. Tn binds to Tm via an extended region of TnT
(Ohtsuki, 1979). Because this interaction is weakened at high
salt when Tn is still bound to Tm, it appears that the part of
TnT that binds near Cys-190 is flexible and interacts with Tm
with a strong electrostatic component. The observation that
the increase in excimer fluorescence produced by S1 binding
to PIATm—Tn-actin, which was small at low salt and ap-
proached the value for PIATm-actin at high salt, is consistent
with a weakened Tm-Tn interaction. Thus, at low salt, a
strong Tn—-Tm interaction appears to mask the S1-induced
conformational change of Tm. At high salt, the Tm-Thn in-
teraction is weakened, and a greater effect of S1 is produced.

Ca**- vs S1-Induced Change. The major effect to change
the state of Tm on the thin filament appears to be due to S1
binding. A small Ca?* effect on the excimer fluorescence of
PIATm-Tn-actin was observed at low salt which disappears
at [NaCl] >0.2 M. This does not appear to be related to the
S1-induced state change of Tm. It is estimated that only about
2.5% of Tm is in state 2 (P, ~ 1/L’Y) even in the presence
of Ca?. The small fluorescence change caused by Ca?* can
be understood in terms of Ca?*-induced changes of subunit
interactions in the thin filament affecting the environment or
the conformation near Cys-190 of Tm. In agreement with this,
it has been observed that the TnT-Tm interaction is influenced
by the interaction of TnT with the other Tn components, Tnl
and TnC (van-Eerd & Kawasaki, 1973; Morris & Lehrer,
1984; Ishii & Lehrer, 1986b). The Tnl-actin interaction
which is weakened in the presence of Ca?* (Hitchcock, 1975;
Potter & Gergely, 1974; Tao et al., 1987), and other Tn
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subunit interactions are strengthened (Leavis & Gergely,
1984), may change the TnT-Tm interaction.

It appears that the effect of activation of muscle on X-ray
diffraction changes prior to crossbridge attachment (Kress et
al., 1986) could be due to Ca?*-induced Tn subunit reorgan-
ization rather than a Ca?*-induced shift of Tm to the “on”
state. The effect of Ca?* on the fluorescence profiles, therefore,
suggests that the role of Ca?* is to facilitate the S1-induced
shift of Tm from state 1 to state 2. With this model, a change
in geometry between Tm and actin (Lehrer & Ishii, 1988)
would be correlated with attachment of myosin heads to the
thin filament in state 2.
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