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ABSTRACT: Thin filament regulation is mediated by the presence of tropomyosin (Tm) and troponin (Tn)
on the actin filament. Binding of Tm alone induces two states, closed and open (with the equilibrium
between them defined k), which differ in their affinity for myosin subfragment 1 (S1). Cooperative
switching between the states results in characteristic sigmoidal myosin S1 binding curves. In the presence
of Tn and absence of €g a third state, blocked, has previously been kinetically shown to be present,
leading to the three state model of McKillop and Geeves [(1®8phys. J. 656693—-701]. We have
measured equilibrium binding of S1 to phalloidin-stabilized pyreaetin filaments by monitoring the
pyrene fluorescence at 50 nM, a concentration 10-fold lower than previously possible. In combination
with kinetic studies, we show that the data can be fitted to a modified version of the three-state model
with an additional term allowing for a varying apparent cooperative unit sigeQur results show that

the apparent cooperative unit sizg {s dependent upon both the presence of Tn and éf.Q¥so in the
absence of Cd, the occupancy of the blocked state (definedKy) is accompanied by a-23-fold
reduction inKy. These results are discussed in comparison to the Hill model [(1P&®). Natl. Acad.

Sci. U.S.A. 773186-3190] and a flexible model of thin filament regulation based upon that of Lehrer et
al. [(1997)Biochemistry 3613449-13455].

The regulation of the interaction between actin (A) and It was shown that in equilibrium measurements of S1
myosin heads (M) in skeletal muscle is brought about by a binding to actinTmTn in the presence of €3 the relation-
Ca*-induced change in the state of the thin filament proteins ship betweerK andK; determined the form of the sigmoid
tropomyosin (Tm) and troponin (Tn) (for reviews, see refs titration curve ). The blocked state is not occupied in the
1 and?2). presence of Ca. The ratio of open/closed thin filament

The thin filament is a repeating structure made up of units cooperative units depends on the fraction of actin sites
of actinTmTn. Skeletal tropomyosin is a linear coiled coil occupied by S1 and is defined by
structure approximately 400 A long which interacts with
seven actin subunits and the troponin regulatory complex. open/closed= K(1 + K,)"

This structural repeat containing seven actins per unit was

used by Hill et al. ) as the cooperative unit size in their Wwheremis the number of actin sites within the cooperative
model of thin filament cooperativity. A modification of this ~ unit occupied by S1Kr has a value of 0.2 in the presence
model was subsequently proposed by Geeves and HalsalPf C&" and a value of<0.2 in the absence of €g and as
(4), taking into account that binding of S1 to actin involves it is a property of the thin filament is independent of any
at least two steps after the formation of the collision complex. nucleotide bound to the S1. In contrass is a property of

McKillop and Geevesd) more recently proposed that the the S1 head and is independent of Chinding to Tn.
regulation of TmTn-containing thin filaments can be inter- !N the absence of nucleotidi; ~ 200, and a single S1
preted in terms of a rapid Cadependent equilibrium blr!dln_g to a cooperative unit is suff|c_|en_t to swm_:h on the
between three states of the thin filament, blocked, closed, Unit [i.€., Kr(1 + K) ~ 40]. The binding of different
and open. A steric blocking model of thin filament regulation nucleotides to S1 allowk to be varied from 0.3 to 200.
has been proposed (Figure 1) which shows the relationship”S Kz is reduced, the energy of binding of a single S1

between the three states of the thin filament and the two- PECOMes insufficient to turn on the cooperative unit. There-
step binding of S1 to actir6(-8). fore, several heads are r_eq_uwe_d for activation, and this
changes the form of the binding isother®).(
; According to this model, binding profiles of S1 to actin
Supported by NIH Grants HL 22461 and AR 41637. have a sigmoidicity dependent upon the equilibriui)(
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fragment 1; pyr-actin, pyrene-labeled actinapparent cooperative unit ~ Of these binding curves is also dependent upon the overall
size. affinity for actin (KiK;), and since in the absence of
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Ficure 1: Three-state model of the thin filament as proposed by McKillop and Ge8yeBhe A TmTn structural unit is shown as seven

open circles representing the actins connected via a line representing the tropomyosin. This unit exists in a dynamic equilibrium between
the three states as represented by the different positions of tropomyosin. The three states are the blocked state in which no S1 binding can
occur, the closed state in which only weak binding can occur, and the open state which allows isomerization of the S1 to the rigor-like state.
The ratio of the three states in the absence of S1 is defined by the equilibrium comGigbetween the blocked and closed states) and

Kt (between the closed and open states). The blocked state is only present in the abseftembe€dhe Tn complex is tightly bound

to the filament; in the presence of €athere is little or no occupancy of the blocked state, meaKings large and can be ignored.

nucleotideK, ~ 200, the apparent sigmoidicity at conven- allowing accurate determination of the S1 affinity in a
tionally used actin and S1 concentrations is greatly reduced.stopped-flow assay. Using these principles, a titration system
A lower sigmoidicity results in less accurate determination has been developed allowing S1 binding to be monitored in
of the binding parameters. To produce a significantly a continuous titration at similar low (50 nM) pyrenactin
sigmoidal curve, the concentration of actin used should be concentrations under conditions where kinetic and mixing
in the same range as the overall affinity. However, the effects are negligible.

concentration that can be used is limited by two faCtorS, the Using this technique’ accurate curves for S1 b|nd|ng to

sensitivity of the assay system in measuring a change Onactin have been obtained in the presence of tropomyosin
blndlng and the eqUIllbrIum between filamentous and mon- (Tm) and the Comp|ete regu|atory Comp|ex (Tan) under a
omeric actin. If the concentration of actin is below the critical yariety of conditions. The binding curves can be fitted to a
concentration, the actin will depolymerize, rendering the model based on that of McKillop and Geevé} including
assay system useless. This limited the actin concentrationa varying cooperative unit size which has allowed determi-
which could be used in the equlllbrlum blndlng studies of nation of both the Open/dOSed equi”briurKTQ of the
McKillop and Geevesq), and the fits were therefore not fijlament and the apparent cooperative unit simp The
very sensitive to the size of the cooperative unit which was results show than is a property of the actifm filament
therefore assumed to be the aeﬂ'ran structural Unitm and dependent upon the presence of Tn ané’thut
=T). independent of ADP binding to S1. Furthermore, we confirm
Lehrer and Geeved () estimated the apparent cooperative thatKy in the presence of Tn is also €adependent.

unit size ('I) using the excimer fluorescence of a pyrene label However, the requirement far to vary dependent upon
covalently attached to Cys-190 of Tm (Tm*) which reports the titration conditions brings into question the definition of
the switch from the closed to open form of the filament. the cooperative unit size in terms of the structural unit. We
Comparison of light scattering (LS), which reports S1 binding consider the physical meaning of the apparent cooperative
to actin and the Tm* fluorescence (F), indicated the number ynit size and compare the analysis of this model with that
of S1 molecules that must bind to or dissociate from an actin of the earlier model of Hill et al. and the recent proposa|
filament before it changes state in both equilibrium and that Tm should be considered a continuous flexible filament
kinetic measurements. For acflim filaments, this was  on the surface of actir2().

shown to be 1 in 6 actin sites occupied= 6) and 1 in 12

(n = 12) for an actinTmTn filament; i.e., in the presence of

troponin, the apparent cooperative unit is significantly greater MATERIALS AND METHODS

than the actip TmTn structural unit. The observation that

under some conditions could be significantly greater than 7 proteins and Reagent#yosin subfragment 1 (S1) was
(the size of the structural unit) led us to re-examine the prepared by chymotryptic digestion of rabbit myosin, as
binding data of McKillop and Geeves)(and refine their  gescribed by Weeds and Tayldi2). Its molar concentration
method to allow more accurate determination of the binding \yas calculated from absorbance measurements at 280 nm
curves. using anE™ of 7.9 cnt! and a molecular mass of 115 000

It has recently been shown by Kurzawa and Geetéys (  Da. Rabbit actin was purified by the method of Spudich and
that the large fluorescence change of pyrene-labeled actinWatt (13). Its molar concentration was determined with its
stabilized with phalloidin can be used to measure myosin absorbance at 280 nm using &%° of 11.08 cm! and a
S1 affinity for actin at actin concentrations &f20 nM, molecular mass of 40 000 Da. The preparation of pyrene-
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labeled actin (pyr-actin) was like that previously described o =

(14). Phalloidin-stabilized F-actin was made by incubating
a solution of 10uM pyr-actin with 10 uM phalloidin
overnight in experimental buffer [20 mM MOPS (pH 7.0),
200 mM KCI, and 5 mM Mgd] at 4 °C.

Stopped-Flow Experiments and Fluorescence Spectros-

copy. Stopped-flow experiments were performed at°20
with a Hi-Tech Scientific SF-61DX spectrophotometer in

(IM] + Ky + [Al ) — Y(IM] + Ky + [Al 9 — 4/M][A]
2[A],

(1)

wherea is the fraction of actin with S1 bound, [M] the total
concentration of S1, [A]the initial actin concentration, and

fluorescence mode. Pyrene fluorescence was excited at 3634 the dissociation constant. _
nm and emission detected at right angles using a KV 389 Binding can be monitored by the quenching of a pyrene

nm cutoff filter (Schott, Mainz, Germany). Data were stored

label attached to actin. The fraction of actin bound is then

and analyzed using the Kinetasyst software provided with directly proportional to the change in fluorescence.
the instrument. Transients shown are the average of three to

five shots of the machine. In these experiments, the
concentrations quoted are those after mixing and are half
the relevant concentrations of the stock solutions in the

syringes.

_F—F
F,—F

(08

(@)

0

Generalizing the McKillop and Geeve8)(equation for the

Fluorescence titrations were performed on a SLM 8100 three-state model for a cooperative unit sizgives

spectrofluorimeter at 20C using excitation at 365 nm with

an 8 nm bandwidth and measuring emission at 405 nm with

a 16 nm bandwidth. A total working volume of 2 mL was
used in a 10 mnx 10 mm cell constantly being stirred with
a magnetic stirrer below the light path of the instrument.

Autotitrations were carried out using a Harvard Apparatus

Syringe Infusion Pump 22 driving a 1Q0_ glass syringe
(Hamilton). Injection was made through a port in the lid of
the instrument directly into the cuvette below the surface o

driveplate and connected to the TTL trigger input of the

K [M]P" YK (14 Ky)" + 1}
a =
(KP"+ Q"+ 1K) (L + K,)"*

3

wherea is as defined in eq 2, [M] is the concentration of
free S1,P =1+ K{M](1 + Ky), andQ = 1 + K4[M]. As
for the unregulated system,can be related to the fractional

¢ change in pyrene fluorescence.

the solution, but above the light path. Data acquisition was
triggered using a contact switch attached to the syringe/

RESULTS

To obtain precise Stactin binding parameters by curve

spectrofluorimeter. Data were acquired over a period of 250 fitting the titration data, the concentration of actin used should

s, with data points being collected every 0.5 s with an
integration time of 0.45 s. Buffer solutions for the titrations
were filtered using a 0.22m disposable syringe filter to

be of the same order of magnitude (or lower) than the value
of the overall binding constankK(K5). In the case of titrations
in the presence of TmTn, this means working at a concentra-

remove dust particles which can produce significant noise tion of ca. 50 nM. In previous studie8,(15), much higher
in the stirred cell at the low levels of sample fluorescence actin concentrations have been used because of the necessity
used. Titration data are recorded with a continuous addition of keeping the actin in the filamentous (F) form or the relative
of a concentrated S1 stock solution using a syringe pump insensitivity of the light scattering signal used to monitor

into a continuously stirred cell. The use of a 10 n¥mnlL0

mm cell (2 mL volume) reduces the effects of dilution, as
only 50uL is added during a titration, and of fluorescence
bleaching, as only a portion of the continuously mixed
solution is exposed to the light path. The efficiency of mixing
in the cell was checked by showing that addition of an

unreactive fluorophor produced a linear change in fluores-

cence with no lag. The titration of actin with S1 was shown
to be effectively in equilibrium by showing that halving the

binding. Kurzawa and Geeve$1) showed that phalloidin
could be used to stabilize pyrene-labeled actin in the F form
at low concentrations (1 nM) with little effect on the affinity
of S1 for actin as monitored by fluorescence quenching of
the pyrene label using stopped-flow techniques. A titration
of pyr-actin (in the absence of TmTn) with S1 is shown in
Figure 2. A fit to the data using eq 1, shown superimposed,
gave aKy of 94 nM with Fo and F., values of 42 000 and

19 090, respectively, i.e., an apparent quenching of around

time scale of addition had no effect and that pausing a 55%. Using these low concentrations of pyr-actin, there is

titration produced no further significant change in the

an appreciable level of background fluorescence or scatter

fluorescence level as would be expected if the system werefrom the solution. Hence, the level of fluorescence quenching

in equilibrium.
MODELING

The equilibrium binding of S1 to unregulated actin
conforms to a simple binding model.

Kd
A+M-—A-M

It can therefore be shown that a curve for titration of S1
against actin can be fitted to the following physically
significant root of the quadratic equation.

is lower than the 70% expected for S1 binding to pyr-actin
(14). The higher background also results in some variation
in the Fo values for titrations, although this is generally less
than 5%. The value oKy determined using this method
agrees with the value previously reported by Kurzawa and
Geeves 16) under similar conditions.

The curve for a second titration in the presence of
tropomyosin is sigmoid as expected for a cooperative binding
curve. A large excess of tropomyosin was addedND over
the 1:7 ratio theoretically required (7 nM) to ensure that the
actin filaments were fully saturated with Tm as under these
conditions theKy of tropomyosin for actin is<0.5uM (16).
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Ficure 2: Titration of pyr-actinphalloidin with myosin S1. S1 $1(nM)
was added continuously to a stirred cuvette containing 50 nM pyr- 25
actirrphalloidin. Binding is monitored by fluorescence quenching B

of the pyrene label upon S1 binding. The buffer was 20 mM MOPS,
200 mM KCI, and 5 mM MgGl at 20°C. Superimposed is a curve
fit to the data using the quadratic solution of the equation of a simple

binding model.F, and F,, values were determined to be 42 000 §
and 19090 for actin and 41200 and 21900 for adimn, §
respectively. £

&
Table 1: Parameters for Curve Fits in Figures 2 and 3 <

Tm-Tn Tm-Tn
actin Tm  (withCa&") (without C&")
Ki(x105M-%) 0532 1.33 0.98 1.22 0 ‘ . , :
K, 200 200 200 200 0.00 0.20 0.40 0.60 0.80 1.00
Kr n/a 0.155 0.143 0.033 Time (s)
n n/a 8 11 6 ©
Ks - - - 0.5
35 C

Comparison of the midpoints of the titration curves shows 30 e
that as well as inducing cooperativity, the presence of 2 | I

tropomyosin also results in a substantial increase in the
affinity of S1 for actin. This has been previously shown to
be an effect upol_; as the rate constants of S1 binding to
actinky; andK; are unchangedj.

The best fit using eq 3 is shown superimposed on the data,
and the fitted parameters are listed in Table 1. Fitting data
using eq 3 required an approach in which some of the °4
parameters are defined and systematically varied, as a unique
fit cannot be resolved when all parameters are allowed to Ficure 3: (A) Titrations of pyr-actimphalloidin with S1 in the

vary Simultaneougly. A_‘S reporteq by McKillop and Geeves presence of either Tm (2M) or TmTn (0.14M). Conditions were
(9), the overall affinity is well-defined by the produkiKo, like those described in the legend of Figure 2, except for the addition
but the individual values oK; andK; are not separately  of either 1 mM CaGl or 2 mM EGTA to the titrations in the
defined. The value oK is therefore fixed at the indepen- g!rej_ence 0(; Tlr(‘j Supe”(T_pC;ﬁei Ort\ tht?] ?ﬁté}_gr?j curve fltts USI?]Q the
; inding model discussed in the text with the fitted parameters shown
dently m_easuref value of 20B)( The blockeq _State 'S inTable 1. (B) Determination of the blocked stalg). Occupancy
unoccupied Kg > 10) an_d exc_luded from the fitting. The o the plocked state was determined by measuring the reduction in
values ofn and Ky are highly interdependent, but can be the rate of S1 binding to excess pyr-actin in the absence 8f.Ca
determined by systematic fitting. The valueroivas varied Shown are fluorescence quenching transient curves measured upon
in integer values beween 5 and 11, and the best fit to the gE 1 0 B BaLETn At 2 i permposed. Panel C
Curveslbafsgd on th.e sum of squares, the Standarq deviation ows the variation of the standard deviation of the fitsds
of the individually fitted parameters, and the residual plot yaried for the data sets shown in panel A.

gave a value of 8. The best fit values i&f and K were

1.33 x 10> M™* and 0.155 with a standard deviation of 1 3 sigmoid character which is much more pronounced in the
and 5%, respectively (Table 1). These are in good agreementihsence of C4. The removal of C# results in the

A SD (total)
- N
o o

-
[=]

with those previously obtained) and define the actiim occupancy of the blocked state, akg must be indepen-
filament as being around 80% in the closed state in the dently determined for fitting with the other parameters. The
absence of S1. value of Kg was evaluated using the kinetic method

Figure 3A shows two titrations for aciimTn filaments established by McKillop and GeeveS)( The fluorescence
in the absence and presence of Cahe data here and in  changes observed on mixing an excess of pyr-aomTn
subsequent plots are shown as the fraction of actin sites(5«M) with 0.5uM S1 in the presence and absence of'Ca
unoccupied by S1 for ease of comparison. Both curves showare shown in Figure 3B. Both curves are well described by
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a single exponential but with the valuelgfsin the absence
of C&*" being approximately/s of that in the presence of
C&". The value ofKg is defined by

Kpses _
kob§0a

The data in Figure 3A were fitted using the same procedure
that was used for the data for Tm alone, using the calculated
value forKg for the fit to the data in the absence of€a
The best fits are shown superimposed, with the fitted values
listed in Table 1. As outlined earlier, the fits were repeated
for integer values o, and the values of the fitted parameters
for the best fit are reported in the tables. In Figure 3C, we
show the variation in the total standard deviatia/sJ(fit-

data pointj] for the data shown in Figure 3A. The minimum
standard deviation can be readily identified, with the value
of n defined to withint1 for actin Tm and actinTmTn with
C&". For these data sets,is relatively independent of the
other parameters. For actifmTn in the absence of €3 n

is better defined but the fitted values nfand Kg are not
independent. The value ofis sensitive tdg whereKg ~

1; at large and small values &%, n approaches 7Kg and

1
1+ Kg(1+Ky)

and henc&g ~ 0.5

Kt are also interdependent, and the data can be fitted equally

well with a Kg of >10 (i.e., no blocked state) with a much
smaller value ofKr. The value ofn derived is therefore
dependent upon the value K§ obtained in the independent
kinetic measurement, but its value will not be outside the
range of 5-7. With these provisions, all of the parameters
of eq 3 are well defined by the titration curves and the data
establish two novel results; the valuekofis C&*+ sensitive,
and the value oh depends on both the presence of Tn and
C&" binding to Tn.

The value ofK; does not change significantly between
the titrations and is a little smaller than the value for titration
of Tm alone K for TmTn in the presence of €a(0.14) is
similar to that for Tm alone (0.16), with a significantly
smaller value in the absence of40.03). In the presence
of C&*, n~ 11, which, as expected from the data of Lehrer
and Geevesl(), is larger than in the presence of Tm alone
(n =~ 8). More surprisingly, the value af is reduced to 6
when C&" is removed.

The results of these titrations and analyses therefore exten
the work of McKillop and Geeves} and confirm that the
value of Ky is C&*" sensitive, changing from 0.15 to 0.0
on removal of C#&". In addition, the value afi is dependent
upon both the presence of Tn and that of?CaThese
conclusions were further tested by varying the titration
conditions and evaluating the effect upon the fitted values
of Ky andn. If these conclusions are correct, then the binding
of ADP to S1 should only affect those parameters concerned
with S1 binding K; andK5) and have no effect oK, Kg,
or n as these are properties of the actin filament in the

5
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Ficure 4: Titrations of 50 nM pyr-actirphalloidin with S1 in the
presence of either Tm (2M) or TmTn (0.14M). Conditions were

like those described in the legend of Figure 2, except for the addition
of 2 mM ADP, 50uM ApsA, 2 mM glucose, and 2.5 units of
hexokinase to all titrations. Superimposed are curve fits to the data
using the binding model discussed in the text, the parameters for
which are listed in Table 2.

Table 2: Parameters for Curve Fits in Figure 4

Tm-Tn Tm:Tn
Tm (with C&™) (without C&")
Ky (x1074 MY 2.08 1.91 2.44
Kz 20 20 20
Kr 0.152 0.138 0.057
n 8 12 6
Kg - - 0.5

K; of 20 (5) and forKg of 0.5 in the absence of €a The
same pattern seen before can be seen in the fitted parameters
shown in Table 2.K; is almost invariant for the three
titrations and is 5-fold smaller than in the absence of ADP.
Values forK; andn are similar to the values in the absence
of ADP for the three titrations; i.eKy is unchanged on
addition of Tn to the actiTm filament in the presence of
Ca&" and is reduced if Ca is removed. The value af
increases from around 8 for acfirm to 11-12 on binding

Tn and is reduced to-67 in the absence of Ga Thus, the
two sets of titrations are in agreement.

As a second test of the model and fitting procedure, the
itrations for TmTn were repeated at low ionic strengths.

cKillop and Geeves9) and Head et al.1g) evaluated the
value ofKg as a function of ionic strength and showed that
at KCI concentrations below 50 mM the valuekyf became
large, consistent with the loss of the blocked state. However,
the ATPase of S1 in the presence of adiimTn remained
Ca&*" sensitive, being one reason for the conclusion Kaat
was C&" sensitive. More recent studies in this laboratory
have shown that the loss of the blocked state at low ionic
strengths was due to the low magnesium concentration used
(2 mM; Ritchie, unpublished observation). The TmTn

absence of S1. This approach has been used previously byitrations were therefore repeated at 30 mM KCI in the

Greene et al.1(7) and subsequently by McKillop and Geeves
(5) to evaluate titration data.

Titrations in the presence of 2 mM ADP for S1 versus
pyr-actinTm or pyr-actinTmTn in the presence and absence
of Ca&* are shown in Figure 4. The data show essentially
the same features as in the absence of ADP except the overa
affinities were reduced by a factor of around 40 as expected
(9, 15). The data were evaluated as before using a value for

presence of 2 mM ADP and either 5 or 2 mM MgCThe
proportion of blocked state was evaluated in each case from
the rate of S1 binding to an excess of pyr-acimTn as
shown in panels B and D of Figure 5. Thgsvalues in the
presence and absence of?Caere 19 and 98 for 5 mM
MgCl, and 24 and 278 at 2 mM MgCb, respectively. This
yields values forKg of =10 at 5 mM and 0.75 at 2 mM
MgCl,, respectively.
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~

Table 3: Parameters for Curve Fitting to the Hill Model A
1
Tm TmTn (with C&") Tm-Tn (without C&") 5
K1(x104M™) 2.0 2.0 2.0 < o8
K2 (x10°5M~%) 454 3.97 3.72 g
L 5.75 3.66 33.6 2 os
Y 1.52 4.46 1.64 2
%
&

Table 4: Parameters for Curve Fits in Panels A and C of Figure 5
Tm:Tnand 5 mM MgC} Tm-Tn and 2 mM MgC}

o
[N}

with C&" without C&" with Ca&" without C&" 0 5‘0 !
0 100 150 200 250

Ki(x10°M™Y)  7.72 8.57 12.0 10.7 &1 (nh)
K, 20 20 20 20
Kr 0.216 0.045  0.204 0.061 04
n 11 8 11 8 0zs | B
Kg - 0.75 - -

03

§ 0.25
The fluorescence titrations of S4DP in the presence and g

absence of Ca are shown for the two Mg concentrations § 02
in panels A and C of Figure 5 with best fits overlaid upon 015

the data. These show the expected sigmoidal curves, which
were fitted as for previous data wiky set at 20 in all cases

andKg at 0.75 for the without Cd data set at 5 mM MgGl 0.05

For the 2 mM MgC} without C&" data setKg was deemed 0 : '

to be large and excluded from the fitting process. The 0.00 020 °"‘:_ o 060 080 1.00
me (s

matching data set in the presence of Cia not sufficiently
sigmoidal to give a defined fit if all parameters are allowed
to float, even using the same fitting approach as outlined C
previously. However, iK; is fixed to a value similar to that
derived from the without Cd data (as would be expected
from all previous results), a good fit can be produced with
values in good agreement with the other fits. The values
derived from the fits are shown in Table 4 for the 5 and 2
mM data sets. It can be seen thtis significantly higher

for the 2 mM MgC} data sets#8 x 10° M~1) in comparison

to the 5 mM MgC} data sets£12 x 10° M%) due to the
difference in ionic strength between the buffers caused by
the differing contributions of MgGlin either case. However,

it can be seen that despite the apparent loss of the blocked $1(uM)
state at 2 mM MgGCl the fitted values foKy (~0.2 and 0.4
~0.04) andn (11 and 8) are similar at high and low MgCl 035 D
concentrations. Thus, the valueskf andn are relatively
independent of MgGlconcentration, ionic strength, and the
presence of ADP.

o4
=3

TmTn +Ca

Fraction unbound {1- o)
o o
FS o

o
N

o

(=]

50 100 150 200 250

03
0.25 H

DISCUSSION o2y

This work represents an appreciable improvement in the
accuracy of the determination of the binding parameters for
binding of S1 to regulated actin. These improvements 005 1
allowed the titrations to be accomplished at concentrations 0
that were'/1o of the previously used actin concentrations, 0.00 020 0.40 080 0.80 1.00
giving greater accuracy to the fitted parameters. In earlier Time (=)
work (4, 9), the titrations were insensitive to the apparent Ficure 5: (A and C) Titrations of pyr-actiphalloidin (50 nM)

cooperative unit sizenj, and this was fixed at the size of ‘;Vg:elcfg?z(?ﬁbﬂ’l\z"é %‘A‘;‘ osfl Glg t—?ﬁep{;,esf?enrce {g ?OMmm%‘gs
H — . u W
the structural unitr{ = 7). We now show that the value of and 30 mM KCl and either (A and B) 5 mM Mg&br (C and D)

n can be extracted from the titration data and that the values; mm mgCl,. Superimposed are curve fits to eq 3, the parameters

of both n andKy depend on the presence of Tn and®Ca  for which are listed in Table 4. (B and D) Determinations of the
Ca?* Dependence of K The data presented confirm that blocked state for the titrations. Pyr-acting#1) and 2uM TmTn

the value oKy is C&"-dependent as suggested by McKillop Were mixed with 0.5uM S1 under the same buffer conditions

- described for the respective titrations. Binding rates (19 and' 9 s
and Geeves, although they were unable to explicitly deter- ;1 54" 2nd 29 < with or without C&", respectively) were

mine the values. Measurement kit in the presence and  determined by single-exponential curve fits which are shown
absence of ADP showed that in both cases the value changeduperimposed on the data.

A Fluorescence

015 |

01} & TmTn+Ca
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Ficure 6: Schematic diagram of the thin filament showing the traditional rigid tropomyosin model and a flexible tropomyosin model.
Actin subunits are shown diagramatically as having three sites, representing the blocked, open, and closed states of the three-state model.
The left side shows a section of thin filament in the absence of S1, and the right side shows the effect of the binding of a single S1 head
in the rigor state. In panels A and B, the filament is shown in the presence?6fadd Tn or when Tn is absent. In these cases, the Tm

exists in an equilibrium between the closed and open states. (A) Tm is shown as described by Hill et al. as a rigid rod spanning seven actin
monomers moving as a single unit between the two positions, the filament being open 20% of the time. The presence of a rigor-like S1
traps the adjacent Tm in the open state. The presence of Tn &fidn€eeases the likelihood of adjacent Tms changing state at the same
time. (B) Tm is shown as a continuous dynamically disordered flexible rod again occupying the same proportion of the open state. The
extent of cooperativity is defined by the stiffness and persistence length of the continuous Tm filament, the presence of Tn (particularly the
TnT component) increasing the stiffness and persistence length. (C) The thin filament in the presence of Tn and abséhc&haf Ca
strongly bound inhibitory Tnl domains (gray ovals) every seven actins constrain the Tm to the blocked and closed states. The 30% occupancy
of the closed state experimentally observed may represent the flexibility of the Tm between Tnl sites or the binding equilibrium between
Tnl and actin. Binding of S1 necessitates the release of the immediately juxtaposed Tnl domain (shown unshaded), but the two adjacent
Tnl domains remain strongly bound, thus reducing the number of additional actins turned on by a single S1. For the rigid Tm model, this
would have the effect of reducing the interaction between adjacent Tms.

from 0.15 to 0.05 on removal of €a To examine whether  pinning the Tm down every 7 actins, therefore reducing the
this change was an artifact due to larger changé&sirthe level of information transfer between adjacent TmTn com-
measurements were repeated under conditions where therplexes (see Figure 6). Howeverremains small at low salt
appears to be little occupancy of the blocked state. The dataand low Mg* concentrations in the absence oPCavhere
presented establish that it is the combination of low ionic there is no blocked state, suggesting that there is stillPa Ca
strength and low Mg concentration €3 mM) which causes  sensitive troponin effect as shown by the chang&-n

the loss of the blocked state. At 5 mM Kfg(where the The value ofn for actin TmTn filaments did not decrease
blocked state is appreciably occupig€s = 0.75 in the in the absence of C& when measured using the kinetic
absence of Cd ) and 2 mM Mg (little or no occupancy  method of Lehrer and GeeveR)j. In this experiment, they

of the blocked statekg > 1), the values oKy (0.2 and measured the rate of dissociation of S1 by ATP from a fully
0.06 in the presence and absence of'Ceespectively) are  decorated actiTmTn filament (light scattering signal) and
only a little larger than those under high-salt conditions. The estimated how many S1 molecules must dissociate before
value ofKr at 2 mM Mg with no C&" is a little higher the Tm returned to the closed state (excimer fluorescence
than at 5 mM. This supports the conclusion that the closed of Tm*). Thus, the measurement is of the rate of formation

to open transition is Ca sensitive. of the closed state from an open state and not the blocked to
C&" and Troponin Dependence of @ur fits to the data  open transition as measured here. As discussed later, the two
show thatn has a value of approximately 7 for an acim transitions represent two different structural changes in the

filament similar to the size of the structural unit, and this filament, and the cooperativity of the open to closed and
increases to 11 for an actiimTn filament in the presence  blocked to closed transitions need not be the same. We will
of C&". These values af are in good agreement with those also consider below the physical meaningnof
measured using a different method of Lehrer and Geeves Comparison to the Hill ModelAn earlier version of a
(10) for the case of acttTm and actifTmTn with C&". cooperative binding model for S1 and aeimTn was
The interpretation favored by them was that the presence ofproposed by Hill et al.3). This is closely related to the model
TnT in the Tm-Tm overlap region increased the level of of Geeves and Halsal) in that the actir TmTn units can
Tm—Tm communication, leading to an increase in the size exist in two states (on and off) with the equilibrium position
of the apparent cooperative unit. This conclusion is supporteddefined byL' (off/on) equivalent to It from the model of
by the increased value ofmeasured in the presence of the Geeves and Halsall. The affinity of S1 for the two states is
Tn fragment TnT (19) and the larger value af measured defined by the two association constants K1 and K2,
for actinTm filaments in which the Tm’s have stronger end respectively, which are identical #§; and Ky(1 + Ky) in
to end interactions such as smooth muscle Tm and fibroblastthe model of Geeves and Halsall. In addition, the Hill model
Tm 5a @1). allowed for additional cooperativity between adjacent actin
Removal of C&" reduces to a value close to that seen  TmTn units. This was described by a nearest neighbor model
in the absence of Tn. This reduction mobserved in the  where the interaction between units is stronger when they
absence of C4 may be the result of the troponin complex are in the same state, the paramateiefining the extent of
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this additional cooperativity. In the work of Geeves and of seven actin subunits as shown in Figure 6A. The position
Halsall @) and McKillop and Geevesdj, no evidence of of S1 binding within the structural unit has no influence on
cooperativity was observed beyond that within the aetin its ability to switch the unit and adjacent units (Hill et al.)
TmTn unit, so no additional cooperativity factor was included between states. The data presented here show that additional
in their analysis. As pointed out by Hill et al. in their original cooperativity is required to describe the system, and this is
work (3), the inclusion of additional cooperativity by an possible in the Hill model but not in the model of McKillop
increase in the apparent cooperative unit size is roughly and Geeves. However, as shown here, the model of McKillop
equivalent to the modeling of nearest neighbor interactions and Geeves can describe the cooperativity using an apparent
using the factoly. This is illustrated in Table 3 which shows cooperative unit sizenj of >7. While the termY is

the parameters determined by fitting the data of Figure 4 to functionally equivalent ta, it should be noted that both

the equations of Hill et al.3). As can be seen, the values of parameters relate to what are mathematically discontinuous
K1 andKj (2.0 x 10* M%), K2 andK(1 + Kj) (4 x 1C° Tm models; i.e., the Tm filament consists of a series of
M~1) are equivalent under all conditions as are the values separate units which switch between discrete states.

of 1/L" and Ky for actirTm (0.15 and 0.17, respectively) The rigid model of Tm has dominated much of the
and actinTmTn in the presence of €a (0.14 and 0.27,  thinking about Tm models since the original formulation of

respectively). However, in the absence of?Galll’ is the steric blocking model. Structural data from both electron
equivalent toKg(1 + 1/Ky) as the equations of Hill et al.  microscopy 25) and X-ray diffraction studies2f) suggest
have no equivalent of the blocked state. The valu& of that Tm makes quite large movements over the actin surface
1.5 is compatible with little Tr-Tm cooperativity as shown  between the three states. In a rigid model, this would require
from the alternative fits which give a value of ap- large changes in the TaTm contacts to allow a single Tm

proximately equal to 7. As seen with the fits using our model, to change state. Yet Tailm contacts are very important
only the TmTn filament in the presence of Tahows a for the binding of Tm to actind7—29) and in some views
larger value ofY (4.5) which is compatible with the larger  provide the majority of the binding energy for the formation
value of n (11—-12) determined here. The data of Greene of the actinTm filament. This is supported by the observation
(21) showed that for a range of different nucleotides (none, that Tm lacking the N-terminal acetylation shows an at least
ADP, or AMP-PNP) the ratio of K1 to K2 was sensitive to 1 order of magnitude reduction in affinity for acti@q). In
the nucleotide bound to S1 (in agreement with the model of these respects, models representing Tm as rigid sections
Halsall and Geeves whek& is nucleotide-dependent), and which are not necessarily continuous with their neighbors
the values ofL’ and Y (which are properties of the thin  cannot be favored. The work of Lehrer et &0) with pyr
filament) did not vary with the nucleotide in agreement with  Tms showed that the apparent cooperativity was not de-
this work. However, the data were not sensitive to changespendent upon the length of Tm but upon Ffim interac-
in the value ofY in the presence of Cadue to the limited tions. This led to the proposal of Tm existing as a flexible
resolution of the data and reduced sigmoidicity of the binding filament which has an apparent cooperative unit sibased
curves at the high actin concentrations used-{53uM). upon the filament properties and not the size of the structural
Further studies by Williams and Greeri2) were unable unit. The flexible model shown in panels B and C of Figure
to distinguish between binding curves for Tm and TmTn in 6 illustrates the essential features of the Tm filament on the
the presence of Gafor the same reasons despite evidence actin surface. Tm is represented as a continuous dynamic
for differences from ATPase measuremer8, (24). The thread along the actin surface which in the absence of Tn
work of Ishii and Lehrer 10) in which they used pyrene-  (or with Tn and C&") spends 80% of its time in the closed
labeled Tm to measure switching of the agfifmTn units position and 20% in the open position. The binding of a
from closed to open states allowed greater sensitivity, andsingle S1 into the R state traps the Tm at that actin site in
fits by them using the Hill model showed that TmTn in the the open state. The number of adjacent actins with Tm in
presence of Ca had a larger value of than in the absence  the open state is then a function of the dynamic flexibility
of C&" or absence of Tn. This is in agreement with the data of the Tm around the fixed point defined by S1. The stiffer
presented here, although the valueYoin the absence of the Tm filament, the further the information about the S1
Ca* was higher than that determined by us (5 vs 1.6). Thus, binding is transmitted. For an TmTn filament in the absence
both models are capable of representing the observedof Ca*, the strong actinTnl interaction provides an
behavior of regulated thin filaments, and we can therefore additional anchor between Tm and actin every seven actin
ask which model gives a better description of the switching sites and thus reduces the persistence length of any changes
of the filament. in Tm position on the actin surface. The modified model of
We have shown that in terms of fitting the titration data McKillop and Geeves used here does not describe the
both our model and that of Hill et al. will produce good fits. continuous Tm model accurately except at low levels of S1
It must be appreciated however that the equilibrium data only saturation. Under these conditions, the switched units are
describe the formation of the open state of the filament from centered without overlap around S1 binding sites, and the
blocked and closed states, which is why for our model the parameten describes the average number of adjacent actins
data for the blocked state must be determined separately byswitched as governed by the Tm filament flexibility. In this
kinetic methods. The Hill model which contains no blocked respectn can be considered an indicator of cooperativity in
state is only capable of representing the equilibrium data asmuch the same way as the classically defined Hill coefficient
its two states are incompatible with the kinetic data. (A. Hill, 1913) is used for globular cooperative enzymes.
Both the models of Hill et al. and Geeves and Halsalland  The flexible model described here provides a qualitative
McKillop and Geeves are based upon the structural unit of explanation for the large values nfmeasured and for the
actinTmTn with a rigid Tm switching a cooperative unit changes im observed on addition of Tn and removal of
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Ca". However, the model as described by eq 3 is at best an 12.
approximation of the actin filament at low levels of saturation
with myaosin. The challenge is now to define the persistence
length and flexibility model in mathematical terms that can
be applied to all conditions and to test this model using both
structural and dynamic measurements coupled with the use

of recombinant Tms of varying length and flexibility.
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