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A novel method that we have developed in the preceding paper to study the subunit exchange rates of F-actin (N. Suzuki and K.
Mihashi, Biophys. Chem. 33 (1989) 177) was applied to regulated F-actin (a complex of F-actin, tropomyosin and troponin). We
found that the dynamic polatity of regulated F-actin is modulated in a Ca?*-dependent manner, giving rise to strong suppression of
the on/off rates of subunit exchange at the P-end. We interpreted this characteristic suppression as follows. Removal of Ca?* from
troponin C in regulated F-actin produces strong constraints on fluctuations in potential energy of an intermediate conformation of
the terminal structure (P-end) which would be formed in the course of association and dissociation of the actin subunit.

1. Introduction

The free energy for skeletal muscle contraction
is supplied by ATP hydrolysis on cross-bridges, or
myosin heads, which protrude from thick fila-
ments. The key intermediate in this reaction,
myosin-ADP-P,, is believed to form an energized
complex with F-actin in thin filaments. The en-
ergy liberated is transformed into the macroscopic
work done in shiding of two filaments under load.
During the course of formation of the energized
complex, activation of the local motion of F-attin
occurs. The directional motion of the individual
actin subumt of F-actin would be essertial for
sliding of the cross-bridge to occur along F-actin
[1].

A number of previous studies on both the
complex of F-actin, tropomyosin and troponin
(the so-called regulated F-actin) in vitro and thin
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filament in vivo have revealed that the flexural
rigidity of F-actin increases markedly when Ca®*
is removed from troponin C on the filament [2-4].
Earlier spectroscopic investigations of F-actin
using, a triplet probe have demonstrated the tor-
sional flexibility of F-actin [5,6], indicating that
F-actin is more flexible when undergoing twisting
motion than bending motion. This anisotropic
flexibility of F-actin becomes Ca’*-dependent un-
der the influence of the regulatory proteins,
tropomyosin and troponin [5,7]. Since the flexibil-
ity of F-actin (both flexural and torsional) is based
on the fluctuation of coupling between actin sub-
units, the observed modulation of flexibility by a
tropomyosin and troponin (+Ca?*) system sug-
gests that coupling between actin subunits in regu-
lated F-actin is susceptible to the concentration of
free Ca’* associated with the Ca?* receptivity of
troponin C. At the terminals of F-actin, fluctua-
tions in the coupling actin subunits gives rise to a
probability of terminal actin subunits exchanging
with G-actin in the solution. Therefore, we expect
that subunit exchange at the terminal of regulated
F-actin is also Ca®*-dependent. The first evidence
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in support of this mechanism in vitro was ob-
tained in a previous study [8] in which the use of a
sensitive fluorescence assay led to the observation
that the rate of incorporation of G-actin into
regulated F-actin under near-steady-state condi-
tions is significantly reduced when the concentra-
tion of free Ca®* is reduced below pCa = 7. This
change was immediately reversed upon addition of
sufficient Ca?*. These results indicate. that al-
though troponin C is not located at the terminal
of F-actin, the Ca2™* receptivity of troponin C is
transmitted very rapidly to the terminal actin sub-
units. The details of this mechanism are investi-
gated in the present study by the application of a
new fluorescence method that we have developed
for quantitative analysis of the on/off rate con-
stants of subunit exchange at the terminals of
F-actin under quasi-steady-state conditions {9]. By
exploiting the high sensitivity of the fluorescent
probe, we were able to determine the extent of
label incorporation into F-actin to a detectable
threshold as low as a few subunits/ filament. Our
results show that the changes in on/off rate con-
stants at the P-end are associated with the Ca?*-
receptivity of troponin C, while the on/off rate
constants at the B-end are not affected signifi-
cantly. This phenomenon is sensitive to environ-
mental conditions, indicating that the Ca?*-de-
pendent directional constraint is exerted on actin
subunits in the direction of the P-end by regu-
latory proteins. On the basis of the present results,
we would like to propose a model in which sub-
unit exchange (both on- and off-events) at the
P-end is accelerated by structural fluctuations of
F-actin.

2. Methods

2.1. Theary for incorporation of labeled G-actin into
F-actin under quasi-steady-state conditions

Details i the principle involved have been
reported in the preceding paper [9], and therefore
in the present article we shall restrict ourselves to
a brief summary of the procedure.

Let us consider the case where we add a small
amount of fluorescence-labeled G-actin () to a

solution of F-actin which is under steady-state
conditions for subunit exchange. The fluorescence
intensity of the probe increases on incorporation
of the actin subunit into F-actin. If preferential
incorporation between labeled and unlabeled sub-
units does not occur and the fluorescence change
is equal at both ends, the rates of incorporation of
label at both ends (¥ and V,) are expressed
analogously to eq. 10 of ref. 9 by:

Va(t) = A k5 (1) ~ k3] &)
Ve(1) = A(0)[k3 C (1) — k3] (2)
where A(t) denotes the fraction of labeled G-actin
in the total G-actin at time 7. The V' terms are
given with respect to the rate of the label incorpo-
ration at both ends of single F-actin. As incorpo-
ration of label proceeds, the total G-actin con-
centration (labeled plus unlabeled) decreases,
thereby approaching C, (critical concentration).
Consequently, the rate of label incorporation de-
creases gradually. However, during very early
stages in incorporation (50-120 s after addition of
label), where the amount of G-actin incorporated
is only a few percent of the initial, total G-actin
concentration, we are able to determine the initial
rate of label incorporation (fluorescence increase)
according to:

1 dFlg,p(1)

40) dr |,
=m[(k} +kP)C+ G)— (ks +k5)]  (3)
T —mlkicra) k] @

where m is the proportionality constant for the
relation between incorporation of label and in-
crease in fluorescence. Egs. 3 and 4 indicate that
the initial fluorescence increase divided by 4(0) is
linearly dependent on the initial G-actin con-
centration (C, + Cy).

As shown below, the critical concentrations of
the B- and P-ends of regulated F-actin are very
similar, i.e., Cy = C, = Cp. In this case (case A in
ref. 9), if both ends of F-actin are free to exchange
subunits, then the rate of label incorporation is
given by [9]:

V=Vy+Vp (5)
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In the presence of cytochalasin D, which caps
the B-end and thus suppresses subunit exchange at
the site, the rate of label incorporation is de-
scribed by the following expression:

V="Vp (6)

Therefore, by addition of an appropriate initial
G-actin concentration relative to C, (or Cp), we
can evaluate ¥ and ¥}, as a function of (C, + ;).
Subsequently, by using eqs. 1-4, we obtain the
rate constants kg, kg, kp and kp.

2.2. Materials and methods

The procedure for the preparation of actin from
rabbit skeletal muscle and the labeling of the
Cys-374 residue with N-(1-pyrenyl)iodoacetamide
followed that described in the preceding paper [9].
A fraction of native tropomyosin (a complex of
tropomyosin and troponin) was prepared accord-
ing to the method of Ebashi and Ebashi [10].

In order to prepare a complex of regulated
F-actin, G-actin was mixed with native tropomyo-
sin at an actin/native tropomyosin molar ratio of
5:1) in low salt solution containing 200 pM ATP,
100 pM CaCl,, 2 mM NaHCO; and 2 mM 2-
mercaptoethanol and then dialyzed against a large
volume of high salt solution containing 100 pM

ACTIN (M)

ATP, 60 mM KCI, 2 mM MgCl,, 15 mM Tris-
acetate (pH 7.6) and 2 mM 2-mercaptoethanol
overnight in a cold room (5°C). The stock solu-
tion of regulated F-actin thus prepared was used
after dialysis vs. each specified solution.

ATPase activity was assayed similarly to that
described in the preceding paper [9].

Adjustment of pCa: to 2 ml of regulated F-actin
solution at 33°C, 20 pl of either CaCl, (10 mM)
or EGTA (100 mM) was added. These solutions
are henceforth referred to as ‘high-Ca’ or ‘low-Ca’
solution, respectively. The solutions were in-
cubated for 5 min at 33°C immediately before
fluorescence measurement.

3. Results

3.1. Steady-state G-actin concentration of regulated
F-actin

Regulated F-actin, in which 5% of the actin
subunits are labeled with PIAA, was multiply
diluted to give lower actin concentrations by using
buffer M, containing 0.5 mM MgCl,, 50 uM
CaCl,, 200 uM ATP, 5 mM Tris-HCl (pH 8.0), 1
mM 2-mercaptoethanol and 1 mM NaN,. Under
these salt conditions, we were able to add various

ACTIN (uM)

Fig. 1. Steady-state G-actin concentration of regulated F-actin solution at 33° C. (a) High-Ca solution, containing 150 uM CaCl,
and buffer M (0.5 mM MgCl,, 1 mM NaN,, 1 mM 2-mercaptoethanol, 200 pM ATP, 5 mM Tris-HC]; pH 8.0). The regulated
F-actin solution in high salt solution containing 60 mM KCl and 1 mM MgCl, (in which 5% of the actin subunits were
pyrene-labeled actin) was multiply diluted with buffer M and incubated in a cold room (5°C) for 2 days. Prior to fluorescence
measurements, the solution was incubated at 33°C for 8 h. Adjustment of pCa was made 5 min before fluorescence measurement.
(------ ) Fluorescence intensity 5 min after addition of MgCl, (5 mM); this was performed in order not to include denatured actin
in the steady-state concentration of G-actin. (©) In the absence of cytochalasin D. (@) Cytochalasin D (final concentration 1 M)
was added prior to incubation in the cold room. F.L, fluorescence intensity. (b) Low-Ca solution, containing 1 mM EGTA and buffer
M. Other conditions as in panel a.
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amounts of labeled G-actin, since the steady-state
concentration of G-actin was relatively high (1-2
M, see fig. 1). The solutions of regulated F-actin
were incubated for 2 days in a cold room (5°C)
and for 8 h at 33°C in order to attain steady-state
conditions prior to recording fluorescence.

In high-Ca solution, the steady-state G-actin
concentration of regulated F-actin amounted to
1.7 + 0.1 uM (fig. 1a). In this determination, full
polymerization of regulated F-actin was examined
by addition of MgCl, (5 mM) to each solution in
order to ascertain the extent of denaturation of
F-actin during the prolonged incubation at 33°C.
The proportion of denatured F-actin, which
amounted to less than 5% of the initial concentra-
tion of F-actin, was subtracted from the total
actin concentration (fig. 1a). The steady-state con-
centration of G-actin in high-Ca solution, de-
termined in the presence of 1 uM cytochalasin D,
was 2.1 +0.1 uM which is slightly greater than
that in its absence (fig. 1a).

In low-Ca solution, the steady-state G-actin
concentration (1.7 pM) was equal to that in high-
Ca solution (fig. 1a and b). The presence of 1 uM
cytochalasin D had no effect on the steady-state
concentration of G-actin, however, the fluores-
cence intensity demonstrated a decrease of about
20% (fig. 1b). The reason for. this is not clear.
Further addition of cytochalasin D did not change
C, in low-Ca solution, indicating that the disparity
in critical concentrations of the B- and P-ends
substantially disappeared in low-Ca solution (ta-
ble 1).

We reported in the preceding paper [9] that the
disparity in critical concentrations of B- and P-
ends is markedly reduced by binding of tropomyo-
sin to F-actin. Additionally, we observed in the
present study that when the concentration of KCl
was increased, the disparity in critical concentra-
tions of the opposite ends was virtually abolished
on binding of tropomyosin plus troponin even in
high-Ca solution (60 mM KCl, 1 mM MgCl,, 50
gM CaCl,, 200 uM ATP, 10 mM Tris-HCl (pH
8.0), 1 mM NaN; and 1 mM 2-mercaptoethanol at
33°C) (fig. 2). ‘

During prolonged incubation (8 h) in buffer M
at 33°C, ATP hydrolysis. resulted in a maximum
concentration of approx. 40 pM (conditions; 12

0 10
ACTIN (pM)

Fig. 2. Steady-state concentration of G-actin in a solution of
regulated F-actin at high salt concentration. 60 mM KCl, 1
mM MgCl,, 50 gM CaCl,, 200 gM ATP, 10 mM Tris-HCI
(pH 8.0), 1 mM NaN; and 1 mM 2-mercaptoethanol at 33°C.
(©) In the absence of ¢cytochalasin D; (@) in the presence of 1
£M cytochalasin D. F 1., denotes fluorescence intensity.

pM regulated F-actin in high-Ca solution). How-
ever, addition of excess ATP (500 pM) to each
solution did not change the steady-state G-actin
concentration.

3.2. Limitation of amount of labeled G-actin added

In determinations of the rate of label incorpo-
ration, it is important to limit the amount of
G-actin added in order to avoid spontaneous
polymerization. We observed that, in buffer M at
33°C, G-actin at concentrations up to 4.9 pM did
not undergo spontaneous polymerization, even
though the fluorescence assay is sensitive enough
to polymerization to detect a threshold of as little
as a few subunits/ filament (fig. 3). Hence, in the
following experiments, 50-200 ul of a solution of
labeled G-actin (protein concentration 30-50 uM)
was mixed gently but rapidly with 3 ml regulated

_F-actin solution.

3.3. Determination of rate of label incorporation into
regulated F-actin in both high- and low-Ca solutions

The stock solution of regulated F-actin was
diluted with buffer M such that the concentration
of F-actin was equal to 12 uM, and then in-
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Fig. 3. Spontanecous polymerization of G-actin in buffer M at
33°C. Various amounts of G-actin (in which 5% of pyrenyl-
G-actin was included) were added in buffer M at ¢ =0, and the
fluorescence intensity (F.I.) was monitored continuously. G-
actin added at: (1) 1.2, (2) 2.5 and (3) 4.9 p M. We note that no
spontaneous polymerization was detectable until at least 4 min
after mixing of G-actin, even at 4.9 puM G-actin.

cubated as described above for attaining steady
state. To 3 ml regulated F-actin in high-Ca solu-
tion, labeled G-actin at various final concentra-
tions was added (viz., 0.63, 1.0, 1.24 and 1.82 uM).
The initial rate of label incorporation for each
solution was analysed according to eqs. 3 and 4 as
a function of initial G-actin concentration (C, +
Co)- The resulting plots were linear, intersecting at
a G-actin concentration of 1.7+ 0.1 puM (fig. 4,
line 1). This result is in line with that predicted
using egs. 3 and 4. In the presence of 1 uM
cytochalasin, the initial rate of label incorporation
resulted in a straight line which intersects at a
point corresponding to the critical concentration
of the P-end, 2.1 + 0.1 uM (fig. 4, line 3). Increas-
ing levels of cytochalasin D (up to 5 pM) gave
essentially identical results, indicating that the ef-
fect of capping of the B-end of regulated F-actin
was saturated at a cytochalasin D concentration
of less than 1 puM.

In low-Ca solution, the rate of label incorpora-
tion mnto regulated F-actin was slower as com-
pared to high-Ca solution over the range of G-actin
concentrations studied (fig. 4, line 2). This is quite
compatible with previous data demonstrating that
the change in concentration of Ca’* in the solu-
tion induced an instantaneous change in rate of
label incorporation into regulated F-actin [8]. The
presence of cytochalasin D (1 uM) in low-Ca
solution resulted in a very slow rate of label
incorporation (fig. 4, line 4).

CstCqo (pM)
Fig. 4. Initial rate of incorporation of label divided by 4(0); ¥;
was plotted as a function of the initial concentration of total
G-actin (C, + C;). Initial rate of label incorporation was de-
termined over the time range 1-2 min after addition of labeled
G-actin. In this range, a steady-state increase of fluorescence
was observed which was related to total G-actin in egs. 3 and
4. (1) High-Ca; (2) low-Ca; (3) high-Ca; 1 uM cytochalasin D,
(4) low-Ca, 1 pM cytochalasin D. Ordinate given as the
average rate of label incorporation of single F-actin. In calcula-
tions, the regulated F-actin concentration equal to 2 nM was
used according to ref. 9 and the results of Suzuki and Mihashi
(in preparation).

The data obtained in both high- and low-Ca
solutions were subjected to analysis according to
eqs. 5 and 6, with the results for the B- and P-ends
being depicted separately in figs. 5 and 6. The rate
constants obtained are summarised in table 1. We
note that Ca?*-dependent regulation is very exten-
sive at the P-end, whereas the effect at the B-end

— T T T T T
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Fig. 5. Ca2*-dependent change in rate of subunit incorporation
at the B-end (V) of regulated F-actin under high-Ca (+ Ca)
and low-Ca (—Ca) conditions. Data point for (+Ca) were
obtained by applying eqgs. 5 and 6 for the experimental results
of lines 1 and 3 in fig. 4. Similarly, data for (—Ca) were
derived from the results of lines 2 and 4 in fig. 4.
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Table 1
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Kinetic parameters of subunit exchange of regulated F-actin under steady-state conditions

C,, steady-state concentration of G-actin. Cpg[rate], Cp[rate] and ([rate] denote the values calculated from k%, kp, ky and kp

obtained experimentally.

Parameters Conditions
0.5 mM MgCl, 0.5 mM MgCl, 2 mM MgCl, 2 mM MgCl,
(high-Ca), (low-Ca), (high-Ca), (high-Ca),
5 mM Tris-HCl 5 mM Tris-HCl 10 mM KCl, 30 mM KCl,
(pH 8.0) (pH 8.0) 5 mM Tris-HC1 15 mM Tris-acetate

(pH 8.0) (pH 7.6)

kg M71s7h 1.2x10°¢ 1.1x10° 2.3x10°¢ 1.1x10%

kG, ™Y 2.1 18 1.6 028

kg (7Y 1.7 1.8 1.5 0.25

Cpglrate] (M) 1.5 1.7 0.64 0.25

kf (M~1sTh 1.2x10¢ 0.15 x 105 0.83x10° 0.28x10°

kiC (s7hH 1.9 0.26 0.56 0.14

kp (s7h 23 0.26 0.63 0.40

Cplrate] (uM) 20 1.7 0.75 0.38

Cp (M) 21 1.7 0.8 -

C,[rate] (M) 1.8 1.7 0.67 0.25

C, (eM) 1.7 1.7 0.65 -

Flow (s™") 04 0 0.2 03

is unremarkable, at least under the present condi-
tions. The instantaneous change in label incorpo-
ration of regulated F-actin on addition (or re-
moval) of Ca?* observed in the previous work [8]
is now readily understood as being the result of a
drastic Ca?*-dependent change in the values of
ky and kg.

T T T T

T
P-eno *Ca

] | 1 | L
0 1 2 3 4 5
Ce+Cqy (M)

Fig. 6. Ca?*-dependent change in rate of subunit incorporation

at the P-end (Vp) of regulated F-actin under high-Ca (+Ca)

and low-Ca (—Ca) conditions. Data points for (+Ca) and

(— Ca) are depicted simply from the results for lines 3 and 4 in
fig. 4.

3.4. Temperature dependence of rate constants

We observe in table 1 that the rate constant for
incorporation at the B-end is apparently lower
than that of the diffusion-limited process of for-
mation of a collisional complex. This phenomenon
is of greater significance at the P-end. This sug-
gests that the rate of formation of new terminal
structure is limited by a process of slow isomeriza-
tion which follows the formation of a collisional
complex between G-actin and the terminal actin
subunits. In other words, an activation procéss (or
processes) for the collisional complex is involved
in the overall reaction of subunit incorporation at
the terminals.

In fact, Arrhenius plots of the association rate
constants for both B- and P-ends led to values of
the activation energy that were apparently greater
than the thermal energy kT (fig. 7). The magni-
tude of the activation energy varies widely de-
pending on solvent conditions (see legend to fig.
7). These results indicate that an intermediate
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Fig. 7. Temperature dependence of k§ (O, ®) and k§ (a, a)
of regulated F-actin in ‘Mg’ solution. (O, A) 0.5 mM MgCl,,
100 gM CaCl,, 200 pM ATP, 15 mM Tris-HCI (pH 8.0), 1
mM NaNj. Activation energies calculated from the slopes of
the plots were 15.3 keal/mol for k3 (0) and 19.0 kcal /mol for
ky (a). In ‘*K/Mg’ solution (@, a) 30 mM KCl, 2 mM MgCl,,
100 uM CaCl,, 200 uM ATP, 1S mM Tris-acetate (pH 7.6).
Activation energies calculated from the slopes were 6.1
kcal/mol for k3 (@) and 1.4 keal/mol for k3 (a). To 2 ml of
7 pM regulated F-actin solution under steady-state conditions,
0.3 ml labeled G-actin (31 pM) solution was added and the
initial rate of label incorporation was determined. The same
measurement was carried out in the presence of 1 pM cyto-
chalasin D. Knowing the steady-state concentration of G-actin
(which was insensitive to temperature at least under the pre-
sent solvent conditions), the observed rate of label incorpora-
tion k,;, was converted to k* at both B- and P-ends using

K=k ' (C+C)— k™

where C, is the amount of G-actin added (labeled and un-
labeled).

state(s) of the terminal structure is created during
the course of association of actin subunits with the
terminal. Probably, a similar intermediate state(s)
is formed during dissociation of the terminal actin
subunit.

3.5. ATPase activity of regulated F-actin associated
under steady-state conditions

The above results demonstrate that subunit ex-
change at the terminal of regulated F-actin is
strongly dependent on the Ca?* receptivity of
troponin C. It would be interesting to establish
whether the process of Ca’*-dependent subunit

exchange is tightly coupled to ATP hydrolysis.
ATPase activity of regulated F-actin solution was
assayed at 33°C in both high- and low-Ca solu-
tions which contained 2 mM MgCl,, 10 mM KCI,
50 puM CaCl, (or 1 mM EGTA), 200 uM ATP, 5
mM Tris-HC! (pH 8.0), 1 mM NaN; and 1 mM
2-mercaptoethanol. These data demonstrate that
the average rate of ATP hydrolysis for single
regulated F-actin amounts to 0.04 s™! in high-Ca
solution, assuming that ATPase occurs on regu-
lated F-actin. This value is more than 40-fold
smaller than the rate of the subunit ‘in-flow’ reac-
tion at the B-end (k; C,=1.6 s, table 1), indi-
cating that the association reaction is not closely
coupled to ATP hydrolysis. The rate of ATPase is
still lower than the net subunit in-flow (=0.2
s~ 1). These data therefore suggest that not only
does incorporation of G-actin occur mostly in the
form of G-actin-ATP but also reléase of actin
subunit takes place in the form of this complex, at
least under the experimental conditions employed.
The result obtained in low-Ca solution is striking,
since no appreciable ATPase activity occurs in
spite of the occurrence of subunit exchange reac-
tion. In this case, the net subunit flow from the B-
to P-end is essentially zero; i.e., for regulated
F-actin where troponin is devoid of Ca?* the
subunit exchange reaction proceeds as a simple
diffusion process at the terminals.

4, Discussion

4.1. Directional constraints in subunit-subunit cou-
pling exerted on actin subunits by regulatory pro-
teins

In this study, we have confirmed our previous
data showing the rate of subunit incorporation at
the terminal of regulated F-actin to be under the
control of Ca’*-dependent regulation by
tropomyosin and troponin [8]. Additionally, in the
present study we discovered that Ca?*-dependent
regulation is of greater significance for the P-end
(cf. figs. 5 and 6). The Ca®*-receptive state of
troponin C switches on the ‘gate’ for subunit
exchange at the P-end; the signal of Ca®* recep-
tion on troponin C which arrives at the P-end
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B-end P-end
2 1 Q 1 Z (sec™)
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Fig. 8. The subunit-flow diagram for regulated F-actin under
steady-state conditions. From the on/off rate constants of
regulated F-actin (table 1), steady-state subunit inflow and
outflow at both ends were calculated according to the follow-
ing relations: (B-end) kjC, (inflow), k5 (outflow). (P-end)
kI C, (inflow), k5 (outflow). We note that Ca“—dependent
regulation is at the P-end, while it is less effective at the B-end.

switches on the gate, The signal transferred to the
P-end evokes the activation of structural fluctua-
tions. In other words, structural fluctuations
elicited by troponin C upon Ca’* binding are
propagated along regulated F-actin. As a conse-
quence, the subunit flow appears in the direction
from the B- to P-end (fig. 8).

4.2. Structural fluctuation at the P-end of F-actin

The subunit-flow diagram for regulated F-actin
(fig. 8) clearly demonstrates that Ca?*-dependent
regulation is far more important at the P-end as
compared to the B-end. We note that when a
Ca?*-receptive signal from troponin C arrives at
the P-end, both k; and kp increase in approxi-
mately equal proportions (8—9-fold; table 1).

In order to elucidate the possible mechanism
underlying this regulation, we shall discuss two
models in the following text. The first one involves
two distinct conformational states present at the
P-end of F-actin depending on the Ca*-receptive
state of troponin C:

kl
Reg-FA(+ Ca) zl;-‘! Reg-FA(—Ca)

here, both conformations are in dynamic equi-
librium and the rate constants k; and k, depend
on the concentration of free Ca?*. We may as-
sume that the on-rate constant for subunit ex-

Reg=FA{+Ca) Reg ~FA(-C3)

9

{ Model A )}

Fig. 9. Schematic diagram of the extreme case in model A.

change differs between both conformations. A
similar assumption is made concerning the off-rate
constant. As an extreme case, we assume that
association of actin subunits occurs primarily with
Reg-FA(+Ca) whereas dissociation of subunits
takes place from Reg-FA(- Ca). This is described
in fig. 9 (model A).

We assume that both states, Reg-FA(+Ca) and
Reg-FA(—Ca), exist in a rapid equilibrium (%,
k;> k*C, k7). Hence, the fraction of Reg-
FA(+Ca) is given by k;/(k, + k;) with that of
Reg-FA(—Ca) being expressed as k,/(k,+ k;).
The average rate of subunit incorporation is then
given by

kl - k r
k,+kf_k k. +k; )

This equation predicts that when the concentra-
tion of free Ca?* decreases, the fraction in the
Reg-FA(+Ca) state diminishes and consequently
the apparent on rate (the first term) falls, whereas
the apparent off rate (the second term) increases.
The experimental results obtained in the present
study, however, demonstrate that both on and off
rate constants change in a parallel manner (table
1). Thus, model A does not explain the experimen-
tal results.

The second model takes into consideration a
possible intermediate state (or states) suggested by
the temperature dependence of the association
rate constants (fig. 7). We assume that the termi-
nal subunit must be activated to reach a transient
conformational state in which the structural
potential energy is much greater than those of
both stable F-actin subunit and G-actin in solu-
tion. The reaction may be described as follows:

G+P=2(G-P)=2(G'-P)=2P-P
(model B)

V=k*C
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where G denotes G-actin in solution, and P the
terminal subunit at the P-end of F-actin. When
association of G-actin occurs (reaction proceeding
from left to right), the newly bound subunit (G)
and the preexisting terminal subunit (P) form a
collisional complex (G — P) which then undergoes
activation to an intermediate complex (G’ — P’).
The potential energy of the complex (G’ — P’) is
higher than that of the stable configuration of the
terminal (P — P). Thus, the reaction from (G’ —
P’} to (P — P) is a downhill process. On the other
hand, there is a chance of the terminal subunit (P)
being activated to state G’ and of activation of
the next subunit to state P’ from state P (reaction
from right to left). Actin subunits in the G'-state
may dissociate into the solution or return to state
P at the terminal. The overall reaction rates for
association and dissociation depend on the dif-
ferences in potential according to (fig. 10):

k* a exp[ —(Uy — Up) /kT]
k™ exp| — (Uy — Uy)/kT] (8)

where Uy, Uy and U, represent the potential of
actin subunit in the dissociated, transiently
activated and polymeric state, respectively. One of
the essential assumptions made in this model is
that both Uy, and U, do not remain constant but
undergo variation due to structural fluctuations
(or flexibility) in F-actin. For a description of this
situation, we introduce the following potentials:

Up=0

Upng= Uy + (1/2)aE(2) 9
U, = UA,0+aE(t)

Here, for simplicity, we take Up=0 and the
fluctuational potential energy E(¢) is divided into
Uy and U, (fig. 10). a denotes the coupling

constant. Substitution of this potential into the
rate equation leads to:

k* =k exp{ —bE(¢)}
k™ =ky exp bE(t) (10)
where b = a/(2kT). The experimentally observed

rate constant is the average of the fluctuating
values of k;

(k™) = kg {exp{ —bE(2)}) (11)
(k™) = kg (exp bE(2)) (12)

If E(t) shows a Gaussian distribution profile, we
have

(exp bE(1)) = (exp{ ~bE(1)})
=exp((1/2)b*(E*(1))} (13)

which is a positive value. This means that both the
on and off reactions will be accelerated simulta-
neously by structural fluctuations of F-actin. The
acceleration increases in extent with larger struc-
tural fluctuations. This is precisely the behavior
observed in the current study. The Ca*-depen-
dent increases in on/off rate constants at the
P-end occur in parallel, in line with expectation
(table 1). Thus, model B is very reasonable.

We are able to describe the quantitative aspects
of amplification of the directional fluctuations of
F-actin. Eqgs. 11-13 can be rewritten as follows:

(k™) /kg) = exp(b(E*(1))/2) (14)

Here we make use of the analogy between the
Ca’*.dependent activation with the thermal
activation of fluctuation (eq. 14), thereby deriving
the relation:

(k5 (+Ca))/(k§(—Ca))
= (kp(+Ca))/(kp(—Ca))
=exp(a2(E2(t)>/8(kT)2) (15)

The ratio for the rate constants between the high-
and low-Ca solutions amounts to 7.8 for k; and
9.4 for kp (table 1). In eq. 15, E represents the

( Model B)
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Fig. 10. Schematic diagram of the structural potential profile
of the P-end to explain the observed association and dissocia-
tion of actin subunits (model B).
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difference in potential energy fluctuations
observed between high- and low-Ca solutions. If
we choose the coupling constant a as being equal
to unity, the ratio of rate constants calculated
above gives E=42kT at the P-end, with the
result for the B-end being negligible. In conclu-
sion, the activation energy for both on and off
reactions and the fluctuations in potential at the
P-end are significantly greater than those at the
B-end (table 1). This description therefore details
the basic characteristics of the dynamic polarity of
regulated F-actin.

4.3. Biological implications of Ca’*-dependent regu-
lation of the dynamic structure of the P-end

(i) In the contractile mechanism for skeletal
muscle: in the contractile system of actomyosin, a
myosin cross-bridge slides along F-actin in the
direction from the P- to B-end [11]. Interestingly,
the direction coincides with that of the directional
fluctuations of actin subunits revealed in the pre-
sent study. Both sliding of the myosin head and
directional fluctuations of actin subunits are regu-
lated by the tropomyosin/ troponin/(+Ca?*)
system. It may be suggested that the local motion
of actin subunits (translational and/or rotational)
which underlies the change in k} and k; is of
great importance for the translational motion
(sliding) of the myosin head along F-actin. It is
possible that the elementary motion of the myosin
head during sliding may consist not only of trans-
lation along F-actin, but also of limited rotation
around the actin subunit.

It should be noted that in the case of skeletal
muscle, the P-end of the thin filaments is bound to
B-actinin [12]. We have no knowledge of the type
of modulation brought about in the contraction of
muscle when B-actinin is removed from the tip of
thin filaments. In our model analysis presented
above (model B), the energy fluctuation elicited by
the troponin system amounts to 4.2kT. If the
end-~capping B-actinin acts as a ‘clip’ at the P-end
of F-actin, an enormous amount of elastic energy
will be stored in thin filaments which can be
regulated by the action of troponin.

(i) The newly suggested function of the ‘B-end
capping proteins’: it has already been discussed

that the B-end capping proteins stabilize F-actin
by suppressing subunit exchange at the B-end
where subunit exchange occurs at a high frequency
(relative to the low-frequency site of the P-end). In
the preceding paper [9], we showed that stabiliza-
tion of F-actin may be afforded by tropomyosin
which ‘does not cap’ the B-end but binds laterally
to F-actin. Interestingly, suppression by tropo-
myosin was observed on the P-end instead of the
B-end. Moreover, on inclusion of troponin, Ca?*-
dependent regulation was demonstrated at the P-
end as is shown in the present study. It appears
that the P-end is more sensitive to environmental
changes than is the B-end (table 1 and fig. 8 in ref.
9). From these considerations, we postulate that
the function of the B-end capping proteins is to
render F-actin susceptible to subtle changes in
environment through the P-end by means of cap-
ping the high-frequency site of the B-end (bias
toward high-frequency noise; a kind of low-pass
filter). This type of function for the B-end capping
proteins has not been previously proposed.
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