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I INTRODUCTION

Active movement in the living cell is being maintained
in the flow of ffee energy iﬂ a Qay'juSt‘like a water mill
being worked in the flow of water. The useful energy
absorbed from the sun iight is convérted to and stored as
the chemical energy and then consumed fof activation of
the various reactions which are essential for maintenance
of the "life". Before the."life" being understood well,
the question should be answered as to how the photon or
chemical energy may be used to do useful work in a biological
éystem. Asvto muscle contracﬁion, the problém is how the
energy released on the hydrolysis of ATP may be converted
to the mechanical enerqgy for the contraction. This problem
may be also interesting in the field of physics. That
is, it would be not easy to devise molecular machines such
as muscle, in which the chemical free energy (scalor guantity)

is converted directly to the force for the directional

movement (vector quantity) with high efficiency. The main

difficulty may ke raised from the fact that the mélecules
under consideration are always in the violently fluctuating
environment because of the smallness. Within the framework
of conventional thermodynamics, it does not seem prokable
that a satisfactory explanation is given as to how the
directional force is generated under isotropical thermai
agitations.

Although the mechanism of muscle contraction has been

made clear up to near a molecular level, a large number of



mechanisms must be elucidated before the above problem will:
be discussed without any speculations; for example,
tertiary structuresof the indivisual prdfeins (e.g., actin
and‘mYOsin) participéting in the force generation have
not been‘deﬁérmined yet. Furthermore, there has been
little information about transient conformations of the
each prqtein during the muscle contraction or during the
hydrolysis of ATP by acto-myosin. As a matter of fact,
few techniques have been developed which can monitor these
transient conformations. This is because of lacking of
the probe which is suitable té sense the conformational
change of actin or myosin. It is very desired to find
such a probe, since identification of these transient
conformations may be a key of the understanding of essentials
of muscle contraction.

Fluorometry haé been recently developed as an important
tool in the fields of biochemistry and biophysics.
Fluorometry may be the method which is hard to handle,
because the relation is not always simple between the
observable quantity and actually occuring phenémena.
However, once its characteristics (the principle or the
limitation) is well understood, it may become a very valuable
tool because of the sensitivity for microenvironment.
Various kinds of fluoreséent probes have been produced in
these several years, and the fluorometric studies using
extrinsic probes have been actively made. .This method is
very suitable for the study about the specific sites in

proteins or membranes. In future work, this method will



o,

beindispensable for elucidation -of the transient conformations

of the individual proteins during the muscle contrac;ion.

On thé other hand, recent develOpments,iﬁ the techniques.

of eléctronics permit to measure the time-resolved fiuorescence

(pulse—fiuoromet;y)._ By the use of the pulée—fluorometer,

the obscurity that was inherent to the fluorometry can be

removed; and, at the same time, the{application of the

fluorometry to various biological systems has been made

possible. ‘
The'present thesis is concerning With the following

two purposes. One is to study the basic proﬁlems in the

fluorometry that have not been made clear but may be

important in application of the method to labile system

of proteins. The other and main purpose is to find by

the fluorometry what kind of conformational changes in

actin molecule may occur associated with the polymerization

of actin and with the binding of mvosin heads to F-actin.

In chapter II of this thesié, the author would like
to make a historical survey of the studies on the interaction
of actin with myosin. Chapter III will be devoted to brief
reviews about fluorescence kinetics and akout fluorescence
anisotropy decay. In chapter IV, methods and materials
used in this study are explained. Physicochemical propertiesi
of the conjugates of actin with fluorescent reagents will
bevalso described. 1In chapter V, the study on basic
problems in pulse-fluorometry will be presented; that is,

the problems in determination of fluorescence anisotropy



decay and in analysis of éxperimental fluorescence decay
curves will be discussed. Chapter VI and VII are the
main parts of this dissertation. In chapter VI, the
fluorescence behaviours of labelled actin ébserved on

the G-F transformation will be presented. In chapter VII,
conformational changes of actin filament induced by the
binding of heavy meromyosin or subfragment-1 are examined

by using the fluorometry.



II HISTORICAL SURVEY OF THE STUDIES ON THE INTERACTION

BETWEEN ACTIN AND MYOSIN
II-1 Introduction

The fine structure of muscle is believed to ke related
to the mgchanism of muscle contraction. Fig. II;l is a
diagrammatic presentation, of strucéure of striated muscle.
Contractile system of striated muscle is composed of thick
filaments (black bars) and of thin filaments (white bars).
In the cases of most vertebrate striated musqie, the length
of thick filament is about 1.6 pum and that of thin filament
is about 1.0 um. The thick and thin filaments are usually
10 to 20 nm laterally appart. Observations under optical
and electron microscopes suggested that, when muscle contracts,
the arrays of filaments slide past each other without change
in their lengths [1,2]. Most of efforts in the study of
muscle contraction have been devoted for elucidation of
the active moleculaf process which translates one  type of
filament past the neibouring of the otﬁer type.

In skeletal muscle, there are two principal structural
proteins. One of them is myosin (60 % of the total structural
protein of muscle) and actin (20 %). Thick filament is an
assembly of several hundréds mnolecules of myosin: Individual
myosin molecule has a head and tail structure and its tail
points towards the center of filament as shown in Fig. II-2.
Actin is a major protein among the components of thin

filament and forms dou@ﬁe—stranded helical structure



(Fig. II-3). Tropomyosin and tfopdﬁin attach to actin
vfilamenfs and regulate the interaction of actin with .myosin
depending on the concentratidn of calcium [3]{ In actin
filament, all the actin protomers are orien£ed in the same
direction giving polarity to the filament. The actin
filament extends, centering the 2 membrahe, to koth sides
and the polarity of actin filament is reversed on the two
sides of Z-membranes (Fig. II-4). In the region where thick
and thin filaments overlap, actin and myosin always have

the same sense of polarity with each other [4]. 1In the
model proposed by A. Huxley [5], it is supposed that the
projection from the thick filament goes through repetitive
cycle of attaéhment to and detachment from actin filament;
during the period of attachment the individual projection
pulls actin filaments and develops the sliding force.

In the arrangement as shown in Fig. II-4, the force produced
by individual cross-bridges in the overlap region will be
additive. Accepting this mechanism, the gquestion is how

the chemical energy supplied by hydrolysis of ATP is
transformed to mechanical work during the cycle of attachment
and detachment of the projection. From this point of view,
it is important to study the molecular mechanism of the
interaction of actin with myosin in the absencé and presence

of ATP in detail.

II-2 Actin

In 1942, Straub [6] succeeded in isolating actin from



muscle. Actin is extracted into water from the dried powdér

.of muscle treated with acetone after removal of myosin.

Actin assumes a monomefric form (G-actin) in a salt-free
solvent, and a long fibrous polymer (F-actin) in the presence

of physiological concentration of salt (Fig. II-5).
IT-2-1 Structure of G-actin

Actin is made up of a single polypeptide chain, and
both one molecule of nucleétide (ATP or ADT) and divalent
cation (Mg++ or Ca++) are binding per molecule. Elzinga et al.
(1973) [71] have determined the complete amino-acid sequence
of actin of rabbit skeletal muscle. The polypeptide chain
consists of 374 residues and has a calculated molecular
weight of 41,785 daltons (or 42,300 including divalent
cation and nucleotide). There are five free sulfhydryl
groups, " at the positions 10, 217, 256, 284 and 373.
Sulfhydryl group of the residue 373 reacts fast with NEM [8].
Faust et al. (1974) [2] have shown that ATP binding site
of actin is located near Cys-217. Jacébson and Rosenbusch
(1976) [10] recently found that actin has a protease-
resistant core extending from residue 68 (or 69) to the
carboxyl-terminal end of the protein; this core binds ATP\
but not calcium ions and it fails to polymerize to the
filamentous form of actin eamé to stimulate myosin ATPase

activity.
II-2~2 Structure of F-actin

In 1963, Hanson and Lowy [11] have shown that F-actin
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in a double-~helical polymer of about 8 nm & diameter,

- whose hélical pitch is about every 36 nm, the strands being
chains of approximately spherical subunité which repéat

at about 5.5 nm intefvals along each chain.® That is, 13.
monomers are contained in the two strands per half-pitch.
The two strands wind around a common axis about 180° out

of phaseland the sense of the helix“is right—handed.

H.E. Huxley [4] (1963) found that wﬂen decorated with
myosin or heavy meromyosin the actin filament exhibits a
characteristic "arrowhead" structure and all arrowheads
point in the same direction along the whole ;éngth in any
given filament. Actin monomer is not a‘symmetric sphere -
but has head-and-tail directionality in itself. |
Wakabayashi et al. (1975) [12] analysed electron micrographs
of the actin—tropomyosin complex by three-dimensional
reconstruction and found that the general shape of the

actin monomer looks glokular and "chicken-shaped".
II-2-3 G-F transformation of actin

G-actin molecules are polymerized into.F—éctin by
addition of neutral salts up to 0.1 M [6,13]. During the
polymerization of actin, ATP bound to G—actin is
dephosphorylated into ADP and inorganic phosphate [14]:

G-actin-ATP ——» F-actin-ADP +P, ”
The nucleotide bound to G-actin are rapidly exchanged with
free nucleotide in the solvent, whereas the ADP bound to
F-actin is not easily exchanged [15]. In agueous solution,

G-actin without ATP loses polymerizability rapidly.



Although the splitting of ATP bound to G-actin accompanies-
Ipolymerization, it is not absolute requisite for polymerization;
that is, G-actin-ADP [16] and nucleotide—free G-actin [17]
retain the capacity to polymerize under certain conditions.
The binding of ATP to G-actin promotes the polymerization
by - making the structure of G-actin favourable for
polymerization but the splitting of‘ATP is not coupled to
polymerization; that is, G-actin-AMPPNP (a chemical analog
of ATP which is not hydrol&sed on polymerizatioﬂ of actin)
can polymerize with a rate similar to G-actin-ATP [18].
F-actin polymerized in vitro is extremeiy long whose
length attains several microns and thus the amount of F-
actin can be determined from the flow-birefringence or
viscosity [19]. Oosawa et al. (1959) [20] studied the
equilibrium properties of actin solution and found that
no F-actin is formed at extremely low actin concentration
even in the presence of neutral salt. Above a critical
value of the actin concentration, F-actin is formed whose
amount is equal to the difference between the total actin
concentration and the critical actin concenfration. The
concentration of G-actin coexisting with F-actin is kept
constant above the critical actin concentration independently
of the amount of F—actin_formed [21]. It has been shown
from the kinetic analysis of the initial phase of actin
polymerization that the cooperation of three or four monomers
is required for the initiation of polymerization [22]. The
G-F transformation of actin is essentially to be regarded

as a kind of condensation phenomenon such as the well-known
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gas—-liquid transition [23]. Oosawa and Kasai (1962) [24]

proposed the scheme of polymerization of actin, by which

the thermodynamic behaviours of actin during the G—F'

transformation can bé understood well. According to their

model, the rate limiting step in the polymerization of

actin is the formation of nuclei of the helical polymer

in which two kinds of bonds are formed between actin monomers.
The critical actin concentrati;n depends strongly on

ionic strength; and it also depends on the species of salt

ions, pH, temperature, and so on. The concentration of KC1l

which is optimal for the polymerization is 0.1 to 0.12 M.

II-2-4 Changes in the tertiary structure of actin molecule

during the polymerization

Higashi and Oosawa (1965) [25] found that the polymeization
of G-actin-ADP into F-actin-ADP is accompanied by a change
in ultraviolet absorption, which apparently originates
partly from the translocation of tryptophan and tyrosine
residues from the outside to the inside of protein and also
partly from increase in the content of a—helixrand/or -
structure. Polymerization is also accompanied by the changes
in the intrinsic fluorescence [26] and in the circular
dichroic spectra [27]. Recently, Rich and Estes [28] found
in a study of limited préteolysis of G-actin and F-actin

that the addition of 0.1 M KCl induces a rapid change in

the conformation of G-ATP-actin to F-ATP-actin monomers

prior to the formation of nuclei of the helical polymer.



I1-3 Myosin

In 1941, Banga and Szent-Gyorgyi [29] found that
"myosin” which had been discovered by Kiihne [30] in lé—th
century was a complex of actin and myosin. -Myosin is
extracted with Guba—Stfaub solution [31] (0.3 M KC1l, 0.15 M
phosphate buffer, pH 6.5) from minced muscle. Myosin exiéts
in an monomeric state at high ionic strength (0.6 M KC1l);
while, it aggregates at low ionic strength (beléw 0.1 M‘KCl).
H.E. Huxley (1963) [4] showed by the negative-staining
technique of electron microscopic observation that aggregates of
purified myosin are similar in appearance and dimensions
to the naturally occuring thick filaments; the aggregates
have large numbers of irregular-looking projections on
their surface except a central zone of 0.15 to 0.2 um in
length. This appearance is explained by cbnsidering that
the myosin molecule has a projection at one end and that
the myosin molecules in either half of the filament are

arrayed with opposite polarities (Fig. II-2).
ITI-3-1 Structure of myosin molecule

The molecular weight of myosin is about 470,000 daltbns
[32]. A myosin molecule consists of two large polypeptide
"heavy" chains with molecular weights of 200,000 daltons
and four small polypeptide "light" chains with molecular
weights of 16,000 to 24,000 daltons. It was shown by
S. Lowey et al. [33] that the myosin molecule consists of

two globular "heads", each about 7 nm in diameter, attached



to a double—stranded—heliéal rod about 140 nm long. Thé

‘ rod-like portion is responsible for the formation of thick
filament under the physiological ionic condition; while,
each globular head, which corresponds tolprbjection df

thick filament, contains an actin binding site and an

active site for ATP hydrolysis. Moore et al. (1969) [34]
analysed electron micrographs of F—gctin decorated with
subfrégment—l (the "head" subunit) by the three-dimensional
reconstruction technique and estimated that theisubfraément-l

is approximately 15 nm long and 3 to 4.5 nm wide.
II-3-2 Myosin subfragments

The heavy chain contains regions which are susceptible
to mild proteolytic cleavage (Fig. II-6). When myosin is
digested with trypsin [35,36] or with chymotrypsin [37],
cleavage occurs in a region about 90 nm from the tip of
the tail, yielding light meromyosin (MW = 140,000) and
heavy meromyosin (MW = 340,000). When digested with papain
[33], cleavage occurs in a region closé to the globular head,
yielding subfragment-1 (MW = 115,000) and myosin rod (MW =
230,000). Light meromyosin and myosin rod, whose helical
contents are 90-100 % [38], are insoluble at low ionic
strength; while, heavy meromyosin and subfragment-1 show
no tendency to aggregate. The important properties of
myosin, i.e., ATPase activity and combination with actin,
are retained in heavy meromyosin and subfragment-1 [39].

The first study of divalent cation effects on the

proteolytic digestion of myosin was made by Balint et al.

- 12 -



[40], who showed that inclusion of EDTA in a tryptic
digestion resulted in production of subfragment-1 and
subfragment-2 as well as heavy meromyosin. Veeds ana

Pope [41] have recenfly shown that chymotryptic digestion
of polymeric myosin (in 0.12 M NaCl) in the absence of
d;valent cations produces subfragment-1l, whereas the
digestion in the presence of divalent cations produces
heavy méromyosin; the two regions of myosin which are
susceptible to proteolytic cleavage are discriminated by
the presence or absence of divalent’cations'( a few milli-
molar), and proteétion of the subfragment-1l site requires
the presence of DTNB light chains with intact calcium

binding site.
ITI-3-3 ATPase activity of myosin

It has been demonstrated in several laboratories that
the maximum number of ATP binding is 2 moles per molerf
myosin and heavy meromyosin. However, it is controversial
whether the two binding sites are identical or not; that
is, different amplitudes of the transient-phase of P,
production (the phosphate initial burst) [42] during ATP
hydrolysis have been reported in literature. Corresponding
to these discrepancies, the different schemés of ATP

hydrolysis by myosin havé been proposed [43-47].

IT-4 Interaction between Actin and Myosin

Interaction between F-actin and myosin in.the presence

of ATP is one of the fundamental process of muscle contraction.



Under physiological salt éonditions, namely, 0.1’90.15 M

~ KC1l and 172 mM MgCl2 at neutral pH, myosin strongly binds

to F-actin and this complex forms precipitates. Szent-Gyorgyi
(1951) [48] found that addition of ATP fo F;actin—myosin
cdmplex leads to a superprecipitation, vig clearing phase [49]
in which the majority of myosin molecules dissociate  from
F-~actin. This process has been considered to relate to

the mechanism of muscle contraction and a great.number of
studies have been made to.elucidate the molecular process

of superprecipitation.
IT-4-1 Acto-myosin complex

Moore et al. [34] showed by use of three dimensional
reconstruction technique of electron micrograph that one
subfragment-1 molecule can attach to each of G-actin unit
in F-actin. It is now widely accepted that the stoichiometric
binding ratio of subfragment-l to F-actin is one mole of
subfragment-1 per mole of actin monomer. Since one myosin
or heavy meromyosin has two active siﬁes of bindihg to
F-actin, a question as to the functional significance of
duplicate sites in myosin may be raised. Co-operative
interaction between subunits of myosin has been actively
pursued. The problem akout the stoichiometric binding
ratio of heavy meromyosin to F-actin has not been understood
completely yet. There have been reports that heavy
meromyosin can bind only one mole of F-actin monomer [4,50-52]
while, there have been also reports that the saturation

of actin~heavy meromyosin binding occurs with one mole



of heavy meromyosin per mole ofvacfin dimer [53-55]. It
- has been recently reported by Highsmith that the binding
affinity of heavy meromyosinlto.F—actin decreases as the
molar ratio of heavy meromyosin to actin increases [56].

T.L. Hill [57] considered thevstatistical proklem about
the binding of heavy meromyosin to F-actin in thé case
that two manners of binding of heavy meromyosin are allowed;
i.e., single-headed and two-headed bindings (Fig. II-7). He obtained
the following relation between the concentration of free

heavy meromyosin, c, and the degree of the saturation

of the binding of myosin heads to F-actin, 0:

2
o - ch{l+anﬁ-/%l-+ch) -F4K2é}+2ch

{l-+ch4w/(l+ch)2-+4K2c}/kl+ch)2-+4K c

2

where Kl and K2 are conventional binding equilibrium

constants (units M_l)(one head and two heads, respectively).

If K, >> Ky,

small, but single-headed binding will eventually take over

two~-headed binding will predominate when c is

as ¢ > « , This kind of binding problem has not been taken
into account in the earlier analyses of the binding

affinity of heavy meromyosin to F-actin.
I1I-4-2 ATP hydrolysis by actomyosin

The fundamental study of the steady-state kinetics of
ATPase activity by acto-heavy meromyosin was made by Eisenberg
and Moos [58,59], who showed that two competing

reactions are involved; the ‘dissociation of acto-heavy



meromyosin by ATP and the'activatidn of myosin ATPase by
actin. ~ More detailed studies of ATP hydrolysis by acto-
heavy meromyosin have been made by many workers. Lymn

and Taylor [60] have proposed the reaction'scheme which
involves the following steps: 1) the binding of ATP to
acto-heavy meromyosin and subsequent very rapid dissociation
of actomyosin, 2) the splitting of ATP on the free myosin,
3) recombination of actin with the myosin—ADP—Pi complex
and 4) the displacement of products. It is aésumed in‘

this scheme that actin promotes the release gf ADP and Pi
from myosin. On the other hand, Tonomura and his co-workers
[46,53] proposed another scheme in which there are two
independent routes in ATP hydrolysis by actomyosin; and

it is assumed that the two sites in myosin are not idehtical
and only one site operates during the actomyosin ATP
hydrolysis. Up to date, many extended schemes have been
proposed [61-63], but no convincing evidence that decides

which scheme is correct has not been obtained yet.

I1-4-3 Conformational changes in actin filament on the

binding of myosin heads

The earlier X-ray studies on muscle at rest and during
contraction showed that F-actin does not undefgo any large
or detectable structural changes [64,65]. Because of lack
of the convincing evidence for the conformational change
of actin, importance of conformational change in F-actin

has been scarcely taken into consideration by researchers
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as to the molecular process of muscle contraction.

On the other hand, Offer et al. (1972) [66] showed

that the ability of G-actin ‘to activate the ATPase of

subfrégment—l is considerably less than the activatibn
obtained with F-actin under identical conditions. They
considered three possibilities which would explain the
relative impotence of G-actin compgred with F-actin;

i) the tertiary structure differs from that of F-actin

subunits; 2) the site on F-actin interacting with

‘subfragment-1 may not be confined to a single subunit; 3)

conformational changes occur in the subunits of F-actin
during the interaction with subfragmenﬁ—l..

Since Szent-Gydrgyi and Prior found a rapid exchange
of the ADP bound to F-actin during superprecipitation
of acto-myosin [67], many workers have been interested in
the proklem as to what kind of conformational change occurs
in actin filaments under influence of myosin [67-69].
Although the observation of the rapid exchange of the
bound ADP is recently guestioned [70;71], information on
specific conformational changes of the proteins during
actin-myosin interaction will be indispensable for
elucidation of the molecular mechanism of force generation
of muscle contraction.

Heavy meromyosin and subfragment-l are soluble even
at low ionic strength and, therefore, has advantage in
the spectroscopic studies of the interaction with actin.
The first study on conformational changes in actin filaments

induced by binding of heavy'meromyosin was made by Tawada



(1968) [51]. Ie observed that.the degree of flow
birefringence of F-actin solution decreases on addition

of heavy meromyosin; the deérease of biref;ingence is
optimal at the molar ratio of heavy meromyosin to actin
equal to about 1 : 6; with further increase in heavy
méromyosin, the birefringence recovers to the value of
F-actin alone. Similar biphasic résponses with increasing
binding of heavy meromyosin (and/or subfragment-1) have
been reported by several workers [72-751. There have been,
however, controversies among their interpretations.

Fujime and Ishiwata [72] considered that Fééctin becomes
most flexible when the molar ratio of heavy meromyosin

to F-actin is 1 : 6; whereas, Abe and Maruyama [73] considered
that the heavy meromyosin-F-actin complex forms a fragile
network in solution. Furthermore, there have been also
reports which made doubt on the biphasic change itself [76-79].
Up to date, a unique understanding about the conformational
changes of actin filaments on the binding of myosin heads
has not been obtained yet. In such a stage, it is
desirable to perform a systematic study of conformational
changes of actin during interaction of F-actin with myosin

heads as well as during G-F transformation of actin.
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Fig. II-1 A diagrammatic presentation of the structure of striated
muscle. Contractile system of striated muscle is formed both with
{ thick filaments(black bars) and thin filaments (horizontal white bars);

vertical white bars correspond to Z membanes.
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Fig II-2 The structure of thick filament.

Fig. II-3 The structure of actin filament.
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ITI FLUOROMETRY

ITI-1 Introduction

The first report about fluorescence was published by
Herschel in 1845 [99]. He found that, when the aqueous
solution of quinine sulfonate was exposed to the sunlight,
it emitts a pale and non-polarized iight. The important
study which succeeded to this discovery was made by Stokes
[100], who noted an important relation between the
wavelength of absorption and that of fluoresqénce emitted;
i.e., the so-called Stokes law. Based on this observation,
he firstlv introduced the idea that the two processes of
absorption and emission exist in the interaction of materials
with photons. Fluorescence emission from an excited molecule
is usually competed by the radiationless processes such as
intersystem crossing, quenching and excitation-energy
transfer. These processes are strongly dependent on the
property of the microenvironment around the excited molecule.
Therefore, valuable information about the microenvironment
can be obtained from the measurement of fluorescence
spectra, lifetimes and quantum yields.

In 1920, Weigert [101] discovered that, when a viscous
solution containing fluoréscent moleéules is illuminated
with polarized lights, it emits ; a partially polarized
fluorescence. Perrin [102] showed that the rotational
diffusion constant of a fluorescent molacule can be determined

by measuring fluorescence polarization. The first application
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of the fluorescence depolérization method to a biological

~system was made by G. Weker (1952)[103]. Recently developed

pulse-fluorometry permits direct measurements of time-
dependent fluorescence polarization‘[104¥ldé].

In this chapter, brief descriptions about fluorescence
kinetics (Section III-2) and about fluorescence anisotropy

decay (Section III-3) will be presented.
ITI-2 Fluorescence Kinetics

IIT-2-1 General principle

When a molecule is excited by visible 6r ultraviolet
lights, the electronic state of the molecule goes to an
upper singlet energy state Sn. Then it rapidly comes down
the lowest excited state Sl by losing the excess energy
into the surrounding medium. This radiationless process
usually occurs within 10—lO sec. From the excited equilibrium
state, the molecule may go to any of the rotational and
vibrational levels of the ground electronic state S0 by
a radiative process (fluorescence) or by radiationless
processes. One of the radiation processes is the so-called
internal conversion in which the excited molecule goes to
the upper vibrational levels of the ground state and finally
to the equilibrium state by interacting with other
molecules (Fig. III-1). The rate constant of the radiative

9

process varies from 10 ° to 10_6 sec, which is characterized

by the chromophore. In addition, the excited molecule can



go to a triplet state by ihtersystem crossing, and then -
it may be deactivated through a still slower process
(phosphorescence, internal conversion). The rate of the
deactivétion of the lowest excited state may be given‘by
the following equation:
arc*
dt

*
= - (kp + ko + ki ) [CT] (III-1)

C

\

F

*
Here [C ] means the concentration of the excited molecule
at a given time t, kF is the radiative rate constant
corresponding to fluorescence emission, kC is the rate

constant of internal conversion and kisc is the rate
constant of intersystem crossing. The experimental

fluoresence lifetime is given by the relation:

- -1 _
T = (kF + kc + kisc) (III-2)

The fluorescence quantum yield n is the ratio of the number

of photons emitted to the number of photons absorbed;

=
1l

kp / (kp + ko + ki ) = /T, (III-3)

0 kgd' is the natural fluorescence lifetime.

Here T

ITI-2-2 Relationship between absorption intensity and

natural fluorescence lifetime

The fundamental relationship between the transition
probabilities for induced absorption and emission and that
for spontaneous emission has been drived by Einstein [107]:
The spontaneous emission probability is directly proportional

to the corresponding absorption probability and to the

[\
>
1
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third power of the frequency of the transition. Einstein's

equations are applicable only to atomic system, whose

transitions are sharp. Stricker and Berg [108] have,drived
the formula which is épplicable to the molecdules with

broad abéorption bands. The natural lifetime is given by
the following relation:

_ —9 2 -3, -1 ' _
l/TO = 2.88 x 10 n <vF >av Je(v) d(1lnv) (III-4)

where n is the refractive index of the solvent; g the molar

extinction coefficient of the solute; v the wave number;

the integral is over the whole of the electronic absorption
—> 5.3 <v. 73>

0 1’ F av

in the fluorescence spectrum

band corresponding to the transition §

is the mean value of vF

F(v),

_ -3
<VF >aV = JF(v) Vv

av ,/JF(V) dav (ITI-5)
Equation (III-4) is valid for the molecule whose lowest
singlet electronic absorption band is fairly strong.

If there is a strong overlapping of the bands corresponding
to the electronic transitions S0 —> Sl‘and S0 —> Sz,

an apparent discrepancy will appear between the natural
lifetime estimated using Egn (III-3) and that estimated

using Eqn (III-4). Hidden transitions may be revealed by

this means.

III-2-3 The effect of molecular interaction upon the

fluorescence decay

We consider here a case that the fluorescent molecule

has two ways to interact with its surrounding. Corresponding

- 25 -~



to these ways, there are two kinds of the configurations

by which the correlation between the fluorescent molecule

and the other molecules are given. We designate the
corresponding configurations by Al and Aé. ‘When the
fluorescent molecule is in the excited state, the
configurations may be designated by Afl and A*z . Then

the scheme which is necessary for the interpretation of

fluorescence decay can be expressed as follows:

k*
* + *
A’l - > A 2
l Tt .
€ lkl €, k2 ‘ (III-6)
k
: +
Al n > A2
k—
where Sl 5 are the rates of photon absorption and are
r

proportional to the molar extinction coefficients of the
fluorescent molecule; kl,2
of decativation by radiative and non—;adiative processes
and the inverses of kl,2 are the fluorescence lifétimes

T o which would be observed if the exchange reaction did
r

’ *
not occur in the excited state; k and k+ _ are the rates
, :

+,-
of exchange reactions in the ground state and those in the
excited state, respectively.

The following reactions can berdescribed by the above
scheme [109].
i) Quenching of fluorescence [110]: A fluorescent molecule

F becomes non-fluorescent product when it interacts with

a quencher Q;

- 26 -

are the sums of the rate constants



o %
e |
+
@)

(IT11I-7)

%
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@)

‘

The rate'COnstant §+ must be replaced Qitﬁ the product

of the concentration of Q and the association rate constant
of quencher to the excited molecule: E[Q]. The rate of
deactivation of 22 (or §Q) may be extremely rapid due tb

the presence of the strong radiationless transition.

ii) Acid-base reaction [111-114]: The fluorescence emission
from aromatic acids or bases may be affected by the
reactions of protonation and deprotonation in the excited

state;

A FH-H.O (or ¥-H.0)
: *H oxr ‘H
1 2 2 (II1-8)

* * -
F~ + 1.0 (or FEY + on ")

*
A, 3

iii) Complex formation (Exciplexes and excimers) [115-117]:
An excited molecule may form a fluorescent complex with

another non-excited molecule.

* * *
Al : F + B (or F + F)
(III-9)

(or g-F)

%
os}

*
B,

There have been many reports that fluorescence decays
from the chromophores which are intrinsically or extrinsically
introduced into protein can be described by the scheme of
Egn (III-6); that is, there are intra- (or inter-)molecular
interactions which are comformation dependent [118,1191].

* *
The rate equations for the configurations Al and A2
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are given by, respectivelyﬁ

o
d[Al] * * * *
= el[Al] - (kl-+k+)[Al] + k_[A2]
dt . .
(ITI-10)
*
d[A2] B * * * %
" = e, [A] = (k,+k_)[A,] + k, [A;]

*
where [Al,2] and [Al,Z] are the concentrations of Al,2 in
the grand states and in the excited states, respectively.
The solution for steady-excitation is obtained by setting

the left-hand sides equal to zero:

) * * %
(A1 = {(kytk_)e [a)] + i_ez[Azl}/{(k2+ﬁ_)(kl+k+) - k,k_}
* b* ’ * * * * *
A1 = {(ky+k e, [A)] + ke  [A T3/ Tk +k,) (kytk ) = Kk}
(IT1-11)

The fluorescence quantum yield n is given by
- A A 11/ } 12
n o= (kg (A1 + ke, [A,11/1e A1 + €,[A,] (I11-12)

where k are the rates of deactivation by radiation

f1,f2
process. From Egn (III-11);

*

*
e [B ) kg (ky +k) + kook b+ e, A1k, (kg

* * * *
(e, +k_) (y +k,) - kk Me (8] + e,(a,1}

% x_.k }
k) o+ ke k

n::

(ITI-13)

For quenching of fluorescence, this becomes:

1

n=n, (1 ko) (L + eyklel/e k)T (III-14)

Here n, and T, are the fluorescence quantum yield and
lifetime obtained in the absence of the quencher, respectively;
and, k[Q] = k+.
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The fluorescence decay after pulse-excitation is

1 2

- obtained by setting €, and €, in Egn (III-11) equal to
zero at t > 0. The solutions are:

l] = allexp(—Xlt) + alzexp(-kzt) (111-15)
[22] = a21exp(fklt) + azzexp(—xzt)
where
A ~l{(},§:+}f:+]§+}t)+ﬁ}t—]’;+}§—}t)2+4§i}
1,2 2 1 2 + - - 1 727+ - + -
(ITI-16)

The coefficients aij in Egn (III-15) are the functions of

*
the rate constants k k and k+ _ [110]. The values

112’ +,-
of these rate constants, if determined experimentally,
will bring about valuable knowledge on the dynamic property

of protein conformation.
III-3 Decay of Fluorescence Anisotropy

ITITI-3-1 Experimental definition of fluorescence anisotropy

Let x, v, and z be a space-fixed coordinate system.
Let the fluorescent sample be placed at the origin (Fig.‘III—Z).
Let the exciting lights travel along the x direction,
polarized'along the z axis. The fluorescence, polarized
along the z axis (7"), and along the x axis (7%), will be
observed along the y axis. Then the fluorescence (polarization)

anisotropy is given by the following expression [120]:

ro= (I" - I8 /(1" + 2 14) (ITT-17)



For an isotropic mediﬁm in Whieh the fluorescent
,chromophere distributes in the all direction with equal
probability, the fluorescence‘anisotropy is a function
of the orientational correlation between.the absorption
oscillator et the time of absorption and the emission
osc¢illator at the time of emission. On the other hand,
the quantity 1" +27% (= S5), which ig called the total
fluorescence intensity, is independent of the orientational

distribution of the emission oscillator [121].
III-3-2 Fluorescence anisotropy in the absence of rotaion

Let us consider the case that no appreciable rotation
of the chromo?hore occurs during the lifetime of the
excited state, as in the case of a highly viscous medium.
For an isotropic medium, the probability of excitation is
proportional to cosze, where 6 is the angle between Oz
and the direction OA of the absorption oscillator.

Thus the orientation distribution of the excited molecule

is expressed as follows:
£(6,y) = (3/4m) cosze ; [f(e,w) do(e,y) =1 (TII-18)

where { is the azimuth angle of the direction OA. If the
orientation OE of the emission oscillator is parallel to
the direction OA, the principal components of polarized

fluorescence is:

il

e[cosze £(6,y) AQ(0,y)
(I11-19)

-
|-
I

ejsinze coszw £(8,¢)-AR(6,y)



where € is a constant. From Egn (III-18),

" = ¢/5, 7t = €/15 (ITI-20)

Tt

Therefore the fluorescence anisotropy reduces to a simple

quantity:
r = 2/5 (ITI-21)

Let us consider the case that the absorption oscillator
and the emission oscillator are not\the same, but subtend
an angle of B with respect to each other. In this case,
the probability to find an emission oscillator at the

orientation (6,y) is [104]:

f£f(o,v) = (3/4w)(coszec0526 + % sin26 sinzB) (II1-22)

By putting this in Egn (III-19), one will obtain the

principal components of polarized fluorescence:

o= £y 28 062 o= 28 LB g2 -
" = 3 + = cos“ 8 , It = 5 5 cos B (ITI-23)
Thus the fluorescence anisotropy is:
r = Z-(-icoszB - l) (I11-24)
5 2 2 ' ,

This quantity is called the fundamental aniéotropy rye

As 0 < B < 1/2,

1 2 ‘
5T, <% (II1-25)

In general, B or r, is a function of the exciting wavelength.

0
The so-called polarization spectrum of dyes is the set of
values of ry obtained on varing continuously the exciting
wavelength. The polarization spectrum can be interpreted

on the picture that there are several absorption oscillators



making variable angles with the emission oscillator.

"IITI-3-3 Depolarization by isotfopic’rotation

+

Lét us considerAthe case that the fludtescent mbleéule
undergoeé an infinitesimal rotation with angla’{displacement
Aa., immediately after excitation of the molecule. Let (I")O
and (In'-)0 be the principal componen?s of polarized fluorescence
which would be observed if such a rotation is absent; and,

let (I”)‘ and (I*), be those observed in the présence of
1

1
the rotation. Taking account of isotropic property of the

rotation, one will obtain the following relations:

(III ) = (Ill)

1 coszAal + (I-’-)O sinzAal

0 (III-26)

(Ii)l (IJ-)0 coszAal + (1/2){(I")0+(Ii)0}sin2Aa1

Thus, the fluorescence anisotropy after the rotation is:

r, = {(@"); - H /LI + 2 (1))
(I"y, = (I4) .
= 0 0 (5 cosZAal —'%)
(I")0 + 2 (IL)O

_ 3 2 1
= ro (7 cos”Aa, 2)

(ITI-27)
If infinitesimal rotations are repeated, the fluorescence

anisotropy will be given by the following expression:

3 2
(5 cos Aai -

1

(ITI-28)

N+
S—?

r =71
n 0 .
i

=

III-3-4 Rotational Brownian motion of spherical macromolecules

Let us consider a small solid sphere of volume V immerged



freely in a liquid of viscosity n and of temperature T.
- Because of the thermal agitation, this sphere turns all
the time in perfectly irregu%ar way. The average of the
square of the angle Aa by which the sphere turns in time
At, around some axis, e.g. x-axis, is given as follows

(Einstein equation) [122]:

(Aoyx)2 = (KT/3Vn) At \ (ITI-29)

where k is Boltzmann constant. Due to rotational Brownian
motion, the direction of emission oscillator of the
chromophore which is attached confirmly to the sphere will

make an angle A6 with its initial orientation:

2 2 kT
= = Z = TTT-
AB™ ( 2 A" ) 3 Vn At ) (T11I-30)

From Egn (III-27), it is clear that the fluorescence
anisotropy at time At after excitation of fluorescent probe

can be expressed as follows:

_ - 3 0%y = _ kT —
r(At) = r, (1 > ABT ) = r, (1 . At) ‘III 31)
At time t = n.At after excitation, it becomes:
_ _ KT aeyP _ KT, t/bt _
r(t) = r, (1 n At ) =1, (1 T At ) (IT1I-32)

In limitation At — 0, the following expression is obtained:

KT 4,

r(t) = r, exp(-—Vn = I, exp (-t/8) (IIT-33)

where 6 is the rotational correlation time.

The macromolecule in solution has a few layers of
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hydration around its surface. Some layers of hydration
are considered to be bound confirmly to the surface and
thus fo rotate together with .the macromolecule. TheA
kinetic volume V whiéh may be obtained from the anisotroby
decay meésurement must be considered as the sum of the
volume of a dried ﬁacromolecule and the volume of the

surrounding layers of hydration [123]

V=M (v-fh)/Na (ITI-34)
where Na is the Avogadro number, M is the molecular weight
of the macromolecule and v is the dry volume of 1 g of the
macromolecule. & represents the contributionh from the
hydration; values between 0.4 v and 0.6 v are used for

most proteins.
III-3-5 Rotational Brownian motion of ellipsoidal molecules

The general formula of fluorescence depolarization
for an ellipsoid molecule was established by Perrin [124,125].
Many workers have considered the more_restricted case in
order to obtain the formula by which the shapes of kPiological
macromolecules can be estimated [104]. For an ellipsoid,
the fluorescence anisotropy decay is in general a sum of
five exponentials: For a symmetric ellipsoid, the number

of exponentials is reduced to three [126]:
r(t) ='Al exp(—t/el) + A2 exp(—t/ez) + Ag exp(—t/@B) (v=-35)
The three correlation times 85 5 3 May be written as follows:
r 14 B

1 1

©, = (6D*) 7, 6, = (5D* +D")y —, 93': (2DL + 4D") (V-36)



coefficients which are functions of the axial ratio of

11 Byr By

appearing in Egn (III-35) déﬁend on the orientations of

. the ellipsoid [104]. The coefficients A

the absorption and emission oscillators with respect to
the principal axes of the ellipsoid. They may be expressed

using the angles shown in Fig. (III-3) as follows [127]:

1 2 20
Al =30 (3 cos 61 1) (3 cos 62 -1)
A, = = sin28. si 26A | (III-37)
> 10 n 1 in 5 cos¢
_ 3 , 2 . 2
A3 = 7p Sin 61 sin 62 C052¢

If the fluorescent probe is attached to the macromolecule

with random orientation, Al, A2, A3 have to be averaged:

A. =A. = 2A. = % r (III-38)

III-3-6 Intramolecular motion

Many proteins have their own form with hydrogen bonds
and hydrophobic forces. The molecular backkone as whole
may be rigid, but some side chains may havevrofational
freedom about various C-C bonds. The probe may be permitted
to move in the protein. This intramolecular motion as
well as the rotational motion of the protein itself will
contribute to the fluorescence depolarization.

When the probe is allowed to rotate around the axis
which is fixed in the spherical protein, the anisotropy

decay is given by the following formula [128,129]:
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ekp(~2t/3@l) + A exp(—t/6915}

2

r(t)‘= exp(—t/ep) {Al + A 3

L " (IIT-39)

where ep is the rotational correlation time of the protein
and GI is the correlation time of the intramolecular
motion.

IITI-3-7 The presence of heterogeneity in the excited

state

In the above discussions, we have assumed implicitly
that the fluorescent probe has a single fluo?escence
lifetime. There occasionally exists heterogeneity in
the excited state of the probe. This may result from
the existence of more than one conformation around the

labelling @{féﬁéf*fﬁé protein. 1In such a case, the total
fluorescence decay s(t) (=I,(t) + 2 Il(t))may\gg/;;D
described with a single-exponential decay kut with a sum

of exponential decays:

p
s(t) = ) « exp (-t/T,) (III-40)

k

Here 1, is the decay time of the excited state corresponding:

k
to the k-th local conformation and the amplitude o, may

be proportional to the fraction of the k-th conformation.

On the other hand, the anisotropy decay corresponding to

the k-th conformation may be different from those corresponding

to the other conformations. Now we shall restrict our

discussion to the case that fluorescent probes bind



confirmly to a symmetric—éllipsoidai macromolecule with
.several.manners of binding; e.g., there are several binding
sites in the macromolecule, or there are several orientations
of the probe with respect to the macromoiecﬁle in spite

of the single binding site. Then the k-th anisotropy

decay rk(t) may be expressed by the following expression:

£) =
i

r A exp(-t/o,) ‘ (ITI-41)

k( ki

| MW

1
where ei are the correlation times as given in Egqn (III-36).
Let dk(t) be the product of rk(t) and sk(t) = oy exp(—t/Tk).
Then the difference fluorescence decay d(t) (= I"(t) - 11(t))
is given by the following sum [130]

p

p
d(t) = d, (t) r, (t) - s, (t)
kzl k kgl k k
8] 3
= kzl i£1 Ay oy exp{-(1/7, + 1/6.)t} (ITT-42)
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Fig. III-1. Jablonski diagram

Fig. III-2. Experimental definition of the polarized components

of the fluorescence.



.

Fig. III-3. Directions of absorption oscillator OA and of emission

oscillator OE with reference to the axis of an ellipsoidal molecule.
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IV METHODS AND MATERIALS

IV-1 Methods
IV-1-1 Steady-excitation fluorometry

-Steady excitation fluorometry was made with Hitachi

MPF-2A spectrofluorometer. The sample cuvette used was

of the dimension of 1 x 1 x 4 cm3 or 0.3 x 0.3 x 3 cm3.

Variation in the incident photon flux as a function of
wavelength was corrected using rhodamine B in ethylene
glycol as a quantum counter [131]. Emission spectra were
corrected with the fluorescence of B-naphthol in acetate
buffer [132].' Quantum yields were determined with quinine
sulfonate in 0.1 N HZSO4 as a standard of quantum yeild
0.50 [133]. Fluorescence polarization anisotropy r was
determined as follows [134];

" - GI+

r = (IV-1)
I" + 2G 1t

where I" and I*+ were the fluorescence intensities'of
vertically and horizontally polarized components obtained

after the sample solution keing excited with vertically

polarized light; G was a correction factor which compensates

for a degree of polarization added by the mirrors and

grating in the emission monochrometer.
Iv-1-2 Pulse-excitation fluorometry

Determination of transient fluorescence was performed

with a single-photoelectron counting apparatus consisting
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o

of ORTEC light pulser 9354, RCA 8850 photomultiplier,

- electronic NIM modules of the ORTEC 9200 system and Cambera

t

8100 multi-channel analyser. Tﬁe block diagram of the

system is shown in Fig. IV-1. The power supplied voltage

of the light pulser was 7-10 kV, a£ which 10,000 to 20,000
flashes were produced per second. Electric spark in air

(1 atm) was used for excitation (Fig. IV-2). The N2

emission at 337 nm was isolated with a Koshin 337 interference
filter (AAX = 8 nm) or a combination of Nikon U-35 glass

filter and NiSO, solution filter; the N, emission at 358 nm

4 2
was isolated with MTO-357 interference filter. The
photomultiplier was operated at 2.4 kV. Fluorescence
emission from the sample cuvette (1 x 1 x 4 cm3) was viewed
through Spex monochrometer "MINIMATE" and/or a series of
Fuji-Film SC cut-off filters. Temperature in the cuvette
was controlled within + 0.5 °C,

One of signals furnished from the Timing Pickoff unit
of the light pulser was used for identification of the
exact time at which the light pulse wmsgenerated.' The
other one was used to monitor the pulse-height of the output
signal. The time at which fluorescence induced ejection
of a photoelectron was identified by the signal from the
anode of the phototube. The strobe circuit, which composed
of the preamplifier and single-channel analyser, analysed
the signal from the 12-th dynode of the phototube. Only
when the energy was within the range of amplitude corresponding
to single-photoelectron events, this circuit allowed the

time-to-amplitude converter to furnish the timing information
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to the MCA memory. The time axis for the multichannel
‘analysef was calibrated using ORTEC 425 delay line.

Linearity between the time after excitation and the channel
number of the MCA memory was checked with the fluoreséence
decays of quinine sulfonate in 0.1 N N2804 and of N-(l-pyrenyl)
methyliodoacetate in ethyleneglycol (Fig. IV-3).

In measurement of fluorescence anisotropy decay, the
polarizer holder in the excitation side was rotated back
and forth in a plane transﬁerse to the light paﬁh; and;
the fluorescence emission polarized vertically was observed.
In this system, complication in definition of fluorescence
anisotropy due to difference of transmitance between two
principal components of polarized lights in the monochrometer
could be avoided. The principal components I" and It of
polarized fluorescence were observed alternatively at
intervals of one minute and stored in separate quarters
of the MCA memory respectively. The polarizer used was
prepared by streching poly-vinylalcohol film permeated
with iodine in one direction [135]. The polarizexr thus
obtained transmitted 42-52 % at 315-500 nm when the axis
of the polarizer was set in parallel to the direction of
polarization of incident beam and less than 0.2 % at
280-500 nm in perpendicular.

Fluorescence emission spectra corresponding to any
time window during the decay (time-resolved spectra) [136€]
were obtained as follows: The signals from the time-to-
amplitude converter were sent to the discrimiﬁaters which

selected a time window during the decay; the signals after
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the discrimination were collected in MCA which was set in

. the mode of multichannel scalling; a grating in the

monochrometer was automatically rotated so that the channel
number in‘MCA corresponded to the emission wavelength

linearly.
IV-1-3 Miscellaneous techniques

Absorption spectra were measured with Zeiss PMQ-IT
spectro-photometer. The sémple cuvette used was of a
dimension of 1 X 1 x 4 cm3 or 0.5 x 1 x 4 cm%.

The ATPase activities of heavy meromyosin and myosin
subfragment-1 in the absence and in the preéence of F-actin
were measured at 25 °C. After the reaction was stopped
by addition of trichloroacetic acid, the liberated
inorganic phosphate was assayed according to the method
of Martin and Doty [137].

SDS polyacrylamide gel electrophoresis was performed
according to the method of Weber and Osborn [138]. The
gel of 7.5 % acrylamide was polymerizéd in the‘buffer
containing 0.1 M Na-phosphate (pH 7.0). Samples were
incubated with 1 % SDS and 1 % 2-mercaptoethanol for 3-5 min
in boiling water. Running buffer contained 0.1 % SDS and
0.1 M Na-phosphate (pH 7.0). The gel was stained with
coomasie brilliant blue. Densitometric measurement of
SDS—-gel electrophoresis patterns was performed with Gilfold
6050.

Viscosity of actin solution was measured with an

Oswald-type viscometer.
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IV~-2 Preparation Method of Muscle Proteins

IV-2-1 Introduction

All the muscle proteins were extracted from rabbit
back and leg striated muscle, in which red muscle was removed.
Distilled and ion-exchanged water was used in the preparation
of dried‘muscle and myosin; doubly distilled water was used
in the'preparation of actin. Purity of the proteins obtained

was checked by use of SDS gel electrophoresis.
Iv-2-2 Actin

Rabbit dried muscle was prepared by thevmethod of
Straub [6] with the following modification; tropomyosin and
troponin were removed before the acétdne treatment of the
myosin-extracted minced muscle [139].

In the preparation of the conjugates of actin with
PM and ANM, the following procedure was used for purification
of actin. G-actin was extracted with 120 ml of doubly
distilled water from 6 g of the acetone powder at 0 °C.

After clarification, the extract was made up to

30 mM KC1l so that actin polymerized: The partial polymerization

served to remove tropomyosin-like contaminatant [140].
F-actin thus obtained was sedimented by centrifugation at

5 x lO4 rpm for 60 min. F-actin pellet was homogenized and
depolymerized to G-actin in 0.2 mM ATP solution containing
0.1 mM MgClZ, 0.05 mM EGTA and 2 mM Imidazole-HC1l (pH 7.0)

[141].



In the preparation of the éonjugates of actin with

- PMIA and PIAA, another procedure was used for purification

of actin. The extract of G—éctiﬁ was made up to 0.1 M KC1

so that aétin polymerized. After one hour, the concentration
of KC1 Was increased up to 0.5 M KCl; this process served
to'remo§e tropomyosin-like contaminatant [142]. Polymerized
actin was sedimented by centrifugation at 4.5 x 104 rpm

for 60 min. F-actin pellet obtained was wéshed‘with 0.1 M
KCl solution and then dissolved in 0.2 mM ATP solution

containing 0.1 mM CacCl 1 mM bicarbonate and 1 mM sodium

97
azide. For'further purification of actin, the cycle of
polymerization (0.1 M KCl) and depolymerization at low
ionic strength was performed.

The protein concentration of actin was determined by
biuret reaction. The molecular weight of actin was taken

to be 4.23 x 10% [7].

IV-2-3 Myosin

Myosin was prepared by the method of A. Szenf—Gyérqyi
[48] with slight modifications[143]. Myosin was extracted with
0.3 M KC1, 0.15 M phosphate huffer (pH 6.3) from minced
muscle at 0 °C for 15 min. After clérification, the extract
solution was diluted 15 fold with cold water. Aggregated
myosin was collected by decantation and by centrifugation
at 5000 rpm for 15 min, and washed with 30 mM KCl (pH 6.5)
and then suspended in 0.3 M KCl (pH 6.7). This solhtion
was centrifuged at 10,000 rpm for 60 min and the supernatant

obtained was diluted 10 fold with cold water. Aggregated
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myosin was again collected and resuspended in 0.5 M KC1
"or 0.5 M NaCl (pH 7.0). Finally the myosin solution was
clarified by centrifugation at 50,000 fpm for 60 min.

Purified myosin was preserved in a 50 % glycerine solution

at -20 °C. The concentration was determined from ultraviolet

1%

absorbance, using an extinction coefficient E580 nm

l,

5.6 cm © [144]. .

IV-2-4 Heavy meromyosin

Two kinds of heavy meromyosin were prepared. The one
was obtained by tryptic digestion of myosin; heavy
meromyosin(TR). The other one was obtained’by chymotryptic
digestion; heavy meromyosin (CT).

+ N TT - - 4
(1) IHeavy meremyosin (TR)

Heavy meromyosin(TR) was prepared according té the
method of Lowey and Cohen [32]. Digestion of purified
myosin with trypsin (Sigma Chemical Co) was carried out
at 20 °C for 5 min in the presence of 0.5 M KCl, 1 mM EDTA
(or 1 mM MgClz), 10 mM phosphate buffer (pH 7.0). The
weight ratio of trypsin to myosin was 1/500 to 1/200.

The reaction was stopped by addition of trypsin inhibitor
(Sigma Chemical Co.); The weight ratio of trypsin inhibitor
to trypsin was 1.3 to 3.0. Then the solution was dialysed
against 30 mM KCl, 1 mM MgC12 and 3 mM phosphate buffer

(PH 6.4). Heavy meromyosin(TR) was separated from
insoluble materials by centrifugation at 50,000 rpmvfor

60 min and then purified by ammonium~-sulfate fractionation



between_45 % and 55 % saturatioﬂ. The concentration of
" heavy meromyosin (TR) was determined by biuret reaction.
(i1) Heavy meromyosin (CT) |

Heavy meromyosin(CR) was prepared according to Weeds
and Pope [41l]. Digestion of myosin with a-chymotrypsin
(Sigma Chemical Co.) was carried out at 20 °C for 10 min
in the presence of 0.1 M (or 0.01 M) NaCl, 1 mM MgC12 and
10 mM phosphate buffer (pH 7.0). The concentrations of
myosin anda—chymotryPSin were 10 mg/ml and 0.05 mg/ml,
respectively. The reaction was stopped by addition of
phenylmethanesulphonyl fluoride at the final concentration
of 1 mM. Heavy meromyosin (CT) obtained was purified by
the same procedure as in the purification of heavy

meromyosin(TR). The concentration of heavy meromyosin(CT)

was determined from ultraviolet absorbance, using an

1% 1
280 nm

The molecular weight of heavy meromyosin (both TR

extinction coefficient E = 6.45 cm — [145].

and CT) was taken to be 3.4 X 105 [33],
IV-2-5 Subfragment-1

Subfragment-1 was obtained by digestion of myosin with
a—-chymotrypsin according to Weeds and Taylor [1l46].
Digestion was carried out at 20 °C for 10 min in the
presence of 0.1 M NaCl, 1 mM EDTA and 10 mM phosphate
buffer (pH 7.0). The concentrations of myosin and o-
chymotrypsin were 10 mg/ml and 0.05 mg/ml, respectively.

The reaction was stopped by addition of phenylmethanesulphonyl
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}ammonium-sulfate fractionation between 55 % and 67 %

fluoride. The crude subffagment—l'was purified by
saturation. The concentration was determined from
ultraviolet absorbance, using an extinction coefficient
1s N -1 . '

E2801ﬂn = 7.5 cm ~. The molecular weight of subfragment-1
was taken to be 1.15 x lO5 [145].

In some cases, purified subfragment—l was fractionated
into the one with alkali-1 light chain and the one with
alkali-2 light chain (namely S1-Al and S1-A2, respectively)

by gel chromatography on DEAE-cellulose(Brown) [146].
Iv-3 Prepafation of Labelled Actin

IV-3-1 PM-labelled actin

N- (l-pyrenyl)maleimide was prepared from l-aminopyrene
purchased from Tokyo Chemical Industry Co. as desqribed
by Weltman et al. [147]. The purity of the product was
checked by chromatography on silica gel sheets. When the
product was developed with a solvent consisting of acetone,
chroloholm and acetic acids (5/95/1 by volume) ,
a single spot was observed [148]. PM(1l mM)dissolved
in acetone was mixed with G-actin in the presence of 0.2 mM

ATP, 0.1 mM MgCl 0.05 mM EGTA and 2 mM Imidazole-ECl

2'
(pH 7.0). The concentration of G-actin in the mixture was
0.5 mg/ml and the molar ratio of the dye to actin was about

1:1. The mixture was left standing for 30 to 60 min at

0 °C and then centrifuged at 5 x 10* rpm for 30 min.
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The supernatant was made up to éO mM KC1l and the resultiné
labelled F-actin was sedimented by centrifugation at
5 x lO4 rpm for 60 min. The'peilet of PM—;abelled F-actin
was depolYmerized to G-actin by lowering the ionic strength.
Finally, dusts were removed by cehﬁrifugation at 5 x lO4
rpm. Purifiéation of PM-labelled actin was done below 5 °C.
PM-labelled actin was used within one week after the
labelling. The degree of the labelling was 60-70 %; the
molar absorptivity of PM adduct with actin was determined
to be 3.4 x lO4 M—lcm—l at 344 nm according to the method
of Betcher-Lange and Lehrer [149].

The ability of PM-labelled F-actin to activate the
Mg++—ATPase of heavy meromyosin was tested (Fig. IV-10).
The double reciplocal plots [59] of the rate of Mg++—ATPase
of acto-heavy meromyosin and the concentration of the
added actin show that the apparent activation of Mg++—
ATPase of heavy meromyosin by PM-~lakelled F-actin was lower
than the activation by the unlabelled E—actin. The value
of Kd was 5vX 10_-6 M and Vmax was 7umoles/(mg~min) for
unlabelled F-actin; on the other hand, Kd was 7 X lO_6 M
and Vmax was 5Sumoles/ (mg-°min) for PM-labelled F-actin.

Relationship between actin concentration and specific
viscosity was measured in the presence of 0.1 M KCl, 1 mM

MgCl 0.2 mM ATP and 10 mM phosphate buffer (pE 7.0).

2]
The increases in specific viscosity of PM-labelled actin
and unlabelled actin were parallel (Fig. IVv-11). The

critical concentration of unlabelled actin was about 0.005

mg/ml and that of PM-labelled actin was about 0.010 mg/ml



- under the solvent condition. Né difference in the rate

- of polymerization between PM-labelled actin and unlabelled
actin (0.5 mg/ml) was detecféd from the Qbsgrvation of

the time course of viscosity increase after addition of
0.1 M KC1 (Fig. IV-12). Therefore, we concluded that the
labelling did not essehtially affect polymerization of

actin, though there was a slight difference in the critical

concentration.
IV-3-2 ANM-labelled actin

N- (l1-anilinonaphthyl-4)maleimide (ANM) [150] was
purchased from TEIKA and used without further purification.
ANM-labelled actin was prepared by the same procedure

as that described in the preparation of PM-labelled actin.
IV-3-3 PMIA-labelled actin

N- (1-pyrenyl)methyliodoacetate [PMIA] was purchased
from Molecular Probes (U.S.A.) and used without further
purification. When the dye was developed on siliéa gel
sheets with a solvent containing n-hexane and acetic acid
(99/1 by volume), a single spot was observed.

PMIA (10 mM) disolved in acetone was mixed with F (Ca)-

actin in the presence of 0.1 M KCl1, 1 mM MgCl 0.1 mM CaCl

27 27
0.2 mM ATP, 1 mM bicarbonate (pE 7.6) and 1 mM sodium azide.
The concentration of actin was 1 mg/ml and the molar ratio
of dye to protein was about 1:1. The conjugation reaction

was continued in the dark at 20 °C for 12 h and then

Whatmann CF-1ll-cellulose was added at the final concentration
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of 1 % (wt/wt). After reﬁovél of the cellulose, PMIA—
'labelled F-actin was sedimented and resuspended in a

solvent containing Oi2 mM ATP, 0.1 mM CaClz, 1 mM bicarbonate
and 1 mM sodium azide. Purification of PMIA-labelled

actin was made by repetition of the cycle of polymerization
and depolymerization.

The degree of the labelling was found to be 60-90 %;
the molar absorptivity of PMIA adduct with G-actin was
determined to be 2.9 x ZLO4VM_l cm b at 347 nm [i49]-

The relationship between the concentration of actin
and specific viscosity was investigated in the presence of
0.2 mM ATP, 10 mM

0.1 M KC1, 1 mM MgCl 0.1 mM CaCl

27 27
phosphate buffer (pH 7.0) and 1 mM sodium azide. The
increases in specific viscosity of PMIA-labelled actin
and unlabelled actin were parallel (Fig. IV-13).

The critical concentrations of both PMIA-labelled actin

and unlabelled actin were about 0.005 mg/ml.
IV-3-4 PIAA-labelled actin

N- (l-pyrenyl)iodoacetamide [PIAA] was purchased from
Molecular Probes (U.S.A.) and used without further
purification. Purity of the dye was checked by chromatoéraphy
on a silicar gel sheet; the dye was firstly conjugated
with 2-mercaptoethanol, which was then developed with a
solvent consisting of chloroform, hexane and acetic acid
(90/10/1 by volume). There was a main spot which exhibited
strong fluorescence in dioxane and a faint spot which

scarecely exhibited fluorescence.



PIAA (3 mM) dissolved in a‘mi#ture of 33 % aéetone
and 67 % dioxane was mixed with F(Ca)-actin in the presence
of 0.1 M KC1, 1 mM MgCl,,
phosphate buffer (pH 7.0) and 1 mM sodium azide. The

0.1 mM caCl,, 0.2 mM ATP, 10 m

concentration of actin in the mixture was 1 mg/ml and the
molar ratio of dye to protein was 1l:1. The conjugation

waé continued in the dark at 20 °C for 20 h and then

Whatmann CF-ll-cellulose was added at the final concentration
of 1 & (wt/wt). After removal of the cellulose adsorbing
unreacted dye, PIAA-labelled F-actin was sedimented by
centrifugation at 4.5 x 104 rpm for 70 min and resuspended

in a solvent containing 0.2 mM ATP, 0.1 mM CaCl 2 mM

X
Imidazole—HCi (pH 7.0), 1 mM mercaptoethanol and 1 mM
sodium azide [G-buffer]l. Denatured actin was removed
during two cycles of polymerization and depolymerization.
Further purification of PIAA-lakelled G-actin was made
by gel chromatography on Sephacryl superfine (Phermacia) [151].
The degree of the labelling was found to be 60-95 %;
the molar absorptivity of PIAA adduct with‘G—acfin was
2.2 x 104 M—l cm_l at 343 nm which was determined according
to the method of Betcher-Lange and Lehrer [149].
Before doing spectroscopic study, effect of the
labelling on the polymerization of actin was investigated.
The relationship between the concentration of actin and
specific viscosity in the solution containing 0.1 M KC1,

0.1 mM CaCl 0.2 mM ATP, 10 mM phosphate

2’ 27
buffer (pH 7.0) 1 mM 2-mercaptoethanol and 1 mM sodium

1 mM MgCl

azide [F-buffer] at 20 °C is shown in Fig. IV-14. It
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can be seen that the critical concentration of the labelled

. actin was about 0.005 mg/ml. This value is the same as

the one obtained for unlabelled actin. In ofder to
estimate'the content of denatured actin,lwe’measured the
protein concentration in the supernatant after centrifugation
(at 4 x lO4 rpm for 90 min) of PIAA-labelled F-actin (0.2
mg/ml) in F-buffer: The protein concentration was estimated
from the fluorescence intensity of the tryptophan residues.
Then about 2 % of the totél actin was found to lose thé

polymerizability after the conjugation.
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Fig. Iv-4

Preparation Method of Muscle Proteins

muscle {(cold)

minced
| . : :
T 3 vol of Straub solution (-2°C)

stirring gently for.10 min

Q+D 5000 rpm x 15 min

+ 3 vol cold water

.Myosin (crude)

+ 14 vol 1 mM MgClz(cold)

<<+
<l

3 vol 50 mM KC1, 0.3 mM NaHCO3

tirring for 5 min ' 1lh

.

+
) ]
repeated

3 times decantation

5000 rpm x 15 min

+ 3 vol 1 mM NaHCO3

stirring for 5 min

T

:

repeated washing with sol.A
| i

3 times dissolved in sol.B

L

+1/2 vol 1 mM NaHCO, 23,000 rpm x 60 min

Oin

over night at 6°C

+
5000 rpm x 15 min 10 vol 1 mM MgC12

___e__

5000 rpm x 15 min

D
Cs
Db

actin residues native TM dissolved in sol.C
l a1

+ 5 vol acetone 50,000 rpm x 60 min

|

stirring vigorously for 5 min

Bt

repeated

. Myosin
5 times 24

n

over night at room temperature T 2 vol sol.D

dry muscle glycerinated Myosin solution

a i o 1
stored in vacuum at 6°C stored at - 20 °C

Struab solution ; 0.3 M KC1, 0.15 M K-PO,, pH 6.3

4

sol.A ; 30 mM KC1, 1 mM MgCl2, 5 mM K—PO4, PH 6.5

sol.B ; 0.3 M KC1, 1 mM Mgclz, 10 mM K—PO4, pH 6.7

sol.C ; 0.5 M NaCl, 1 mM Mgclz, 10 mM Na-PO,, pH7.0

4 .
sol.D ; 79 ml glycerine, 17 ml-3 M NaCl, 2 ml 0.5 M Na—PO4(pH7.O),

1ml 0.1 M MgClz, 1ml 10 mM EGTA / 100 ml



Fig. IV=-5.

Preparation of G-actin

Dry Muscle (6g)
+ 120 ml bidistilled water
at 0°C for 30 min

50,000 rpm x 40 min

-
+ 0.1 M KC1, 1 mM NaHCO3, 0.2 mM ATP + 30 mM KC1l
1h

+ 0.5 M KC1

<4> 45,000 rpm x 60 min

homogenized in sol.F

45,000 rpm x 60 min <l® 50,000 rpm x 60 min
homogenized in sol.G homogenized in sol.G'
over night (0°C) over night (0°C)
45,000 rpm x 60 min 50,000 rpm x 60 min
+ 0.1 M KC1 + 0.1 M KC1
{> 45,000 rpm x 60 min <l> 50,000 rpm x 60 min
homogenized in sol.G homogenized in sol G’
over night (0°C) over night (0°C)
<45 45,000 rpm x 60 min <> 50,000 rpm x 60 min
[) ()

G-actin G-actin

sol.F ; 0.1 M KC1, 0.1 mM CacCl 0.2 mM ATP, 1 mM NaHCO_, 1 mM NaN

27 3 3
sol.G ; 0.1 mM CaClz, 0.2 mM ATP, 1 mM NaHCO3, 1 M NaN3
sol.G' ; 0.1 mM MgCl2, 0.2 mM ATP, 0.05 mM EGTA, 2 mM Imidazole-HCl
(pH 7.0)



Fig. Iv-6
Preparation Method of Heavy Meromyosin and Myosin Subfragment-1 using
d—chymotrypsin

glycerinated myosin

*
+ 10 vol 1 mM MgCl_ (or 1 mM EDTA )

2
2%3 5000 rpm x 15 min

g *
dissolved in 0.5 M NaCl, 1 mM MgCl. (or 1 mM EDTA ),

2
10 mM Na-PO,, pH 7.0

50,000 rpm x 60 min

: *
0.1 M NaCl, 1 mM MgC12 (or 1 mM EDTA ), 10 mM Na—PO4, PH7.0
~ 10 mg/ml

+ 0.05 mg/ml o-chymotrypsin
at 20°C for 10 min

+ 0.5-1.0 mM phenylmethanesulfonylfluoride

‘ 30 mM NaCl, 1 mM MgClZ, 3 mM Na—PO4, pPH 6.5 at 0°C
< 50,000 rpm x 60 min

pH 7.0

*

42 % (or 55 % ) Am. Sulf.
10,000 rpm x 30 min

5

*
5% (or 65 % ) Am. Sulf.
106,000 rpm x 30 min

/

+ 0.15 M KC1, 1 mM Mgélz, 1 mM NaHCO

3
the same solution
rﬁ—>
repeated
5 times | 30 mM KC1, 1 mM MgCl,, 1 mM NaHCO,

*
heavy meromyosin (or myosin subfragment-1 )




(a)
: |

1
(b)
- 3

' N

Fig. IV-7. SDS gel electrophoresis patterns of myosin subfragments.
(a) heavy meromyosin obtained by tryptic digestion in the presence of
1 mM EDTA. (b) heavy meromstin obtained by chymotryptic digestion
in the presence of 1 mM MgClz; and light chains, g3, g5, g3 of myosin
(upper). (c) myosin subfragment~l obtained by chymotryptic digestion
in the presence of 1 mM EDTA; S1-Al (lower) and S1-A2 (upper).
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Fig.

Iv-9

Preparation Method of Labelled Actin

(1)

DELRA

—>

lot ot

G-actin (1.0 mg/ml) in sol.G
+ 0.1 M KC1

30 min

T 1 mM MgCl2

+ 23 uM dye (PIAA,PMIR)
at 20°C for 20 hs

+ 1 % (wt/wt) CF-ll-cellulose

3000 rpm x 8 min

3G2 glass filter
45,000 rpm x 80 min

homogenized in so0l.G" or G
over night

45,000 rpm x 50 min

+ 0.1 M KC1
45,000 rpm x 80 min
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I
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[ ]

?hromatography on sephacryl S

~labelled G-actin

sol.G
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Fig. IV-10. Double reciprocal plot of the rate of acto-heavy
meromyosin(cT) Mg-ATPase and the added actin concentration.
e—9, unlabelled F-actin; o—o, PM-labelled F-actin. Solvent
condition: MgClz, 1.5 mM; KC1, 5 mM; ATP, 1 mM; Tris-HC1l, 10 mM
(pH 8.0), at 25°C. The concentration of heavy meromyosin was
0.036 mg/ml. The ATPase activity of heavy meromyosin(CT) only
was 2.17 UM Pi/min/mg protein in the presence of 10 mM CaCl2,

30 mM RKC1, 1 mM ATP and 10 mM Tris-HC1l (pH 8.0) at 25°C.
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Fig. IV-11. Relationship between total actin concentration and

specific viscosity N. o—o, PM-labelled actin; e—e, unlabelled
actin. Solvent condition: KC1, 0.1 M; MgCl,, lmM; ATP, 0.2 mM;

phosphate buffer, 10 mM (pH 7.0); at 20°C.
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Fig. IV-12. Upper figure shows time course of increase in the
fluorescence intensity of PM-labelled actin after the addition of
KCl to 50 mM. Lower figure shows time course of increase in the
specific viscosity during the polymerization of PM-labelled actin
(open circle) or unlabelled actin (closed circle). Initial solvent
condition was 0.1 mM ATP, 25 pM MgClp, 12 UM EGTA and 10 mM Tris-HC1

(pH 8.0) and the concentration of actin was 0.5 mg/ml (at 20°C).
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Fig. IV-13. Relationship between total actin concentration and
specific viscosity. o—o, PMIA-labelled actin; e—e, unlabelled
actin. Solvent condition: KCl, 0.1 M; MgCly, 1 mM; CaCl,, 0.1 mM;
phosphate buffer, 10 mM (pH 7.0); ATP, 0.2 mM; NaN3, 1 mM; at 20°C.
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Fig. IV-14. Specific viscosity as a function of the total
concentration of PIAA-labelled actin in the presence of 0.1 M KC1,
1 mM MgCl,, 0.1 mM CaCl,, 10 mM phosphate buffer (pH 7.0), 0.2 mM
ATP, 1 mM 2-mercaptoethanol and 1 mM NaN3 (at 20°C).
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V BASIC PROBLEMS IN PULSE-FLUOROMETRY

Iﬁ the study of fluorescence anisotropyvdecay by
single—photoelectron.counting, a long data dccumulation
time wili be necessary if the measurement is performed at
a . low count rate where distortions due to multi-
photoelectron effect can be negiected. This is a serious
limitation to the application of this method to labile
proteins. In this chapter, a method will be presented
by which fluorescence anisotropy decay can be determined
without any large distortion even when the mgﬁsuremeht
is performed ata high count rate. Then the data accumulation

time can be reduced to less than 1 hour.



V-1 Introduction ‘

Compared with the other techniques of fluorescence
lifetime measurement [152,153], single-photoelectron
counting method offers operation wiFh excellent signal-to-
noise ratio. This makes a direct measurement possible
not only of fluorescence décay with multiple lifetimes;
but also of anisotropy decay with multiple relaxation times
[104-106]. Oh the other hand, practical proﬁlems have
been raised on the application of this method to biological
systems. The problem in determination of fluorescence
anisotropy decay will be discussed in the section V-2 (cf.
reference 154). The proklem in analysis of experimental
fluorescence decay curves will be discussed in the section

vV-3.

V-2 Determination of Fluorescence Anisotropy Decay by

Single-Photoelectron Counting Method

V-2-1 Introduction

In single-photoelectron counting method, the time-to-
amplitude converter is triggered when the nanosecond pulser
emits a short duration of light which will excite fluorescent
molecules; and, it is stopped when suksequent fluoréscence

induces ejection of a photoelectron from the photocathode



in the photomultiplier. Then the time lapse between

lthese two events is converted into a proportional voltage
pulse which is then stored in the correspbnding channel

of the multi-channel analyzer (MCA). After a great number

of excitétion cycles, the histogram of fluorescence

intensity decay will be formed. If two or more photoelectrons
are ejected during one excitation cycle, the timing
information of only the first one is recorded in the MCA
memory. ‘Then the histogram recorded at a high éount rate

will be more or less distorted. This is called multi-
photoelectrcn effects. Therefore data are ﬁsually recorded at
a  low count rate in order to minimize this effect.

However the necessary time of data accumulation is often

too long to apply this method to studies of fluorescence
anisotropy decay of labile labelled proteins.

The techniques have been recentlyv developed which
diminished this difficulty [155,156]. Miehe et al. [157]
reported the fluorescence lifetime measurement without
distortion even at a high count rate, by using the photo-
multiplier with high-gain first dynode which ailows to
distinguish single- and double-photoelectron events [158,159].

On the other hand, the basic proklem in determination
of fluorescence anisotropy decay by photoelectron
counting system has not been discussed in detail. Even
when the instrument is used which can select the single—-
photoelectron event, the definition of anisotropy decay
which is usually used in the measurement at a low count rate

is not appropriate for the measurement at a high count rate



The method of correction ﬁecessary'for the perforﬁance at
! high'count rate is provided. The problem which arises
from both fluctuation of fludrescence infensity and
incompleteness of selection of single—photoélectron events

will be also discussed.
V-2-2 Photoelectron counting

If photoelectron emission from the photocathod is
independent statistical éQent from each other, fhe
probability ®(t) of emission of a photoeleétron is
- proportional to the instantaneous light intenéity T(t):
i.e., @(t)dt = BI(t)dt, where B is the quantum efficiency
of the photomultiplier [160]. From tkis relation, the
probability distribution pk(t,t+T) of emission of k
photoelectrons in a finite time interval between t and

t+T is given by [161]

p, (t,£+T) = (L/KD{EU(E,t+T) 1 expl-U(t, 41}  (V-1)

where U(t,t+T) represents the time-integrated light

intensity, namely,
t+T

U(t,t+T) = J I(t')dt’ (Vv=-2)
t
Now we shall consider a great number of excitation
cycles in each of which a flash burst of exciting lights
occurs at zero time and the subsequent fluorescence, whose
intensity at time t is I(t), induces emission of photo-

electrons. In the measurement of fluorescence decay by

photoelectron counting method, the practically interesting
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quantity is the ensemble éverage of the probability

rpk(ti’ti+l) which is taken over a great number of excitation

cycles: T
By (ty oty ) = (WKDILEU(k £y, )} expl-pU(ty £y )]
(V-3)
where the bracket [ ] means the ensemble average; ti is

the time after the instance of each\flash burst of excitation
and the time interval from‘ti to ti+l corresponds to the

i-th channel of the MCA memory: (It is assumed to be
independent of i, that is, ti+l--ti = € for;all of i.)

In the case where the fluorescence intensity does not
fluctuate significantly among different excitation cycles

and when B is constant over the wavelength, Egqn (V-3)

reduces to [162]

By (t;/t, 1) = (L/k1) iiiexp(—§i) (V—4)

where §i =[B U(ti,ti+l)] and this quantity means the average
number of photoelectrons emitted at the time interval from

ti to ti+l during one excitation cycle.
Let us consider the case that §i << 1 . Then the

probabilities of emission of one and more than one photo-

electron can be approximated as follows:

] B (t,,t, ) =1=DBy =B =%/ (V-5)
k>1 *

Therefore the probability §k>l(ti't ) is negligible as

i+l

compared to ﬁl(ti,ti+l). The number Ni of photoelectrons



at the time interval ti to ti+ which are counted after

1

a great number of excitation cycles Nc is

Ny = NcEﬁKti’t

5 ) = N.X; = N_[BU(t;,t; )]  (V=6)

i+l c’i i’ Ti+l

The number Ni is therefore propqrtional to the intensity
of.fluorescence at the time interval ti to ti+l' Nevertheless
Ni does not represent‘the experimental count Mi stored

in the MCA memory. Since the time-to-amplitude converter can
detect the first photoelectron emitted in a giveﬁ excitation
cycle, Mi is given by the following formula:

i-1

M, = N, I 50(t.,t. ) =N {1 - ]

N./N_} (V=7)
j=0 j=0 1 €

0
The experimental count Mi can give the true-decay curve
of fluorescence when the following condition is satisfied:
i-1

z Nj/Nc < N_/N_ << 1 . | (v-8)

3=0

where Na is the total count of photoelectrons. This condition
is that the count rate of photoelectron is so low that no
more than one photoelectron is emitted per excitation cycle.
Miehe et al. have considered the system with the
electronic instrumentation which can select the excitation
cycle with single-photoelectron event. In this system,
one count is recorded in the MCA memory wheﬁ only one
photoelectron is ejected from the photocathode during one
excitation cycle. After a great number of excitation cycles
Nc’ the number M, of counts stored in i-th channel of the
MCA memory 1is :

Myo= Py (tyatiyg) jii Poltyrtypg) Mg (v=2)
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From Egn (V-4)

M, = N, x, exp(- § §j),= N, §i exp(—i) (v-10)

where X means the average number of photoelectron emitted

over one excitation cycle. The operation without any
distortion in the observed histogram of fluorescence intensity
decay 1is possible at much higher count rate in the system

with "selection instrument"” than the system without it[163].
V-2-3 Selection instrument

In our experimental system, the signals from the last
dynode of the phototube are driven to the préamplifier
through which éach pulse-1like signal is converted to the
signal whose decay time is 50 pusec. When two or more photo-
electrons are ejected from the photocathode during one
excitation cycle, the time interval between these events is
the order of the magnitude of the fluorescence lifetime
which is apparently much shorter than 50 psec. Therefore,
the corresponding outputs from the last dynode wiil be
converted only to a single~-pulse through the preamplifier.

The pulse-height of signal from the last dynode varies
statistically in a manner characterized by the photomultiplier
[164]. Let f£(V) be the statistical distribution of the
each signal. ©Now imagine when only one photoelectron is
always ejected during one excitation cycle. Then the pulse-
heightvspectrum of the output signal of the preamplifier will

be given by



hy (V) = £(V/a) o (V-11)

where o gives the degree of multiplication of the preamplfier.
If two photoelectroné are always ejected during one excitation
cycle, then the pulse-height spectrum h2(V) can be given as

follows:

\%
hz(V) =.[0 hl(V—V')hl(V')dV'.
(V-12)

® ,V ’
// h, (V-v')h, (V')dv'adv
Jo Jo 1 1

where hl(V) and h2(V)'are normalized so that their integrations
over pulse-height kecome unity. This relation can be
driven from the ref. [165]. Similarly, the pulse-height

spectrum hn(V) for n-photoelectrons is given by

\
h (V) = J h, (v-v')h__, (V')av'
0

(Vv-13)

o V
h, (V-v')h (v')av'av
// J()J 0 1 n-1

The number n of photoelectrons ejected during one excitation
cycle also varies statistically. Under the assumption made
in Egqn (V-4), its distribution function is givén by a

Poisson distribution, that is,
P_(X) = (1/n!) X7 exp(-X) (Vv-14)

where=X gives the average number of this phenomenon.

Therefore, the observed pulse-height spectrum becomes

LA

“_HinX).?,NZ P (X) h (V) (V=15)

(o)
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For an instant, we shall assume that hl(V) is a Gaussian
, distribution whose center lies on Vy and whose half width
is AV. Then hn(V) will be approximated by a Gaussian curve

whose center lies on nV,. and whose half width is v/nAV.

0

Thus only when AV is much smaller than V the observed

0’
pulse~height spectrum H(V;X) will show several well-defined
peaks which correspond to single-, double-photoelectron
events and so on. This condition is»well satisfied by RCA
8850 photomultiplier tubeAwhich contains high-gain firét

and second dynodes. An example of H(V;X) is given in Fig.
vv—l. The decompsed pulse~height spectra hn(v) (n==l,2,3)

were calculéted from the H(V;X) which was fecorded at a small
value of X (X =0.01). They are shown in Fig. V-2.

The strobe circuit shown in the block diagram of the
nanosecond pulse fluorometer (Fig. IV-1l) plays a role of
selection of single-photoelectron events. The signals
from the last dynode of the phototube via the preamplifier
are analysed by the single-channel analyser in which the
lower and upper discrimination levels.are set as'shwon in
Fig. V-2. Only when the output of the preamplifier has an
energy within the range of amplitude corresponding to
single-photoelectron events, this circuit allows the timé—

to-amplitude converter to furnish the timing information

to the MCA memory.
V-2-4 Measurements of fluorescence anisotropy decay

Total and difference fluorescence decays are related
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to the two principal compdnents of polarized transient

.fluoreSCence:
S(t) = I"(t) + 2 IL(t)
‘ (V-16)
D(t) = I"(t) - It (t)

Let us define the time-integrated intensities U (ti,ti+l).and

S
ﬁD(ti,ti;l) of total and difference 'fluorescence decays
according to Egn (V-2). These intensities are computed.
from the experimental numbers M"i and M-‘-i using the following

formulae (From Egn (V-10)):

S

s{tirtip)

1l

{M", exp(X") + 2 M', exp(X*)}/N_B

ﬁD(ti’ti+l) = {mM". exp (X") - ML, exp(ii)}/NCB'

(Vv=-17)
where Mi represents the count stored in i-th channel after
the excitation cycles Né, and X represents the average number
of photoelectrons ejected over one excitation cycle; the
symbols " and ¥ mean the vertical and horizontal components,
respectively. Exponents appearing in Egn V;l7 result from
the fact that all of the timing signals corresponding to
photoelectron emission are not stored in the MCA memory
and the probability of the storage is dependent on the
count rate.

If X" and Xt « 1, the above equations may be approximated:

US(ti’ti+l) = (M"i + 2 Mli)/NcB

(v-18)

UD(ti,t.

i) = MMy - MA)/NCB
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The maximum count rate to be allowed to use Eqn (V-18) is

~as low as the one at which the true fluorescence decay can

be obtained in the counting system havingvno instrument

for seiection of single-photoelectron events. Because of

this restriction, the long measurement time is necessary.
On the other hand, to use Egn (V-17), we must determine

the values of X" and X+ experimenta}ly. Two methods are

afforded to determine X. The first one is to measure the

count frequency of the sighal from the preamplifier whiéh

has the amplitude over the noise level. Since the signal

is counted as one whenever one or more phoﬁbelectrons are

ejected during one excitation cycle and zero otherwise,

the ratio R of this frequency to the frequency of flash

of the lamp is given by the following expression:

R= [ P(X) =1-Pj(X) =1- exp (X) (V-19)
k=1

From this experimental value we can determine X.

The second method is to compare the probability that one

and two photoelectrons are ejected during one excitation
cycle. The pulse-height distribution of the signal from

the preamplifier has the information about these values as
expected from Egn (V-15). Since hl(V), hz(V) and h3(V) are
already known, Pl(i) and Pz(i) can be determined. .The ratio

R' of these is given by, from Egn (V-14)
R' = Pz(}—()/Pl(}—() = X/2 (V-20)

Therefore, we have two methods to determine X.-



We have assumed provisionally'in Egn (V-4) that
‘U(ti’ti%l) does not vary significantly among different
excitation cycles. Now we cdn justify this assumption
from comparison of the values of X determined from R’and
R'. One of the main reasons of the fluctuation in U(t;,t;, ;)
is that the number of photons emitted from one flash burst
of the lamp fluctuates. If there are large variations in
the intensity of exciting light, the above assumptlon will

become incorrect, and, therefore, Egs (V-4) and (V-14) must

be replaced by, respectively
By (t, it ) = (1/kD) J (x) " exp(-x;) wy (x;) dxy
o :
and ' (v-21)

Pk()_() = (1/k!) J x5 exp (-X) W(X) &X
0

Here wi(xi) and W(X) are distrikbution functions of X and
X respectively, reflecting fluctuation of the lamp intensity.
Apparently from Eqgn (V-21), the difference between the values
of X determined from R and R' kecomes larger as W(X) has
a broader distribution. Inversely, if we obtain similar
values of X from R and R', then we have reason to consider
that the above assumption is useful.

Fig. V-3 shows the relationship between the values
determined from R and R'. This result was obtained when
the lamp was under the stable condition; that is, the
signals from the Pickoff unit of the light pulser gave a

sharp pulse-height distribution. At small values of X



(X<0.1), the values detefmined-frdm R were about 10 %
~larger than those determined from R'. This discrepancy may
have resulted from neglection of the contribution of the
dark pulse whose rate is about 90 counts/seé at room
temperature. Apart from the region of small value of X, a
good coincidence between the values determined from R and
R' was obtained. Needless to say, difference more than

10 ¢ was observed where 0.1 <X <1.0 when the condition of

the lamp was not good.
V-2-5 Discussion

Equation V-17 was introduced under the assumption of
complete selection of single-photoelectron events. However,
it is apparent from Fig. V-2 that the time-to-amplitude
converter sends the timing information to the MCA memory
not only for the cycles with single-photoelectron events,
but also for the cycles with double-photoelectron events.
Therefore Egn (V-1C) must be replaced by

Mi - NC [Alpl(tilti.{.l)jgéipo (tj’tj+l)

+ APyt t ) L py(te b, ) T POty )
2151 7i Ti+l §>i 1" 37 73+1 K#1i, 3 0'"k""k
5 I —_ 1 -

+ p2(ti,tiﬂ)j%ipo(tj,tjﬂ)J.] (v-22)

Here Al and A2 mean the integrated areas, between the two
discrimination levels of the single-channel analyser, of
h, (V) and h,(V): (Fig. V-2). Vhen fluroescence intensity

does not fluctuate largely among different excitation cycles,
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this may reduce to the following formula, similarly with

Egn (V—lO)
M; = N {A; + B, (x;/2 + _z.xj)} x; exp (-X) (V-23)
j>1 : .
Since Al = 0.45 and A2 = 0.05 under the set of discrimination

levels as shown in Fig. V-2, the term containing A, is not
small enough to be neglected when ;j>i ii (or X) becomes
large. Distortion due to this term will appear in the
initial time region of the experimental decay cﬁrve of
fluorescence where the number of counts collected in each
channel is larger than what would ke when Az_.= 0. Though
it is possible to correct this distrotidn by calculation,
the necessary procedure is not simple. If the stop-signals
from the anode of the phototube are well time-resolved

from each other, then the accurate decay curve can be
obtained without this difficulty. In such a case, the
signals with small pulse-height which contributes to the
tailing of h2(V) in the region of low pulse-height can ke
non-effective by discriminater in the stop sircuit. If

the resoving time of the stop circuit is shortér than the
flurescence lifetime, the distortion due to the term containing
A2 in Egn (V-23) will be small. Let us consider when real
anisotropy decay has relagation times much longer than

the lifetime and r(t) = T for the interesting time. In
the extreme case in which the above condition is not satisfied .
the experimental curve ﬁD(ti,ti+l)/ﬁS(ti,ti+l) has the

following approximated form:



Up (ty 0t 490 /Ug(Ey0t, )

= r {1 + (A,/A]) (-r ) (x;/2 + ] %)} (V-24)
. j>1

Fig. V-4 shows the experimental curves ﬁD(ti,ti+l)/ﬁS(ti,ti+l)

which were obtained from the polarized fluorescence decays

of-PM—labelled F-actin. It can be seen that the experimental

curves do not largely depend on the ‘count rate, indicating

that the distortion is not so large as predicted by Eqgn V-24.
In summary, by the correction method presented here,

the operation without large distortions in the observed

decay curve can be obtained ‘even at the maximum frequency

of data accumulation £ = £ A, exp(-1) (where £f_ is the

ax
frequency of the flash burst of the lamp). If total count
of 106 is necessary for each component of polarized

fluorescence to analyse fluorescence anisotropy decay with

sufficient accuracy, then the measurement time can be,

in principle, reduced to only about one hour.
V-3 Analysis of Experimental Fluorescence Decay Curves

V-3-1 Introduction

Analysis of fluorescence decay curve is complicated
by the finite duration of the exciting light pulse and the
response time of the detection system. 1In the detection
system which responds linearly to the light intensity, the
fluroescence decay F(t) is given by the following convolution

product[166]:



t . .
F(£) = J G(E') E(t—t') A’ = g(t)#f (&) (V-25)
. 0

where g(t) is the résponse function of the excitatioﬁ light
flash and f£(t) is thé fluorescence decay which would be
obtained if the excitation pulse is of a negligible duration
and the detegtion system had a negligible response function.
Difficulties in recovering f(t) from the experimental curve
F(t) may arise from (i) tﬂ; dependence of g(t) on excitation
and emission wavelengths and (ii) the mathematiéal treatment

of Egn (V-25). Here, the practical problems in analysis

of fluorescence decay curve will be discussed.
V-3-2 Determination of the response function g (t)

The observation that the response function of the
apparatus is wavelength dependent has been made by Lewis
et al. [167] and by Wahl et al. [168] independently. The
response function g(t) itself must be considered as the

following double~convolution product [168]:

g(t) = gpp Mgyr €) g5, (A v £) * X(%) (V-26)

where gFL(A t) is the distribution function of the light

4
ex

intensity of exciting flash; gPM(A t) is the response

em’
function of the photomultiplier; K(t) is the response
function of the series of the electronic devices. The
function Ipp, May & depend on the wavelength Aex used for
excitation; while gpy May depend on the wavelength Aem

chosen at the fluorescence emission.



For examination of tﬁe characteristics of thé response
,functioﬁ of the photomultiplier RCA 8850 used in the present
study, the fluorescence solution was replaced by a solution
containing scatterers and the scattered iigﬁt was vieWed
with the photomultiplier. Then we could obtain the following

fuhction:

g®F () = gpp Ogyr £) % Opy(Agyr £) xK(E)  (V-27)

Here gPM(Aem’ t) appearing in Egn (V-26) is replaced with
gPM(Aex' t). The curves gex(t) which were ohtained at

various excitation wavelengths are presented in Fig. V-5.

The excitation light flash was produced by the nanosecond
light pulser ORTEC 9352 which was operated in air (1 atm) .

It can be seen that the raising of the gex(t) curve is more
delayed at the longer wavelength. Fig. V-6 shows the full
width at half-maximum intensity (FWHM) of the gex(t) curve

as a function of the wavelength. The FWHM decreaéed
monotonically with the increasing wavelength. These
behaviours must be interpreted as follows: . The fime of

flight of the photoelectron from the photocathode to the

first dynode is proportional to the square root of the kinetic
energy of the photoelectron at the surface of the photocathode;
the kinetic energy distribution (or the time of flight) of

the photoelectron depends on the energy of the incident

photon hv. When the wavelength increases, the average kinetic
energy decreases (or the average time of flight increases),

and the distribution of the kinetic energy (or of the time

of flight) becomes narrower [168].
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In order to examine ﬁow gFﬁ(Xéx’ t) contributes to

_gex(t),‘the air in the spark chamber of the light pulser
was exchanged with N2 gass. 'Then, a chaﬁge in the shape

of gex(t) was detected in the tailing regioh; that is,

the gex(t) curve decayed more slowly in N, gas than in air.
‘This behaviour can be explained by considering that
quenching processes of excited N, molecules are reduced

in the pure N2 gass. Thus, if there exists the significant

dependence of gFL(A t) on wavelength, it would come from

ex'’
the wavelength dependence of the lifetime of_excited N,
molecule. On the other hand, when the light. pulser was
operated in air, no significant variation with wavelength

was detected in the shape of the tailing of g > (t) (Fig. V-5),
indicating that the wavelength dependence of gFL(Xex’ t)

can be negligibly small as compared with that of gPM(Aex' t)
at least in the wavelength region examined (from 317 nm to

450 nm). Therefore, the response function g(t) which is

necessary in analysis of fluorescence decay curves can be

approximated with the gex(t) curve obtained at the same

wavelength as that of fluorescence emission. The approximations

similar to this are used by several workers [169].

V-3-3 Numerical analysis of the data

A variety of deconvolution methods have been devised
for the analysis of fluorescence decay curves:
a) Phase plane method [170]
b) Method of least squares [119, 171-173]

c) Method of moments [174—176]
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d)} Laplace transforms {177]

. e) Method of modulating functions [178]

f) Exponential series method '[179]

g) Fourier transforms [180]

In recent publicatioﬁs [181-1831, thése methods have
been compared from each other, and it has been shown that
the leaét—square and modulating funétion methods have the
greatest ability in resolving closely spaced decay times.

In analysis of the data which will be presented in Chapers
VI and VII, the method of least square is used with slight
modifications, because it can used to fit an§ chosen section

of the decay curve. Here, the method used will be presented.
V-3-3-1 The method of least squares

Most of the deconvolution methods reqguire an assumption
that £(t) in Egn (V-25) is a mathematical function which
is characterized by several parameters. The problem is
then to determine these ?arameters. In the method of least
squares, the convolution integral (Egn (V-25)) is firstly
computed for a set of the parameters; and, the computed
curve Fcal(t) is plotted and compared with the experimental
curve. Until the best fitting is obtained between the
calculated and experimental curves, a search of the
parameters may be continued. The fitting is judged by the
magnitude of the sum of the weighted squares of the residuals

[184]:

'cal - ex }2 (V-28)
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al

where Fic is the time—integraﬁedvintensity at the time

' intervai from ti to ti+l (Egn (v-2)); that is,

:

(t

cal _ cal _ i+l _cal,. -
Fi = Up (ty, ty,q) _J . F (£) dt (Vv=-29)
i
and FieX is the count collected at the i-th channel. Since

the statistical error of counting is Poisson distributed,
approaching to Gaussian distribution at a large numker of
counts, the weighting factor wy appearing in Eqﬁ (V-28) is
given by the inverse of the number of counts at the i-th

channel [181]:

wy = (F_ex)—l

i i (V-30)

The values of the parameters which gave the minimum of XZ
have the best chance of being the correct ones which describe
thé experimental data [184].

When the fluorescence decay f(t) is a sum of exponential
functions as described in the following eguation, the
numerical equations for the calculatién of the fluorescence

decay Fcal(t) may be simplified:
P
£(t) = )} B exp(-t/1y) | (V-31)
k=1

The parameters to be estimated from the experimental curves

are the decay times Ty and the amplitudes A, (k=1,2,...,p).

k

When the time increment e per one channel is much smaller

than any of the decay times Ty fluorescence intensity at

cal

time ti’ F (ti)’ can be approximated as follows:



e,

L4 \i )

cal p 1
F (t;) = ) Ay { ) g. expl-(i-j)e/1.1} (Vv-32) "
= s J k
k=1 3=0
where .
t.
J t.
J-1
Thus
cal _ ¢ cal cal
F = 5{F (t;) + F (t5,1)}

1l

p i
) A A )} 9. expl-(i-jle/t, ] + 0.5 g.}
k=1 j=o 7

p
.EZ

k=1

Ak fk(i) (V-34)

The time necessary for numerical computation of fk(i) nay

be considerably reduced by use of the following recurrence

[171] :

£, (1) = {£ (i-1) + 0.5-g; 1} exp(-e/7)) + 0.5-9;

(V-35)
V-3-3-2 The method of moments

Isenberg and his co-workers [175,176] extented the'
method of moments, which had been firstly considered by
Bay [174], to the form applicable to multi-exponential
analysis of fluorescence decay data. Let the s-th moments

of F(t) and g(t) be defined by the following eguations:

= J t% F(t) dt _ (V-36)
s 0
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and
s

m = J £S5 g(t) at . o (V-37)
0 . _

When the fluorescence decay is the multi-exponential function

as described by Egn (V-31), then the following equations

are satisfied:

s+1 r m

us _ z u s-u+l (v=38)

! —
s! u=1 (s-u+l)!
where
p
_ u _

Ty Lo B (1) (V-39)

k=1

Using Eqn (V-38), one can obtain the values Fl, F2, .ee
from the moments of the experimental curves FSX(t) and g(t).
Knowing Fl’ Tor «ee sz, one can obtain the decay times

Ty (k=1, 2, ..., p) as the roots of the polynomial equation:

1 T 12 Tp

Fl F2 P3 .. Tp+l

F2 F3 F4 e Tp+2 =0 (v-40)
Fp Pp+l Fp+2... sz

Then, using Eqn (V-39), one obtains the amplitudes A (k =

k
l, 2, > s oy p)’
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V-

3-3-3 The method of least séuares with cut-off moments

When one evaluates the moments of the experimental

curves Fex(t), one must give a following attention: The

experimental data are available only up to a certain time

t

c®

The moments given in Egn (V-36) must be approximated

by the integrals from zero time to time tc. The errors

\

produced then are significant for the moments of FEX({),

especialy for the higher moments which are necessary for

multi-exponential analysis. Under some experimental

conditions, these errors may cause incorrect estimation

of
of
of

is

the decay parameters. On the other hand, the method
least squares is free from this problem. Disadvantage
the method of least squares as compared to that of momemts

in its long computation time. When the fluorescence

decay consisting of a sum of p exponential terms is analysed

by

the method of least squares, the 2p decay parameters

must be adjusted at the same time before the best fitting

being obtained.

The number of the adjustable parameters may be reduced

by use of the method of least squares with cut-off moments

[119]. Firstly, a set of the decay constants Tyr Tos .

T

P

is tried; and, for each set of the Ty values, fk(i) in

Eqnb(V—34) are evaluated which are functions of the decay

constants only. Then the s-th cut-off moments of fk(i) are

obtained:

n
v (k) = ¢ yooi® kai) | (V-41)
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' n
' S € s ex : '
Mg T € ) i -Fi . ‘ , (V-42)
i=0
From Egn (V-34),
. P
ng = > Ay v (k) (V-43)
k=1
] 1 ]
Given the cut-off moments Hgs Uyr +e-y o1 and-vo(k),....,
vp_l(k) (k=1, 2, ..., p), one can obtain the amplitudes
Ak (k=1, 2, ..., p) from Egn (Vv-43) ; then, - FcCal are
calculated from Eqn (V-34). The set of T being the most

probable may be'attained after a search of Ehe set of Ty
which minimizes Xz.

Under some experimental conditions, fluorescence decays
contain significant scatter components. Even in such a case,
the decay parameters may be evaluated by the method of
least squares with cut-off moments with a following modification,
provided that any of the decay constants T, are sgfficiently
long as compared with the duration of exciting flash. The
sums in Egs (V-28), (V-41) and (V-42) are taken from t; to

tc’ where tc== n, is the time from which the contribution

of scattered exciting light to the decay curve can be negligible.

Eqn (vV-28), (V-41) and (V-42) should ke replaced by:

1 c
| 2
X2 - ) w; " {Fical _ Fiex } (V-29")
(n —nc—l) i=n'
C
Ilc :
v (k) = St p i%.f () (v-41")
I |
l—nc
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H = € Z iS-F.eX > » (V__42l)

Even when the method présented above is used, a long
computation time may be necessary in anaiysis of the
fluo:escence decay which is a sum of more than two exponential
functions. However, if one or more of these exponenential
functions have much longer decay constants than those of |
the other exponential functions (and if they are much longer
than the full width of haif maximum of the response fuﬁction
g(t)), the computation time can be feduced remarkably by
use of a following procedure. Firstly, the assumption is
made so that the tail region of the experimental fluorescence
deéay could be approximated with a sum of two exponential
can

p-1
be estimated using the modified least square method mentioned

functions; then the two decay constants Tp and Tt

above. Secondly, a convolution product g(t)*[Ap-exp(—t/Tp)]

is subtracted from the experimental fluorescence decay;

the tail region of the subtracted fluorescence decay is

again analysed with double—exponentiai decay and the decay
parameters To-17 Tp-2° Ap—l and Ap~2 will be estimated.

If coincidence is not obtained between the values of Tp-1
estimated from the first and second double-exponential

analyses, the above procedure must be re-examined; the time
regions used in the analyses should be altered. If the coincidence
is obtained, the above procedure may be applied to determination

of the shorter decay constants.

V-3-3-4 Analysis of total and difference fluorescence decay

curves by the method of least sguares



Total and difference fluorescence decay curves are
computed from the experimental numbers M"i and M—'—i (Egn

(V=17)). Let SieX and DieX'Bevdefined as follows:

s.% = M"i exp (X") + 2 Mii exp (X+)
| (V-44)

ex _ u n - 1 1
D, =M i exp (X") M exp(x )

In the analysis of these curves by the method of least
squares, the fitting between the calculated and experimental

curves 1is judged from the following quantities:

n
2 1 cal ex 2
Xg© = m L wgy sy -8y (V-45)
i=0
n
2 _ 1 cal ex 2 -
Xp = % ) wp; (D - D, T} (V-46)
i=0

al 1

where Sic and DiCa are the calculated time-integrated
intensities at the time interval corresponding to the i-th

channel (Egqn (V-2)). Since M"i and Mli obey the Poisson

A distributions, the weighting factors Wey and wy; are
given by the following formulae:
We: = M", exp(2X") + 4 Ml. exp (2X1) (V—475
S1i i 1
= " " A 3 -A
W5 M i exp (2X") + M,i exp (2X+) (V-438)
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Fig. v-1. (a) the pulse-height spectra of the output signals of the
preamplifier in the strobe circuit, lower curve was recorded when
fluorescence intensity was half as compared with when the upper curve
was recorded. (The signal was amplified 730 fold. 1 channel=0.039 V)

(b) : the ratio at each channel of the count number of two spectra.
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Fig. V-2. Pulse-height spectra of the output signals of the preamplifier
which would be recorded if one, two or three photoelectrons are always
ejected from the photocathode during one excitation cycle, respectively.
Vertical dashed lines show the lower and upper discrimination levels

of the single-channel analyser in the strobe circuit. (The scale of

the abscissa is the same as the one in Fig. V-1.).
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Fig. V-3. A typical observation on the relationship between the
values X = and X = which were determined usiné Egs. (V-19) and (V-20),
respectively. ---- represents the ideal case where fluorescence
intensity will not fluctuate among different excitation cycles.
Fluorescence from quinine sulfonate in 0.1N H,SO4 was observed

through the cut-off filter which passed above 400 nm.
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Fig. Vv-4. Curves of aﬁ(tirti+l"ti)/ﬁg(tirti+1"ti) of fluorescence
from PM-labelled F-actin which were recorded at three different count
rates; o—o: X " =0.71, AA: X  =0.234, x—%: X  =0.046. Dashed lines
represent the results if Eqn (V-18) was used (from upper, x "=0.046,
0.234, 0.71) »
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Fig. V-5. The response functions gex(t) observed at 400 nm (open

circle) and at 317 nm (closed circle).
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function gex(t) as a function of wavelength.
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VI CONFORMATIONAL CHANGE OF ACTIN DURING THE POLYMERIZATION

In this chapter,.the behaviour of flﬁorescence and
absorption of the conjugates of actin with PM, PMIA-ahd
PIAA were examined during polymerization of actin: These
fluorescent probes are labelled to the same site (Cys—-373)
of the actin molecule. From comparison of the data obtained,
it was found that the structure near the C-terminal region
of the actin molecule is nét significantly alteréd by |
increase in ionic strength. A large conformational change
at this site is induced after the association of G-actin

monomers.



P

VI-1 Introduction o

G-actin polymerizes into a double-stranded polymer at

high ionic strength. Up to date, a great number of physico-

chemical studies have been made on thermodynamic characteristics

of G-F transformation of actin. It was shown by Oosawa et
al [20] that polymerization of acitn is described in terms
of condensation phenomenon. However, only a little amount
of information has been obtained as to what kind of change
will occur of the local structure of actin protomer during
the polymerization. For an instance, it has not been well
documented as to when the structural change of actin protomer
will occur, on increasing of ionic strength or on association
of protomers.

In order to elucidate the conformational change of
actin in the present study, a series of fluorescent prokes
of pyrene moiety of different length of reactive group
were labelled to actin and the fluorescencebchanges
associated with the polymerization of labelled actin were
investigated. The probes used were N—(l—pyrenyl)maleimide
[PM], N-(l-pyrenyl)methyliodoacetate [PMIA], and N- (l-pyrenyl)
iodoacetamide [PIAA]. Although the conjugation of PM with
actin has been previously investigated by Kawasaki et al.
[185], a more systematic study of the time-resolved
fluorescence of PM-labelled actin was made in the preseﬁt

work (Section VI-2). PMIA and PIAA are the sulfhydryl



reagents which have been recently produced by Molecular
Probes (U.S.A.). The conjugation of PMIA and PIAA to actin
may be firstly examined in the present work (Section‘VI—3
and VI-4, respectiveiy). All these three probes were |
found to‘be labelled to the same site of actin (Cys-373);
therefore, the results obtained using these probes can be
compared with each other and from this comparison a more

reliakle information of the lakelling site will be obtained.
VI-2 Polymerization of PM-labelled Actin

VI-2-1 Changes in fluorescence decay curve of PM-labelled

actin with the polymerization

Fluorescence decay curves of PM-labelled actin were
investigated in a solution containing 0.1 M KC1, 1 mM MgClz,
0.2 mM ATP and 10 mM phosphate buffer (pH 7.0). Depending
on the concentration of PM-labelled acitn in the range
from 0.003 to 0.86 mg/ml, a significant change in the
fluorescnce decay curve was observed (Fig. VI—l); Since
no F-actin was present at actin concentration of 0.003 mg/ml,
which is below the critical concentration, all the labelled
actin exists in monomeric form. On the other hand, at the
highest concentration investigated (o0.86 mg/ml), the
majority exists in F-state. Kawasaki et al. [85] showed that
the average fluorescence lifetime of actin-PM conjugate
increésed when the labelled G-actin was polymerized by

increasing ionic strength. An important point found in



The present study is that the pdlyﬁerization which was

- inducedvby increasing actin concentration without any change
in ionic strength also bring’abdut a large increase in the
average lifetime. | '

It is possible that excitation energy transfer occurs
between the fluorescent probes on two neigbouring actin
protomers in F-actin, since PM-labelled actin has a weak
absorption band around 376 nm where the emission spectrum
has the maximum [186]. If the energy transfer of a high
efficiency occurs, the fluorescence decay of PM-labelled
actin protomer might depend on whether it is’ surrounded
by the labelled actin protomers or by unlabelled actin
protomers. Ih order to examine this possibility, F-actin
was labelled with PM at various molar ratios of dye to
protein (0.06 to 1.0) However, we found no detectable
dependence of the fluorescence decay on the molar ratio
of dye to protein, indicating that the energy transfer at
high efficiency does not occur which would affect on the
fluorescence decay. It is therefore apparent that a change
in the local structure around the labelling site of actin
protomer associated with polymerization must alter the

emission mechanism of the probe.

VI-2-2 Investigation on the multiple-lifetime of PM-labelled

F-actin

In contrast to the fluorescence decay, no appreciable

change in shape of either absorption or fluorescence spectra



of PM-labelled actin was detected associated with the G-F
Ztransformation (Fig, VI-2). Fig. VI-3 shows typical

excitation and emission spectra of fluoreécence from PM-

labelled G-actin and F-actin. The excitation spectrum

(observed at 376 nm) had a fine strucutre of vibrational

mode with peaks at 316, 329 and 344 nm. The emission spectrum
(excited at 344 nm) also had a fine‘structure with peaks

at 376, 386 and 418 nm. However, excitation at a wavelength away
from the peaks (e.g., at'356 nm) brouéht abou£ an additional
small peak at 385 nm in the emission spectrum. Conversely,

the excitation spectrum observed at 385 nm haé a shoulder

around 356 nm. Corresponding to these, the histogram depended on
both emission and excitation wavelengths (Fig. VI-4). It

is apparent from the fluorescence decay curves shown in Fig.

VI-4 that the average fluorescence lifetimes ohserved at |

385 nm and 409 nm were shorter than that ckserved at 374 nm.

It was also found that excitation at 358 nm cave a much

shorter average lifetime than excitation at 337 nm.

For determination of the factors Which might cause

the multiplicity of the fluorescence lifetime, a solution

of the labelled F-actin containging 5 mM bhorate kuffer (pH

8.0) was incubated at 35 °C for 40 hours [14¢]. It was found that the
flurescence emission peaks at 376, 396 and £18 nm diminished

or disappeared and, instead, new emission peaks appeared at 385
and at 406 nm (Fig. VI-3). Associated with the change in

the emission spectrum, the componennts with lorger decav
constants ( > 60 nsec) in the fluorescence decay curve

diminished and the components with shorter decay components



( <30 nsec) became dominant. It is worth noting that the
red shift in the emission spectrum (Fig. VI-3) is similar

to that observed by Wu et al.[187] 1in é system where a a
secondary reaction between the succinimide’ring of pfotein—
bound PM and a nearby amino group occurs. Therefore, the
present finding suggests that the fluorescence decay of
PM-labelled F-actin consists Qf, ag least, two chemically
distinct - adducts of the dye; a main adduct which has
fluorescence emission with the maximum at 376 nﬁ and a

small amount of contaminated adducts which have fluorescence

emission with the maximum at 385 nm.

VI-2-3 Analysis of the fluorescence decay curves of PM-

labelled F-actin

Although the contribution of the contaminated adducts
may be negligible in steady-excitation fluorometry, it may be
not samll enough to be neglected in measurements of
fluorescence lifetime. This is because the components With
short decay constants will affect the'analysis of fluorescence
lifetime strongly. Variations in the fluofescence decay
curves were observed among several samples of PM-lakelled
F-actin even though the measurement condition was practiéally
the same. The variation_appeared only in the initial part
during the decay (0 to 100 nsec after excitation); while
a good coincidence in the later part was obtained. The
variation in the initial part is likely indicating the
presence of different amount of the contaminated adducts.

Since the detailed process of formation of the contaminated



adduct on the protein surface is still obscure, it is hard
to determine exactly the way in which the contaminated
adduct contributes to the fluorescenence decay and, therefore,

to know the decay of fluorescence from the ‘main adduct

directly. It is therefore necessary to undertake the following
approximation analysis. It is assumed first that the
fluorescence decay s(t) of PM-labelled F-actin consists of

sm(t) of the main adduct and sc(t) of the contaminated

adduct:
s(t) = s (t) + s, (t) ~ (VI-1)

It is secondly assumed that sm(t) could be approximated

by a sum of two exponential functions:
sm(t) = Al exp(-t/rl) + A2 exp(—t/Tz) (VI-2)

where T, , are the decay constants and Al 5 the amplitudes
14 14
of the exponential terms. In the following, we will use

the relative amplitudes defined as follows:

Bl,2 = Al,2/(Al+ A2) ; Bl+ B2 =1 (VI-3)

It was also assumed that the flurescence lifetimes of the

contaminated adducts were sufficiently shorter than 1 o
\ . ’

and therefore sc(t) was negligibly small as compared with

sm(t) except for the initial part of the decay; i.e.,

sc(t)<« sm(t) for t > t (VI-4)

0

where t0 indicates the time after that the observed

fluorescence decay curves can be analysed by double-exponential
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1,2 and Allzxwere determined

by themethod of least squares(Section V-3-3-3). Several

functions. The decay parameters 1

sets of the decay constants wkre tried. For each set of the

decay constants, the corresponding ampliﬁudés A, , were

=7

determined by the formula of cut-off moments (Egs (V-41')
and (v-42')) and the convoulution product of sm(t) and g (t)

was calculated (Eqn (V-25)); The corresponding calculated

curve (Sm)ical was plotted (Egn (V-29)) and compared with

the experimental curve Siex. The best fit between the

calculated and experimental curves at t'>tO was attained

after a search for the set of T1 2 which gives the minimum
14
of the mean weighted residues st-

n

2
XSZ - . Z{(Sm)ical - g ©X }%w ' (VI-5)

1 S1
(nz—nl—l)i_-.nl

Here the sum was taken in the period of t >t0; in most cases,

t, =t = 160 nsec and t = 850 nsec after excitation
0 n, n,

were taken. Wgy in Egqn (VI-5) is the statistical weighting
factor (Egn (V-47)). Only the data gave the minimum of XSZ
less than 1.2 were used in the following analyses.

Fig. VI-5 shows an example of the analysis. Closed
circles show an experimental fluorescence decay curve Siex
of PM-labelled F-actin and the smooth line shows the corresponding

', cal ,
calculated decay curve (Sm)i . The decay curve shown by

open circles is the difference between Siex and (Sm)ical;
on the other hand, dashed line shows the fluorescence decay

curve observed with PM-labelled F-actin after incubation at

35 °C for 40 hours. Thus we-then cosider that the coincidence
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of these two curves is justifing the assumptions made above.
'Since the precision of the determined parameters even after
these corrections for the contaminated adaucts has a
limitation, we have made efforts to reduce the amount of
the contéminatidn in preparations as far as possible. This
was done by preparing protein-dye conjugate at low temperature
(0-5 °C) and at low pH (not higher‘than PH 7.0) where the
production of the contaminated adduct was found to be reduced
considerably. |

For the purpose of estimation of the effect of coexistence
of the labelled G-actin with the lakelled F—éctin on the
decay parameters, the fluorescence decays obtained at various
actin concentrations were analysed. The results are

éummerized in Table VI-1l. Both 1, and T, increased by

1
amounts of about 20 % when the concentration of actin was
raised from 0.003 mg/ml to 0.86 mg/ml. It was also found
that the relative amplitude of the longer decay component

Bl increased appreciably. At an intermediate concentration
of actin (0.011] mg/ml), analysis with ‘two exponential decays
was not so satisfactory (e.g., st = 1.5) aé at the extreme
concentrations (0.86 mg/ml or 0.003 mg/ml) where st was

very close to unity. This is presumably due to the presence

of approximately equal amount of G-acitn and F-actin.

' VI-2-4 Dependence of fluorescence decay of labelled F-actin

on the emission wavelength

In order to see the emission spectra of the decay

components with time constants of T and T,, the time-~resolved
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emission spectrum of the labelled F-actin was measured after
excitation at 337 nm. Then we found that the time-resolved
emission spectrum obtained under the time window set.between

0 and 30 nsec was mofe weighted around 385 and 409 nm than
that obtained under the time window set between 100 and

850 nsec (Fig. VI-6). This is compatible with our observation
mentioned above that the contaminated adducts had shorter
lifetimes ( < 30 nsec) than the main\adduct and gave emission
peaks around 385 and 406 nm (Fig. VI-3). Therefore we
proceeded to analyse the fluorescence decay curves observed

at various wavelengths (shown in Fig VI-4) aécording to the

following scheme of three-components:

®1(A) = h(X) Blgx) Ty
2, (1) = h(}) By(A) Ty (VI-6)
nc )
_ ex cal
¢5(2) = h(}) i£0 {si - (sp)y }/{Al()\) + A2(>\)}

where A is the emission wavelength and h(}) was determined

from the time-resolved emission spectra. The values of T1
equal to 177 nsec and Ty equal to 93 nsec (at 2.5 °C) were
obtained from the fluorescence decay in which emission above

370 nm was coliected altogether. Strictly speaking, the
lifetime thus determined were somewhat averaged in this range bf
wavelength. EHowever, we also found that when the emission
wavelength was selected at 375 nm with AX =5 nm, the decay
curve was described with two exponential terms satisfactorily

whose time constants were 172 + 6 nsec and 89 + d nsec.
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It is apparent that the lifetimes of Ty and T, are approximately
constant above 370 nm. Fig. VI-7 shows the three components

of emission spectra @i(A) thus determined. One can see

that the shapes of @l(k) and @2(k) are very similar fo each

other except for a slight red-shift of ¢_(A) as compared with

o, ().

VI-2-5 'Temperature dependence of fluorescence decay of PM-

labelled F-actin

The effect of temperature on the fluorescence decay
of PM-labelled F-actin was examined between,é and 20 °C
where the results were reversible with respect to temperature.
In this study, excitation was aﬁ 337 nm and emission above
370 nm was collected. The average fluorescence lifetime
decreased with increase in temperature. The double-exponential
analysis using Eqn VI-2 revealed that this is due to changes
not only in the decay constants but also in the relative

amplitude. The results are summerized in Fig. VI-8.
VI-2-6 Fluorescence anisotropy decay of PM-labelled actin

Fluorescence anisotropy decay curves of PM-labelled
actin were investigated at low and high ionic strengths.

Fig. VI-9 shows the typical ones, in which the experimental

ex ,. ex
/

ex _
curves R (ti) = Di

Si are plotted. The open circles
represent the anisotropy decay curves obtained under the
solvent condition of 0.2 mM ATP, 0.1 mM CaClz, 2 mM imidazole-
HC1 (pH 7.0) and 0.2 mM DTT (at 20.7 °C), where all the

labelled actin (0.68 mg/ml) exists in G-state; while, the



closed circles represent the one obtained in the presence

of 0.1 M KCl, 1 mM MgCl,, 0.2 mM ATP and 10 mM phosphate

buffer (pH 7.0), where the mdjority exists in F-state. It

‘can be seen that the correlation time of‘rotation of PM-

labelled actin increased onpolymerization. Thé correlation
time of lakelled G-actin was 29 nsec at 20.7 °C and 49 nsec
at 4.7 °C. The kinetic volume of actin is estimated using
Einstein-Stokes equation e‘l = kT/nV , on the assumption

that the actin molecule cah be approximated witﬂ a rigia
sphere. Then the correlation times obtaired at the different

temperatures predict the same kinetic volume.which corresponds

to a shperical molecule of radius 3.04 nm.

In the initial time region of the experimental curve
Rex(ti) of PM-labelled F-actin, a small decay component
with the correlation time of about 1 usec was detected.
Thié component may be explained by the poésible motions of
the probe with respect to the F-actin filament. Howevet,
a serious problem appeared when the experimental curve was
analysed; that is, it was found that the fundamental
anisotropy of the contaminated adduct was different from’that
of the main adduct. The fundamental anisotropy observed
after the incubation of PM-~labelled F-actin at pH 8.0 and
at 35 '°C was approximately 1.1 times as large as that
observed before the incubation. Thus it appeared that we
had ﬁo way to obtain decisive conclutions about the flexibility

of the labelling site.




VI-2~7  Discussion

The fluorescence of PM conjugated to F-actin exhibited

multi-exponential decay. Wu et al. [187] have shown that

PM adduct with protein often undergoes secondary reaction
with amino groups of peptide of the protein through its
succinimide ring (i.e., aminolysis and/or hydrolysis)

(Fig. VI;lO). It was found that thé reaction was accompanied
by a red shift of the emission specfrum. In the present
study, the time-resolved emission spectra (Fig. VI-7)
- showed occurence of aminolysed (and/or hydrolysed)adduct
“in the preparation of F-actin-PM conjugate. ‘One may consider
that the multipiicity of fluorescence lifetime we okbserved

is due to the presence of such a contaminated adduct of
F-actin. Actually, analysis of emission spectra showed its
existence. However we also found that even at the klue

edge of the emission spectrum (372 nm) where the fluorescence
intensity of the aminolysed (and/or hydrolysed)adduct is
negligibly small relative to the normal adduct, the
fluorescence decay is not single-exponential; it could be
approximated with double-exponential function whose decay
constants were 177 and 93 nsec (at 2.5°C). Among possible
explanations of this multiplicity, the first péssibility is

that there are two different types of labelling sites.

This is however unlikely since there was no detectable

change in the fluorescence decay with variation of the

molar ratio of dye to actin (0.06 to 1.0). It has been

shown that, for several kinds of maleimide dyes, the first
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mole of dye binds to the ﬁnique reactive cysteine of
.actin[8;188]. Thus one needs an alternative explanation.
There have been several repofts given recently that there

is a fluorophore, which is bound to a siﬁglé site within

a single protein and exhibits multi-exponential fluorescence
decay. For an instance,the enzyme-bound NADH is of double-
exponential function [119,189,19C}.. Gafni and Brand [189]
have attributed this to a reversible excited-state reaction
which would transform the fluorescent chromophore to a
non-fluorescent product. Whereas, Brochon et al. [190]

gave an explanation assuming that the dehydronicotinamide
moiety bound to the enzyme has a heterogereity of local
environment. In the fluorescence decay of the actin-bound
PM shown in the present study, the relative amplitude of

the long decay component varied with the emission wavelength;
the emission spectrum éz(k) was slightly but distinctively
red-shifted as compared with @l(k) (Fig. V-7). Therefore

it is reasonable to conclude that there exists a hetero-
geneity of the excited state of the prébe. _Several
possibilities are considered to explain this; i) two way

of adsorption of the pyrene moiety to the actin molecule,

or two local configurations of side chains of amino acid

of actin around the labeling site, 1ii) existence of S1-S2
coupling of the excited states of the pyrene molety [191].
At the present stage of the study, we are not able

to decide on these possibilities. In either case, temperature

dependence of ratio of amplitude B2/Bl of the two decay
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~components (Fig. 'VI-8) may be an indication of thermodynamic
»equilibfium between two possible configurations (or excited
states). h

As shown in Fig. VI-1, a remarkaﬁle‘change in the
decay curve was associated with polymerization of
PM~labelled actin. We found that the change is not due to
increase in the ionic strength of the solution but due to
the association of actin p:otomers (see also Table VI—l).
On the ofher hand, occurence of local conformational change
of G-actin due to increase in the ionic strength was detected
by Rich and Estes [28] by proteolytic digesting method of
G-actin and F-actin. According to their fiﬁding, when the
ionic strength of G-actin solution is increaéed‘to 0.1
where the concentration of actin is below ciritical concentration,
actin monomer becomes resistant to proteolytic digestion
by trypsin and by chymotrypsin, while it is not at low ionic
strength. They then proposed a state of "F-monomer" of
actin, which is distinct from G-monomer at low ionic strength.
Thus we can say that both G-monomer and F-monomerbgive
essentially the same fluorescence decay of the probe used
in the present study. It may ke that the local structure
around the probe (near the C-terminal region) is not
significantly altered by increase in ionic strength, though
the location of peptide which is susceptikle to proteolysis

at low ionic strength is not clear yet.

VI-3 Polymerization of PMIA-labelled actin
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VI-3-1 Conjugation of PMIA to F-actin

The reactivity of actin-SH groups towards PMIA‘Qas
investigated. F—actin was incubated with various concentrations
of the dje at 20 °C for 12 hours. After removal of unreacted
dye,vthe fluorescence intensity was measured at 397 nm after
excitation at 348 nm. Fig. VI-11 shows the fluorescence
intensity as a function of the mola£ ratio of the added dye
to actin. It is apparent that PMIA reacted preferentially

with a unique site of actin protomer.

VI-3-2 Absorption and fluorescence spectra of PMIA-labelled

actin

Absorption and fluorescence spectra of PMIA-labelled
actin (0.5 mg/ml) were investigated at room temperature.
All of PMIA-labelled actin exists as G-actin in G-buffer

[0.2 mM ATP, 0.1 mM CaCl 1 mM bicarbonate and 1 mM NaN3],

2'
while the majority exists as F-actin in F-buffer [0.1 M KC1,

1 mM Mgclz, 0.1 mM CaCl 0.2 mM ATP, 10 mM phosphate buffer

27
(pH 7.0) and 1 mM NaN3] as judged from the Viscosity
measurements (Section IV-3-3).

Fig. VI-12 shows the absofption spectrum of PMIA-labelled
F-actin, which was very similar to that of PMIA-2-mercapto-
ethanol conjugate, except‘a red-shift (Fig. IV-8). In Fig. -
VI-12,the difference absorption spectrum is shown of PMIA-labelled
F-actin with reference of PMIA-labelled G-actin. It can bhe

seen that polymerization of PMIA-lakelled G-actin was

accompanied with a red-shift-of the absorption spectrum.
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The maximum of absorption was loéated at 347.9 nm for F-
‘acdtin and at 347.2 nm for G-actin (Table VI-2).

The excitation and emission.spéctra.of’fluorescence
from PMIA-labelled actin are shown in Fig. VI-13. The
shape of emission spectra of PMIA labelled G- and F-actin
were very similar to each other, but polymerization of

PMIA-labelled actin was accompanied with considerable

increase in the fluorescence intensity.

VI-3-3 Time resolved fluorescence of PMIA?labelled

actin

Polarized fluorescence decays of PMIA-labelled G- and
F—actih (0.5 ﬁg/ml) were observed above 370 nm after excitation
at 337 nm. |
(i) Total fluorescence decay of PMIA-laballed actin

The total fluorescence decay curves of both PMIA-lakelled
G- and F-actin exhibitied non-single exponential functions.
For analysis of the experimental decay curves SieX, the
fluorescence decay s(t) is assumed to be a sum of e#ponential
functions, and the method of least squares was used in which
the amplitudes of the decay components was determined by
use of cut-off moments (Egs V-41 and 42). It was then found
that the double-exponential decays could describe the
experimental curves well. An example of the analysis is

shown in Fig. VI-14, in which open circles show the experimental

curve SieX and the smooth line shows the calculated curve

cal
5 .

S
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On the polymerization of PMIA-labelled G-actin, the two

1 2

time, the relative amplitude B

‘decay constants 1, and T, increased by 30-40 %; at the same
‘l éf the long decay component
increased considerably (Table VI-3).

The fluorescence decay of PMIA-labelled F-actin was
observed at various temperatures between 5 and 39 °C. With
increase in temperature, the average fluorescence lifetime
decreased. This decrease was not only due to decrease in
the each decay constant but also due to decrease.in the rehﬁjﬂe
amplitude of the long decay component. The result is
summarized in Fig. VI-15.

(ii) Anisotropy decay of PMIA-labelled actin

X of PMIA-

The experimental anisotropy decay curve Rie
labelled G-actin is plotted which was obtained at 8.8 °C
(Fig. VI-16). When log Riex was approximated with a linear
line, the inclination gave the correlation time 44 nsec.
This value corresponds to the correlation time of rotation
of a rigid spherical molecule whose radius is 3.10 nm
(without any hydration).

The experimental curve Riex of PMIA-labelled F-actin
was obtained at various temperatures between 5 and 39 °C
(Fig. V-=17). At higher temperature, decay components with
the correlation time shorter than 10 nsec were more pronounced.
Since the contribution of PMIA-labelled G-actin co-existing
with F-actin to the curves RieX is negligible as judged

from viscosity of the solution, these components of shorter

correlation time are not due to the depolymeriiation of
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- PMIA-labelled F-actin. Thus we‘concluded that decays

- observed in RieX result from rotational motions of the

probe with respect to F~acti£ filament;_ Since PMIA has

a long gréup (i.e., -NH—O—(C=O)—CH2— ), by which the

pyrene moiety and the cysteine residue of the actin molecule
are connected, it is probable that the rapid motion is

due to the rotation presumably limited around C-N and C-O

bonds in the aminoacetate group of the probe.
VI-3-4 Discussion

The fluorescencé decays of PMIA-labelled actin were
found to be described with double-exponential functions.
Since PMIA waé conjugated to the unique cysteine residue
(Cys-373) of the actin molecule, this multiplicity indicates
the existence of heteogeneity of environment in the excited
state of the probe. It has been shown in Section VI-2-7
that actin-bound PM also has a heterogeneity of eﬁvironment
in ité excited state. It is therefore very probable that
such a heterogeneity is inherent to the labelling'site of
the actin molecule.

Red shift in the absorption spectrum was observed on
the polymerization of PMIA-labelled G-actin. 1In order to
elucidate the origin of this shift, absorption spectrum of
the conjugate of PMIA with 2-mercaptoethanol was investigated
in various organic solvents (between 300 nm and 400 nm).

The solvents used were methanol, ethanol, cyclohexane and
dioxane. The absorption spectra obtained in these solvents

had similar shapes from each other, except slight red- or
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blue~ shifts. The wavelength of the absorption méximum

‘was shown in Table VI-2. It is clear that the absorption
Spectfum of PMIA—Z—me:captoethanOl.is more red-shifted

in the polar solvent than in the non—polér éolvent. it

is therefore unlikely that the red shift observed on the
polymerization of PMIA-labelled actin is simply due to

the decrease in polarity of the environment, which may be
expected from the behaviour of the fluorescence quantum
yield. One may note that fhe absorption spectralof PMIA-
labelled actin in the both G- and F-states were considerably
red-shifted as compared with those of PMIA—Zeﬁercaptoethanol
conjugate. When PMIA-labelled G-actin was denatured by
addition of 0.1 % SDS, the wavelength of the absorption
maximum was blue-shifted to 345.1 nm (Table VI-2). It is
suggested that the red shift observed has resulted from the
interaction of the actin-bound PMIA with a particular side
chain of the protein. In the presence of 0.1 % SDS, the
fluorescence decay was able to be approximated with single-
exponential function (Table VI-3). It.appears that the
double-exponential fluorescence decays observed for the
native actin are related to the specific interaction between

the probe and the side chain of the protein.
VI-4 Polymerization of PIAA-Labelled Actin
VI-4-1 Conjugation of PIAA to F-actin

The reactivity of actin-SH groups towards PIAA was
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investigated. F-actin (4.7 puM) was incukated with various

concentrations of the dye in the presence of 0.1 M KC1,

1 mM MgCl 0.1 mM CaCl2, 0.2.mM ATP, 1 mM bicarbonate

2’
(pH 7.6) and 1 mM sodium azide. The conjugation reaction

was continued in the dark at 20 °C for 20 hours and then

Whatmann CF-1ll-cellulose was added at the final concentration .

of 1 % (wt/wt). After removal of the cellulose adsorbing
unreacted dye, the fluorescence intehsity was measured:
Excitation was at 347 mm and emission was at 386 nm.

As seen from Fig. VI-18, PIAA reacted preferentially with
a unique site of actin protomer. In order tq'determine
the SH group reacted, we examined the reactiyity of the
dye towards NEM-treated F-actin prepared as follows:
F-actin was firstly reacted with NEM at 7 °C for one day;
the molar ratio of NEM to actin was 1.3 : 1.0. Then this
F-actin was reacted with the dye under the same condition
aé described above. It can be seen from Fig. VI-18 that
the reaction of the dye towards to F-actin was almost
completely inhibited after NEM-treatment. Since Elzinga
and Collins [8] have shown that NEM reacts preférentially
to Cys—-373 of actin, it can be concluded that PIAA has

been conjugated to Cys-373 of F-actin in the absence of NEM.

VI-4-2 Absorption and fluorescence spectra and guantum

yvield of PIAA-labelled actin

Absorption and fluorescence spectra of PIAA-labelled
actin were investigated at 20 °C. The concentration of the

labelled actin was 0.2 mg/ml. At this concentration, all
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of PIAA-labelled actin exists as G-actin in G-buffer,
while the majority exists as F-actin in F-buffer as judged
from viscosity of the solution.
The absorption epectra of PIAA-labelled actin in G-
and F-buffers (Fig. VI-19) show that polymerization of G-actin
was accompanied by appearance of peaks at 365 nm and 383 nm.
The emission spectrum of PIAA-labelled F-actin showed
a fine structure of vibration with peaks at 386, 407 and
430 nm, while they are less sharp in G-actin (Fig. VI-?O).
Measurements of the quantum fluorescence yields of PIAA-
labelled actin were made after excitation at;342 nm. The
effect of the rotational Brownian motion of the fluorophore
on the quantum yields was corrected. The quantum yields
obtained at 13 °C were 0.083 for G-actin and 0.41 for F-
actin, respectively. It should be noted that the increase
in the quantum yield on polymerization of G-actin corresponds
to an increase in the fluorescence intensity by 20 to 25
times when it is observed at the emission peaks (i.e.,
386 or 407 nm) after excitation at 365 nm. Owing to this
high sensitivity, the determination of the smail amount of
F-actin which co-exists with G-actin becomes much easier
than viscosity measurement (Fig. VI-21). It can be seen
from Fig. VI-21 that the critical concentration of actin
can be determined more accurately than viscosity measurement.
An important conclusion drawn from this is that the change
in the fluorescence intensity observed on polymerization

of actin is not due to the change in the ionic strength of



the solution but due to the association of actin monomers. .
"In this respect, the absorbance at 365 nm was found to
‘increase gradually with time after the addition of sélts
to PIAA-labelled G—aétin solution. These results indicate
that a change of the local conformation near the Cys-373
of G-actin is induced only after the time of association

of actin monomer.

VI-4-3 Time-resolved fluorescence of PIAA-labelled F- and

G-actin
VI-4-3-1 Fluorescence decays of PIAA-labelled F- and G-actin

Polarized fluorescence decay of PIAA-labelled actin
was measured in.G— and F-buffers at 13 °C. The total and
difference fluorescence decays are shown in Fig. VI-22.
Both of PIAA-labelled G- and F-actin exhibited multi-exponential
fluorescence decays. The experimental decay curves_Sex(t)
were analysed as shown in the last of the section V-3-3-3.
Then we found that five exponential terms are necessary in
order to obtain the best fits between calculated énd
experimental curves. The necessity of the fourth and fifth
term was realized when we extended the time range of analysis
longer than 100 ns. The decay parameters obtained are given
in Table VI-4. The time constant of the major term is 1.78
and 11.0 nsec for G-actin and for F-actin, respectively.
The average fluorescence lifetime, which may be proportional

to the fluorescence quantum yield, was calculated from the

decay parameters obtained:
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i
where Ci are the relative ampiitudes of "the exponential
decay components. The average fluorescence lifetime of

PIAAdabelled G-actin was 3.99 nsec; on the other hand, it

was 10.0 nsec for PIaa-labelled F-actin.
VI-4-3-2 Anisotropy decay of PIAA-labelled F-actin

At first, the following experimental cruve Rex(t) was
examined:

R®¥ (£) = ¥ (1) /5% () : (VI-8)

As seen in Figf VI-23, the experimental curve Rex(t) of PIAA-
labelléd F-actin has plateau in the initial (0-20 nsec) and
tail (200-500 nsec) time regions; between 80 nsec and 150 nsec,
Rex(t) decreased remarkably. This can not be éxplained by
assuming that, for ail of k, rk(t) in Egqn III~-42 are

represented with the same function. Instead, Aki in

Egn III-41 is needed to vary with k. For simplification
of analysis of Dex(t), it was assumed that the anisotropy
decay of PIAA-labelled F-actin could be characterized with

a single correlation time GF; furthermore, it was assumed .

for i =1,2,3 and r._ = r for i = 4,5

that r. i0 b0

io ~ raO
(Eqn (III-41)):

r (t) =r exp (-t/6._)
1,2,3 a0 F (VI-9)

r4,5(t) = Tpo exp(—t/eF)

Then the parameters Yo’ rbo,’GF were determined according
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to the way shown in Eqn (V-44). The values obtained are

shown in Table VI-5. There is a large difference between

the values of r and r. .. Tﬁe value of 6. is of the order
al b0 CF

of usec. The smooth line in Fig. VI-23 is the R(t) curve

calculated from the parameters obtained. It is obvious that

the anomalous behaviour of the experimental curve Rex(t)

could be explained with the difference between the fundamental

anisotropies r . and r, ..
P1ES. a0 - Tho

VI-4-3-3 Anisotropy decay of PIAA-labelled G-actin

When the experimental curve log Rex(t) of PIMA-labelled
G-actin was approximated with a linear line in the time
region between 0 and 10 nsec, the inclination gave the
correlation time 25 nsec (at 13 °C). This value is much
shorter than the rotational correlation time of actin monomer
(32 nsec) which is estimated from the previous reports [192];
therefore, we considered that the fluorophore has a freedom
of rotation‘on actin. For simplification of analysis of
Dex(t), it was assumed that, for i = 1,2,3, ri(t) were

represented with the following equation;

ri(t) = rGO{Bf exp(—t/ef) + (l—Bf) exp(—t/eG)} (VI¥lO)

where 6_ is the correlation time of the rotation of the

£

fluorophore on actin and 6., corresponds to the rotation of

G
actin monomer. We analysed the curve Dex(t) between 0 and
30 nsec, in order to obviate the possibility that the

assumption for r (t) would strongly affect the estimation

4,5
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of the parameters in Egqn (VI-10).. Then the parameters L
Ocr 6y were obtained which are shown in Table VI-5. The
Go Vas almost equal to .0 obtained

for F-actin. The correlation time of the rotation of the

fundamental anisotropy r

fluorophore was about 1.5 nsec. Existence of such a
rotation may be the origin of obscurity of the emission .

spectrum of PIAA-labelled G-actin.
VI-4-4 Discussion

The reslut of the fluorometric titration of SH groups
~of F-actin with PIAA indicates that a single:SH group is
preferentially reactive with the dye, i.e. Cys-373. On

the other hand, fluorescence decays of PIAA-labelled actin
were found to be multi-exponential functions (Table VI-4).
The possibility may be considered that the experimental
decay components with small amplitudes are due to the
reagents which are conjugated to the amino acid residues
different from Cys-373 or due to impurity of the original
reagent. It is, however, unlikely that the dominant
exponential decay components also come from such hetero-
geneities. Fluorescence decays with multi-lifetime have
been found for several fluorescent reagents which were
conjugated to Cys-373 of_actin [151,193]. It is resonable
to consider that multiplicity of fluorescence lifetime of
PIAA-labelled actin is mainly due to a heterogeneity of

the local environment which is inherent to the labelling
site of the actin molecule. The question is raised as to

whether this heterogeneity is pre-existing in the ground
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state of the dye or appears only.in its excited state.

‘With this respect, one may note from comparison of the
absorption and excitation spectra of PIAA-labelled actin

(Figs VI-19 and VI—20-) that the fluorescencé quantum yield °
is dependent on the excitation wavelength; for PIAA-labelled
F-actin, the gquantum yield observed after excitation around
365 nm is about 1.3 times as large as that observed after
excitation around 345 nm. One may ask whether the electronic
transition corresponding to the absorption band around 345 nm
is different from the one corresponding to the absorption
band around 365 nm or not. In order to exam;he this
possibility, we investigated the excitation polarization
spectrum of pPiaa-labelled F-actin (Fig. VI-20). The time-
averaged anisotropy was almost independent on the excitation
wavelength in the region between 330 and 370 nm. It may be
suggested from this result only that the two peaks of the
excitation spectrum at 345 nm and at 365 nm comes from the
same electronic but different vibrational excitation transitions.
Both the results about the quantum yield and the polarization
spectrum can be explained as follows. The fiudrophore has

a heterogeneity of the local environment even in its ground
state; and, some fraction of the fluorophore_exists in a
state of low quantum yield and another fraction exists in

a state of high quantum yield; in the former state, tﬁe
absorption spectrum is relatively similar to that of PIAA-
labelled G-actin; while, in the latter state, the absorption
spectrum exhibits a strong vibronic band at 365 nm and whose

shape may be approximated with the excitation spectrum
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obtained for PIAA-labelled F-actin. The change in the
'absorptibn spectrum induced on the polymerization of actin
appears to be due to the chande in these fractiOns.

Aﬁother interesting question is what kind of thelchange
in the local environment can result in the large change in
the absorption spectrum observed on the G-F transformation.
When the absorption spectra of PIAA-2-mercaptoethanol
conjugate were measured in various organic solvents with
differen£ polarities (i.e.; hexane, dioxane, chlérofolm;
ethanol), all of them are relatively similar to the absorption
spectrum of PIAA-labelled G-actin and none ha&e a strong
vibronic absorption band around 365 nm as seen in the one
of PIAA-labelled F-actin. It is therefore unlikely that
the possible chanQe in local polarity only results in the
large change in the absorption spectrum of PIAA-labelled
actin. Presumably a specific interaction between the
fluorophore and a side chain of F-actin causes a strong

vibronic band around 365 nm.
VI-5 General Discussion

According to the helical polymer model proposed by
Oosawa and Kasai [24], a conformational change occurs in
the actin monomer when it joins to F-actin nuclei or to
growing helical polymer. Recently, Rich and Estes showed
by proteolytic digesting method that the addition of 0.1 M
KC1l induces a rapid change in the conformation of G-actin

to form "F-actin monomer" prior to the formation of the
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nuclei. Therefore, one must consider at least two kinds
of conformational change during the polymerization process
of actin. 1In the present work, we examined the behaviour
of fluorescence and absorption of the conjugete of actin
with PM, PMIA and PIAA during polymerization of actin:
These fluorescent probes are labelled to the same site
(Cys=373) of the actin molecule. Then we found:

1) The polymerization of PM-labelled G-actin was
accompanied with a remarkable change in the fluofescence
decay; this change is shown to be not due to a change in
the ionic strength but due to the association:of G-actin
monomer.

2) The polymerization of PMIA-labelled G-actin was
accompanied with a red shift in the absorption spectrum.
This shift could not be explained by the possible change
in the polarity of environment of,the labelling site; and
the specific interaction of the probe with a side chain of
the protein is suggested.

3) The polymerization of PIAA-labelled G-actin was
accompanied with conspicious change in the absorption and
fluorescence spectra, which are found to be induced only
after the association of G-actin monomers. It is suggested
that the appearance of a strong absorption band at 365 nm
after the polymerization is due to formation of the specific
interaction of the probe with a side chain of the protein.

4) The fluorescence decays of PM- and PMIA-labelled
actin could be approximated with double-exponential functions,

and the relative amplitude of the longrdecay component was
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found to increase on the polymefization of labelled aftin.

. The mulﬁiplicity of the fluorescence lifetime was also
found for PIAA-labelled actin. ‘These multiplicities_appear
to result from the heterogeneity of envi?onﬁent which is
inherent to the labelling site.

From these results, it is apparent that the structure
near the C-terminal region of the actin molecule is not
significantly altered by increase in ionic strength. A
large conformational change at this site is induced after
the association of G-actin monomers and, then, the actin
molecule takes a conformation which is favourable to the
specific interaction of the probe with a side chain of the
protein; this‘interaction is characterized by anomalous
red-shift of the absorption spectrum of PMIA-labelled
actin, or by appearance of the strong absorption band
at 365 nm of PIAA-labelled actin. The heterogeneity of
local environment of the probe which is én origin of the
multiplicity of fluorescence lifetime of labelled actin
is conceivably related to this interaction. In this respect,
temperature dependence of the relative amplitude of the
fluorescence decay components was observed for PM- and
PMIA-labelled F-actin, suggesting the existence of a
thermal equilibrium between the possible local conformations.
It appears that the conformational change of actin induced
after the association of actin monomers accompanies a

shift in this equilibrium.
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Fig. VI-1. Fluorescence decay curves of PM-labelled actin at

different actin concentrations. Actin concentrations were 0.86 mg/ml (&)
and 0.003 mg/ml (o). Solvent condition: KCI1, 0.1 M; MgCl,, 1 mM;

ATP, 0.2 mM; phosphate buffer (pH 7.0), at 3°C. Smooth line shows

the fluorescence decay curve observed at low ionic strength: i.e.,

ATP, 0.2 mM; MgCl,y, 0.1 mM; EGTA, 0.05 mM; Imidazole-HCl, 2 mM

(pH 7.0); actin, 0.96 mg/ml.

- 124 -

oyt



0.6 |~

[

I

OPTICAL DENSITY

\

o L1 | | o)

300 320 340 360 380
WAVELENGTH  (NM)

Fig. VI-2. Absorption spectra of PM-labelled actin at high (a) and
low (o) ionic strengths. Solvent condition: 0.1 M KCI, 1 mM MgClz,v
0.2 mM ATP and 10 mM phosphate buffer (pH 7.0) (e), or 0.2 mM ATP,
0.1 mM Mgclz, 0.05 mM EGTA and 2 mM Imidazole-HCl (pH 7.0) (o).

Actin concentration was 2.0 mg/ml.
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Fig. VI-3. Fluorescence spectra of PM-labelled F-actin (smooth lines).
The excitation spectrum (left) was observed at 376 nm; the emission
spectrum (right) was obtained after excitation at 344 nm; the slit width
was 3 nm. Solvent condition: 0.1 M KC1, 1 mM MgCl2, 0.2 mM ATP, 10 mM
phosphate buffer (pH 7.0) and 0.2 mg/ml actin. Dotted line shows the
fluorescence emission spectrum of the PM-labelled F-actin which had been
incubated at pH 8.0, at 38°C for 40 hrs (in this experiment, actin which
had been denatured during the incubation was removed by performing a

cycle of polymerization and depolymerization before fluorescence measurement).
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Fig. Vi-4. Dependence of the fluorescence decay of PM-labelled

)

F-actin on the emission wavelength. Emission was at 372 nm (
374 om (———), 386 (—-+*—), 380 nm (----), 385 nm (—-—), and
409 nm ( —+—- —); excitation was at 337 nm. Solvent condition: actin,

1.4 mg/ml; KC1, 0.1 M; MgClpy, 1 mM; ATP, 0.2 mM, phosphate buffer,

10 mM (pH 7.0), at 2.5°C.
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Fig. VI-5. An experimental fluorescence decay‘curvé (closed circle)

and the result of a double-exponential analysis (smooth line) of PM-
labelled F-actin (0.2 mg/ml) in the presence of 0.1 M KC1, 1 mM Mgclz,

10 mM phosphate buffer (pH 7.0) and 0.2 mM ATP at 1°C: Excitation

was at 337 nm and emission above 370 nm was collected. The dashed

line shows difference between the experimental and calculated decay
curves. The curve represented by open circles shows the fluorescence
decay of PM-labelled F-actin which was obtained after the labelled

F-actin solution being incubated at pH 8.0, at 35°C for 40 hrs: Excitation

was at 358 nm and emission above 400 nm was collected.
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Fig. VI-6. Time—resblved fluorescence emission spectra (cofrected)
of PM-labelled F-actin. The time window during the fluorescence
decay was set between 0 and 30 nsec (closed circle), or between 100
and 850 nsec (open circle) after excitation. The slit width was

2 nm and excitation was at 337 nm. Solvent condition was the same

as that shown in Fig. VI-5.
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Fig. VI-7. Decomposition of the emission spectrum of PM-labelled

F-actin into three decay components. e—e, ¢;()); o—0, 9,(}1); oo, O3 (A) .
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Fig. VI-8. Temperature dependence of the decay parameters of fluorescence
from PM~labelled F-actin. ®_e®, PM-labelled F-actin alone (0.2 mg/ml);
0-0, in the presence of heavy meromyosin ([heavy meromyosin]mol/[actin]mol
= 1/2). Solvent condition: 0.1 M KC1, 1 mM Mgclz, 10 mM phosphate buffer
(pH 7.0); ATP (in the absence of heavy meromyosin) or ADP, about 20 uM.

Fig. VI-9 Experimental fluorescence
It A anisotropy decay curve of PM-labelled
% G-actin (open circle) at 20.7°cC.
A0 % T Excitation was at 337 nm and emissioﬁ
above 380 nm was collected. Solvent
x [ - condition: 0.2 mM ATP, 0.1 mM MgClz,
é 2 mM Imidazole~HCl (pH 7.0), 0.2 mM
z ) NaN, and 0.2 mM DTT.
(%OQ . The curve shown'by closed circles:
1@ . is the anisotropy decay curve of
0k A&O — PM—-labelled F-actin.
\o
] | | 1
0 100 200 300 s
TIME
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Fig. VI-10. Hydrolytic opening of the imide ring of PM adduct with

actin.
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Fig. VI-11l. Fluorometric titration of actin~-SH groups with PMIA.
F(Ca)=-actin (6.2 uM) was incubated with various concentrations of
PMIA in the presence of 0.1 M.KCl, 1 mM Mgclz, 0.1 mM CaClz, 0.2 mM
ATP, 1 mM bicarbonate and 1 mM sodium azide. The conjugation was

continued in the dark at 20°C for 12 hrs and then CF-ll-cellulose was
The cellulose adsorbing

=)

added at the final concentration of 1 % (wt/wt).
unreacted dye was sedimentated by centrifugation at 3,000 rpm for

10 min. The fluorescence intensity of the supernatant was measured

at 397 nm after excitation at 348 nm.
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Fig. VI-12. Absorption spectrum of PMIA-labelled F-actin (lower).

Actin concentration was 0.5 mg/ml; Solvent condition: KC1l, 0.1 M;

Mgclz, 1 mM; CaCl,, 0.1 mM; ATP, 0.2 mM; phosphate buffer, 10 mM (pH 7.0);
NaN5, 1 mM. Upper figure shows the difference absorption spectrum of
PMIA-labelled F-actin with reference of PMIA-lavelled G-actin: The

concentrations of both F- and G-actin were 0.5 mg/ml. The G-actin

solution contains 0.2 mM ATP, 0.1 mM CaCl,, 2 mM Imidazole—HCl (pH 7.0)

and 1 mM NaN,.
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Fig. VI-13. Fluorescence spectra of PMIA-labelled G- (dashed lines)
and F-actin (smooth lines). The excitation spectra (left) were
observed at 376 nm; the emission spectra were obtained after excitation

at 348 nm. The solvent conditions are shown in Fig. VI-13,
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Fig. VI-14. An experimental fluorescence decay curve (closed circle)
and the result of a double-exponential analysis (smooth line) of PMIA-
labelled F-actin (0.5 mg/ml) in the presence of 0.1 M KC1, 1 mM MgClZ,

0.1 mM CaClz, 0.2 mM ATP, 10 mM phosphate buffer and 1 mM NaN3 at 8.8°C.
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Fig. VI-15. Temperature dependence of the decay parameters of

fluorescence from PMIA-labelled F-actin. Solvent condition: KC1,

0.1 M; MgClz, 1 mM; CaClz, 0.1 mM; ATP, 0.2 mM; phosphate buffer,

10 mM (pH 7.0); NaN3, 1 mM; actin, 0.5 mg/ml.
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Fig. VI-16. Experimental fluorescence anisotropy detay of PMIA-
labelled F-actin (0.5 mg/ml). Temperature of the solution was 5.2°C

(o0—0), 20.5°C (——), or 36.0°C (e—e). Excitation was at 337 nm and

emission was collected between 370 and 400 nm.
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Fig. VI-17. Experimental fluorescence anisotropy decay of PMIA-
labelled G-actin (0.5 mg/ml) at 8.8°C. Fluorescence measurement

was made under the same condition as that shown in Fig. VI-16.
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Fig. VI~18. Fluorometric titration of actin-SH groups with PIAA.
Native (closed circlef and NEM-treated F-actin (open circle) were
reacted with various concentrations of PIAA in the présence of 0.1 M
KCl, 1 mM MgClp, 0.1 mM CaCl,, 0.2 mM ATP, 1 mM bicarbonate and 1 mM
sodium azide at 20°C for 20 hrs. After unreacted dye being removed,
the fluorescence intensity was measured at 386 nm after excitation

at 347 nm.
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Fig. VI-19. Absorption spectrum of PIAA-labelled G- (closed circle)

and F-actin (open circle). Solvent condition was 0.2 mM ATP, 0.1 mM
CaCl,, 2 mM Imidazole~HCl (pH 7.0), 1 mM NaN3 and 1 mM 2-mercaptoethanol
for G-actin; or 0.1 M KC1, 1 mM MgCly, 0.1 mM CaClp, 0.2 mM ATP, 10 mM
phosphate buffer (pH 7.0), 1 mM NaN3 and 1 mM 2-mercaptoethanol for F-

actin. The concentration of actin was 0.5 mg/ml.
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Fig. VI-20. Fluorescence spectra (corrected) of PIAA-labelled G-
(dotted line) and F-actin (smooth line). The excitation spectra

(left) were observed at 407 nm and the emission spectra (right) were
obtained after excitation at 342 nm, where the slit width was 3 nm.
The excitation spectra are normalized so as to have the same intensity
at 342 nm and the two emission spectra are normalized so as to give
the same integrated intensity. The excitation polarization spectrum

of PIAA-labelled F-actin is shown in the upper side: The slit width-

was 3 nm and emission was observed at 407 nm. The solvent conditions

for G- and F-actin are shown in Fig. VI-19.
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Fig. VI-21. Fluorescence intensity (upper) and specific viscosity
(lower) of PIAA-labelled actin as a function of thevtotal concentration
of actin. Fluorescence intensity was measured at 365 nm after
excitation 407 nm: The slit width was 3 nm. Solvent condition: KC1,
0.1 M; MgClp, 1 mM; CaCl,, 0.1 mM; ATP, 0.2 mM; phosphate buffer,

10 mM (pH 7.0), NaN,;, 1 mM; 2-mercaptoethanol, 1 mM; at 20°C.
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Fig. VI-22. Fluorescence decays of PIAA-labelled G- Kright) and
F-actin (left). Open and closed circles show the experimental total
and difference fluorescence decay curves, respectively. The calculated
decay curves are shown by smooth lines. Exitation was at 358 nm and
emission above 400 nm was collected. Temperature of the solution

was 13°C. The solvent conditions for G- and F~actin are shown in
Fig. VI-19,
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Fig. VI-23. An experimental fluorescence anisotropy decay curve

(closed circle) and the result of analysis (smooth line) of PIAA-
labelled F-actin.
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Table VI-1 Double-exponential anaiysis of fluorescence decay of

" PM~-labelled actin.

c* solvent  temperature T1 o Bl R
a)

mg/ml salt °C nsec nsec

b) '
1.4 + 2.5 172 89 0.67 1.13
0.86 + 3.0 173 86 0.469 0.94
0.011 + 3.0 175 89 0.351 1.50
0.003 + 3.0 151 75 0.256 1.21
0.96 - 3.0 150 75 0.242 1.07

a) (+) indicates that the solution contained 0.1 M KCl, 1 mM MgClz,
200 uM ATP, and 10 mM phosphate buffer (pH 7.0); and {-) indicates
100 uM MgClz, 50 uM EGTA, 200 UM ATP and 2 mM Imidazole-HCl (pH 7.0).

b) Emission was at 375 nm and the slit width was 5 nm; in other cases,

emission above 370 nm was collected altogether.
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~Table‘VI—2 The wavelength of the absorption maximum of PMIA

conjugate with actin or 2-mercaptoethanol in various

solvent conditions.

e

conjugate

solvent concentration Am (nm)
- a) d)
G~actin-PMIA 0.2 mM ATP 0.5 mg/ml 347.2
. . b) :
F-actin-PMIA 0.1 M KC1 " * 347.9
c)
actin-PMIA 0.1 % SDS " 345.1
2-SHOH-PMIA methanol g um © 342.6
" ethanol " 342.5
" cyclohexane " 343.6
" dioxane " 344.5

a) 0.2 mM ATP, 0.1 mM CaCly, 2 mM Imidazole-HCl (pH 7.0) and 1 mM NaNs3.

b) 0.1 MKC1, 1 mM MgCl,, 0.1 mM CaClp, 10 mM phosphate buffer (pH 7.0),

0.2 mM ATP and 1 mM NaNs.

d) the concentration of protein.

c) 0.1 % SDbs,

0.1 M phosphate buffer (pH 7.0).

e) the concentration of dye.

Table VI-3 Double-exponential analysis of fluorescence decay

of PMIA-labelled actin

(0.5 mg/ml) .

solvent temp T1 To Ay Ay : XSZ
0°C ns ns

F-buffer 8.8 87 195 0.431 0.569 1.49

G-buffer 8.8 67 130 0.375 0.625 1.97

0.1% SDSa) 25.0 47 110 0.144 0.856 1.76

(2) 0.1% sDs,

0.1 M phosphate buyffer (pH 7.0)
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.Table VI-4

Fluorescence decay parameters of PIAA-labelled

actin (at 13°C). :

G~actin - F-actin

i T, (ns) c; (x100) - T; (ns) C; (x100)
1 1.78 64.0 2.80 31.2

2 7.0 29.2 11.0 52.1

3 18.4 6.0 . 19.0 15.7

4 55 0.74 41 1.0

5 154 0.042 149 0.026

<T> 3.99 10.0
Table VI-5 Anisotropy decay parameters of PIAA-labelled actin

(at 13°C)

(i) F-actin

T Tao b0 O (ns) Xp
0.238 0.125 5 X 103 1.46
(ii) G-actin
Teo Bf ef (ns) eG (ns) X
0.235 0.19 1.5 38 1.08
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. VII CONFORMATIONAL CHANGE OF F;ACTII\T UNDER INFLUENCE OF
BINDING OF HEAVY MEROMYOSIN OR SUBFRAGMENT-1.
Fluorescence behaviours of PM- and PIAA labelled F—

actin were examined in the presence of heavy meromyosin

of subfragment-1. From the results obtained;

1) it is strongly suggested that binding of myosin head

to F-actin alters the conformation of the each protomer

towards that of G-actin.

2) no evidence was obtained for the presence of the co-

operative nature between the protomers in the actin filament

on the binding of myosin head (in the systeﬁ without ATP).
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VII-1 Introduction

F-actin activates the Mg-ATPase activity of myosin
by a factor of several hundreds. This aéti&ation is
believed to be related to the molecular process of the force
generation of muscle contraction. Offer et al. [66] have
shown that the ability of G-actin to activate the ATPase
activity of myosin subfragment-l is cosiderably less than
the activation obtained wiﬁh F-actin under identical |
conditions. In order to explain this superio;ity of F-actin
compared with G-actin, they considered the possibility
that conformational change occurs in the subunits of F-actin
during the interaction with myosin and the conformational
change accelerates the rate-~limiting step in the cycle of ATP
hydrolysis by myosin. If so, the problem would be raised
as to what kind of conformational Change ié induced in
F-actin during the interaction with myoSin. Although
several reports [72-79,194,195] have been published akout
the conformational change in actin filément inducéd by
binding of heavy meromyosin or subfragment-l, there havev
been controversies among their results and inﬁerpretations.
Therefore a systematic study of actin-myosin interaction |
will be desired to clear up the situation.

In the present work, the fluorescence behaviours of
PM- and PIAA-labelled F-actin were investigated in the
presence of heavy meromyosin or subfragment-1. The results
obtained using PM and PiAA will be presented in Section

VII-2 and VII-3, respectively.
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VII-2 Binding of Heavy Meromyosin to PM-Labelled F-actin

VII-2-1 Steady-excitation fluorometry of the complex of
PM—labelled F-actin with heavy meromy081n or

subfragment-1

To a concentrated solution of PM—labelled G- actin (about
2 mg/ml) contalnlng 0.2 mM ATP, salts (0.1 M RC1, 1 mM MgCl,,
10 mM phosphate buffer, pH 7.0) were added. Then the solution
was left standing at 5 °C for 5 to 8 hours so that PM-labelled
G-actin polymerized completely. This mother solution of
PM~-labelled F-actin was mixed with various amounts of heavy
meromyosin or .subfragment-l. After the ATP being hydrolysed,
fluorescence measurements were done. In the steady fluorescence
measurement, excitation and emission were fixed at 344 nm
and 396 nm, respectively. Scattered light of exciting beam
was eliminated using a dilute NiSO4 solution filter and

optical cut-off filters.
VIiI-2-1-1 Binding of heavy meromyosin (TR)

The fluorescence intensity of polarized fluorescence
of PM-labelled F-actin was investigated in the presence of
heavy meromyosin (TR) which was prepared by tfyptic digestion.
At low saturation of bindlng of heavy meromyosin (TR) to
F-actin, anomalous phenomena of the solution were found;
when the solution was poured into the sample cuvette (1 %
1 x4 cm3), the fluorescence intensity began to decrease

and settled to a level in a few minutes; then, if the solution
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was agitated mechanically, the fluorescence intensity

" increased abruptly; and after the mechanical agitation

being ceased, the fluorescenée intensity began to decreasé
again (Fig. VII-1). The magnitude of the fluctuation in

the fluorescence intensity was dependent on the degree of
bihding saturation of heavy meromyosin(TR) to F-actin.

The large fluctuation as shown in Fig VII-1 was not observed
in the absence of heavy meromyosin(TR) or in the presence

of the excess amount of heavy meromyosin (TR); it occured
only at low saturation of binding of heavy meromyosin (TR)’
to F-actin. On the other hand, the fluctuation in the
polarized fluorescence intensity was found to result from
both fluctuations in the fluorescence anisotropy and in

the total fluorescence intensity. Fig VII-2 shows the
fluorescence anisotropy and the total'fluorescence intensity
as a function of the amount of heavy meromyosin (TR) added.
When the polarized fluorescence intensities were 6bserved

at 8 -~10 min after the solution being poured into the

sample cuvette, the Lkiphasic changes with increasing

amount of heavy meromyosin (TR) were found in both the
fluorescence anisotropy and the total fluorescence intensity
(open circles in Fig. VII-2); while, when the solution of
acto-heavy meromyosin(TR) was agitated mechanically, these
biphasic changes were diminished or disappeared (closed

circles in Fig. VII-2).
VII-2-1-2 Binding of heavy meromyosin (CT)

Heavy meromyosin(CT), which was prepared by chymotryptic

- 145 -



digestion, was added to PM-labelled F-actin (0.2 mg/ml).

~ The complex of PM-labelled F-actin and heavy meromyosin(CTf
did not exhibited the large fluctuations in the polarized
fluorescence intensity as observed in tﬁe ﬁresence of heavy
meromyosin (TR). Although change in the total fluorescence
intensity of the complex was observediafter the mechanical
agitation, the magnitude of the change was very small (Fig.
VII-3). As for the fluorescence anisotropy of PM-labelled
F-actin, no large dependeﬁce on the molar ratio\of héa&y
meromyosin to F-actin was detected even without the mechanical

agitation.
VII-2-1-3 Binding of subfragment-1

Subfragment-1 prepared by chymotryptic digestion
was added to PM-labelled F—actin (0.5 mg/ml), and the
polarized fluorescence intensity of the complex was
measured at 8 - 10 min after the solution being poured.
When the amount of subfragment-1 added was increased, the
biphasic changes as shown in Fig. VII;Z were often observed
in the fluorescence and in the total fluorescence intensity.
But the magnitude of fluctuation varied between preparations
of subfragment-1; and, sometimes, no large fluctuation wés
detected in the fluorescence intensity. One may consider
the possibility that variation in the results obktained is
related to heterogeneity of subfragment-l, since there
have been known to exist two species of subfragment-1l; the
one with Al-l1ight chain and the one with A2-1light chain

(S1-Al and S1-A2, respectivély) [146]. For examination
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of this possibility, éubfrégment;l was fractionated into
.S1-Al ana S1-A2. However, the result obtained using the
fractionated subfragment-1 was the same as the one obtained
using the subfragemnt-1 before fractionaﬁioﬁ. Therefbre,
another explanation was needed. On the course of the study,
we ' found that the variation of the result occured .even when
the same sample was used; that is, after the acto-S1-Al |
solution was left standing at 5 °C for 2 cdays, fluctuation
in the polarized fluoresceﬁce intensity becameblarger than
that observed before the store (Fig. VII-4). It is therefore
suggested that the aging of proteins is at least one of

origins of the anomalous fluctuation observed.

VII-2-2 Pulse-excitation fluorometry of the complex of PM-

labelled F-actin and myosin head

In the pulse-excitation fluorometry, excitation was
at 337 nm and emission above 370 nm was collected altogether.
Measurements of fluorescence decay were started at 10 - 20
min after the solution being poured info the sample cuvette,

and done without mechanical agitation.

VII-2-2-1 Total fluorescence decay of PM-labelled F-actin

in the presence of heavy meromyosin or subfragment-1

Typical experimental decay curves of total fluorescence
of PM-labelled F-actin (0.2 mg/ml) in the presence of heavy
meromyosin(CT) are shown in Fig. VII-5. The average
fluorescence lifetime decreased monotonically on increasing

amount of heavy meromyosin(CT), and showed a saturation at
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a molar ratio approximafely equal to 0.5. The-similar
behavioﬁr in the average lifetime was observed when heavy
meromyosin (TR) was added to PM-labelled F-actin. The
decrease in the average lifetime does nét indicate dépoly-
merization of F-actin by the presence of heavy meromyvosin,
since heavy meromyosin has an effect to shift the G-F
equilibrium of actin towards F-state [196]; actually, in
the presence of heavy meromyosin, the supernatant after
centrifugation of PM—labeiled F-actin solution containéd
less actin than in the absence of heavy meromyosin.
Therefore the occurence of some conformational change in
actin protomer is highly prokable. In order to examine
the change of lifetime in detail. Data shown in Fig. VII-5
were analysed on the basis of assumption that each fluorescence
decay consists of a sum of two exponential functions (Egn
(VI-2)). Fig. VII-6 shows the result of this analysis.

A decrease in the relative amplitude B, of the long decay
component 1is an apparent determiniﬁg factor of the decrease
in the average lifetime.

The temperature depedence of the decay times T1,2 and
the ratio of amplitudes BZ/Bl in the presence of heavy
meromyosin (CT) is included in Fig VI-8. One may note thét
the change in the ratio B2/Bl was more remarkable at higher
temperature, the reason of which is not clear at the
bPresent stage.

When subfragment-1 was added to PM-lakelled F-actin
(0.5 mg/ml), decrease in the average fluorescence lifetime

was also found; the average lifetime decrease monotonically



rw-'«-
#

with increasing amount of subfragment-1 added, and the

. decrease appeared to saturate at the molar ratio of

subfragment-1 to actin apprdiimétely equal to 1.0. The

behaviour of the average fluorescence lifetime observed

‘on the binding of heavy‘meromyosin dr of subfragment-1l was

independent of preparations of proteins.

VII-2-2-2 Fluorescence anisotropy aecay of PM—-labelled

F-actin in the presence of heavy meromyosin -

In contrast to the total fluorescence Qecay, the
behaviour of the fluorescence anlsotropy decay of PM-labelled
F-actin observed on the binding of heavy meromyosin was
found to depehd on the preparation method of heavy meromyosin
used. Examples of the experimental fluorescence anisotropy
decays in the presence of heavy meroriyosin (TR and CT) were
shown in Fig. VII-7 and 8, respectively: VThe curves
represented with closed circles were obtained when the
molar ratio of heavy meromyosin (TR or CT) to actin was 1:8.
As expectedbfrom the result of steadyﬂ fluorescenée anisotropy,
no significant change in the anisotropy decay of PM-lakelled
F-actin was :observed on the binding of heavy meromyosin (CT)
to F-actin. While, on the binding of heavy meromyosin(Tﬁ),

a remarkable decrease in the fundamental anisetropy was
observed. The biphaéic change with increasing amount of
heavy meromyosin (TR) was observed in the value of the
fundamental anisotropy. The biphasic change observed in
the steady fluorescence anisotropy was almost explained by

this behaviour of the fundamental anisotropy.
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VII-2-3 Discussion

'VII-2-3-1 Biphasic changes in the fluorescence intensity

and anisotropy with increasing amount of heavy

meromyosin

In the presence of heavy meromyosin (TR), the fluorescence
intensity of PM-labelled F-actin wag,found to fluctuate
remarkably after the solution of acto—heévy meromyosin being
poured ihto the sample cuvétte and being agitatéd mechaﬁically.
The maximum fluctuation of the fluorescence intensity appeared
atvlow saturation of binding of heavy meromyogin(TR) to
F-actin (l/lO - 1/4). Under the stationary‘condition (i.e.,
at 8 - 10 min ‘after the solution being poured), the total
fluoréscence intensity observed at the low saturation of
binding of heavy meromyosin(TR) was 70 - 80 % of the intensity
observed in the absence of heavy meromyosin(TR). While,
the corresponding large decrease in the average fluorescence
lifetime of PM-labelled F-actin was not observed. Thus it
is suggested that the large decrease in the fluorescence
intensity is not due to the change in the emission mechanism
of fluorescence from the actin-bound PM, but due to the
change in the mechanism of excitation of the probe. The
change in the mechanism of excitation was also suggested
from the behaviour of fluorescence anisotropy decay; that
is, a large change was observed cnly in the fundamental
anisotropy but not in the rotational correlation times.

On the other hand, in the presence of the low amount of

heavyvmeromyosin(TR), ‘the scattered intensity
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of the excitation light by the éolﬁtion also fluctuated

as well.as the flurescence intensity. Fig. VII-9 shows

an example of the time coursé of the fluctuation of thev

scattered.intensity after the solution being poured into

the sample cuvette. In this measurement, the same optical

apparatus was used as in the measurementvof fluorescence

intensity except that the both excitation and emission wavelengths

were set at 355 nm. It can be seen from Fig. VII-1 and

-9 that the fluctuation of the scattered intensity correlated

strongly to the one of the fluorescence intensity. This

result may suggest that the fluctuation in the fluorescence

intenstiy'is related to formation of some macroscopic

structure of fhe complex of F-actin and heavy meromyosin (TR).
Now we shall consider the prohlem as to what kind of

macroscopic structure of acto-heavy meromyosin (TR) can

cause the decrease in the prokability of absorption of

the polarized exciting light by the actin-bound proke.

The following possibilities may be considered;

i) On partially saturation of actin filament with heavy

meromyosin(TR) , the actin filaments which exist on the

optical path of the exciting light begin. to orient in

some particualr direciton; the direction of the absorption

oscillator of the actin-bound probe will distribute

anisotropically so that the effective.concentration of

absorber 1is reduced.

ii) The actin filaments form large clusters or aggregates

in the sample cuvette. Then the effective concentration
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of absorbers is reduced due to the so-called absofption
flattening effect [197]; that is, when high dense regions

of absorbers are formed here'and there, the probability that
an absorber exists in the shadow of the‘otﬂer absorbérs

from the exciting lights will increase as compared with

the case of uniform distribution of absorber. The formation
of such .a macroscopic structure will also cause the decreése
in the experimental fluorescence anisotropy. If the
absorption flattening efféct is significant,the orientétion
distribution of the excited molecule (at the instance of

excitation will ke no longer expressed by Eqn (III-18).

Instead, f£(6, y) = % cos26 must be replacedAWith the
following function;
. 3 2
£'(o6, v) = 7 Ccos 6. E(0) (Vizi-1)

where £(g) is a function which is close tb 1 at 8 =7/2 but
has the smaller value when 6 becomes smaller than /2.
Thus the apparent fundamental anisotropy has a smaller
(absolute) value than the one observed.under‘the uniform
distribution of absorber; that is, Egqn (III-24) may ke

replaced with the following value:

_ 2,3 2, 1 ‘ _
ry = % (5 cos B 5')°Y (VII-2)

where Y is a positive value less than 1.

In order to examine these possibilities, we prepared

the conjugate of actin with N—(l—Anilinonaphthyl—4)maleimide;

(ANM) . This fluorescent reagent has been known to have

the two electronic absorption bands in the wavelength region
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between 300 nm and 400 nm. In fact, ANM-labelled F-actin
exhibited the excitation polarization spectrum in which

the anisotropy varied from O,26.to 0.32 in this regien of
wévelength (Fig. VII;lO). It is therefore probable that

the two absorption oscillators orient in the different
directions with reference of the axis of the actin filament;
If a particular anisotropic distribution of the orientation
of the actin filament was induced or the binding of heavy
meromyosin (TR), the behaviour of the changes in the fluorescence
intensity and anisotropy would be dependent on the excitation
wavelength. Decrease in these quantities may be observed

in some case, but increase may ke also observed in another
particular case. In Fig; VII—lO, the excitation polarization
spectrum of ANM-labelled F-actin observed in the presence

of heavy meromyosin (TR) is also shown (closed circles).

This was obtained at the molar ratio of added heavy meromyosin
(TR) to actin equal to 1:8. It can be seen that the
fluorescence anisotropy of the complex of acto-heavy
meromyosin had the smaller values at any excitation .
wavelengths than those of F-actin aloﬁe. Furthermore, with
increasing saturation of ANM-labelled F-actin with heavy
meromyosin (TR) , biphasic changes both in the fluorescence
intensity and anisotropy were observed, whose manners were
very similar to those obeerved for PM-labelled F-actin.

It seems therefore difficult to explain the decreases in

the fluorescence intensity and anisotropy in terms of
distribution of the some selected orientation of actin

filament in the sample cuvette. On the other hand, these
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behaviour can be explained well'by.considering the absorption

' flattening effect (EqQn VII-2). It appears probable that

the binding of heavy meromyo$in to F-actin promotes the
formation of large clusters or aggregates of the actin

filaments. 1In any case, such macroscopic structures of

~actin filamets may be so weak as to be broken by the

mechanical agitation of the sample solution.

There are several reports of okservation of Lkiphasic
response of physieal paraﬁeters of acto-heavy meromyoein
complex at low saturation of heavy meremyosin to actin.

The first one was found in a measurement of flow birefringence
by Tawada[Si]. The present observation of fluorescence
intensity and anisotropy would be related to the biphasic
response of acto-heavy meromyosin complex so far reported
[51, 72-75]. However, it is very‘important to decide on
whether this is the intrinsic property ofvthe complex of
F-actin and heavy meromyosin or not, because there have
been also reports which throw doubt on these observations
[76-78, 195]. We found that with differentApereblytic
preparation of heavy meromyosin, fluorescence intensity

and anisotropy of the complex responded differently to
mechanical agitation. Discrepancy between the reports ftom
several laboratories may have resulted from different

preparation of heavy meromyosin. In the present study,

it was also found that, after the solution of acto-subfragment-1

being stored at 5 °C for 2 days, a typical biphasic
response was observed in the fluorescence anisotropy; this

behaviour had been obscure before the store (Fig. VII-4).
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This is suggesting that a kind of aging of the proteins is
irelated £o appearance of the biphasic behaviour. It has
been known that heavy meromyo$in(TR) contains many regions
proteolytiCally digested in its heavy chéiné as compafed
with heavy meromyosin(CT) (Fig. Iv-7). It séems probable
that these regions are suscepﬁible to aging of the protein.
In this respect, it was found that the heavy meromyosin
which was obtained by tryptic digestion of myosin in the
presence of divalent catioﬁ (i.e., 1 vaMgCl2 |
;, in which the number of regions of proteolytic digestion

is smaller than those prepared in the absence of MgC12 [40])

scarcely ' induced biphasic response of fluorescence anisotropy.

VII-2-3-2 Conformational change of actin protomer on the

binding of myosin head

The average fluorescence lifetime of PM-labelled F-actin
was found to decrease monotonically with increasing saturation
of binding of myosin head to F-actin. This behaviour was
always observed when any kinds of myosin head were added
to F-actin; i.e., heavy meromyosin (TR br CT), subfragment-1,
S1-Al and S1-A2. Furthermore the exteht of the decrease
which was observed at the complete saturation of binding
of myosin head to F-actin was almost independent of the kind
of myosin head used. These results may be explained as
follows: In contrast to the fluorescence intensity observed
after steady-excitation, which was shown to be sensitive
to the macroscopic configuration of actin filaments, the

fluorescence decay is sensitve only to the microenvironment
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of the actin~bound probe. ‘Therefore, information ébout the
.lqcal coﬁformation of the labelling site of the actin protomer
may bevobtained from the behaviour of the fluorescence decay.
Since the heavy meromyosin prepared'acéordinq to‘Weeds
and Pope [41] gave the best reproducibility so far as we
studied, the data of the fluorescence decays which were
obtained on the addition of this heavy meromyosin(CT) were
mainly analysed with double-exponential functions (Egn (VI-2)).
It was then found that the relative amplitude By of the‘long
decay component decreased remarkably on the binding of heavy
meromyosin (CT) to F-actin. In Section VI-2, ‘it was shown
that the polymerization of PM-labelled G-actin accompanies
a increase in the relative amplitude of the long decay
component. One may note that the decay parameters, e.g.,
the decay constants and the relative amplitudes, of fluorescence
of PM-labelled F-actin under the influence of heavy meromyosin
have intermediate values between those of G-actin and F-actin.
This may indicate that the binding of heavy meromyosin breaks
(or at least loosens) the bonding betwéen actin protomers
of F-actin. 1In this respect, we note the hypothesis proposed
by Oosawa et al. [68] that the regularity of helical structure
of F-actin filament is perturbed by the binding of myosin
head. Such a conformational change in F-actin filament may

play some important role in muscle contraction.
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VII-3 Binding of Myosin Head to PIAA-Labelled F-Actin

VII-3-1 Absorption and fluorescence spectra of PIAA-labelled

F-actin in the presence of heavy meromyosin

PIAA-labelled G-actin (2 -4 mg/ml) was polymerized
by addition of 0.1 M KCl, and ATP in the solution was removed
by dialysis against the solution containing 0.1 M KC1l, 1 mM
MgCl, (or 0.05 M KC1, 2 mM MgClz), 10 mM phosphate kuffer
(pH 7.0), 1 mM 2-mercaptoethanol and 1 mM sodium azide.

To this solution of PIAA-labelled F-actin, various amounts
of heavy meromyosin(CT) were added: The finél concentration
of PIAA-labelled F-actin was 0.2 mg/ml. Under this solvent
condition, the fluorescence intensity of the complex of
PIAA-labelled F-actin and heavy meromyosin was found to be
stable (no significant‘fluctuatién was observed) .

Fig. VII-11 shows the excitation spectra of PIAA-labelled
F-actin in the presence of various amounts of heavy meromyosin:
The fluorescence emission was observed at 406 nm. Vith
increasing of the concentration of heavy meromyséin added,
the shape of excitation spectrum changed; in particular,
the peak at 365 nm was reduced more remarkable than the
peak at 345 nm. On the other hand, the shape of emission
spectrum obtained after excitation at 365 nm was almost
independent of the amount of heavy meromyosin added, though
the fluorescence intensity integrated over emission was
reduced largely. A striking change in the absorption

spectrum of PIAA-labelled F-actin was observed on addition
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of heavy meromyosin. The open circles in Fig VII-12 show -
the absorption spectrum obtained when excess amount of

heavy meromyosin (3.0 mg/ml) .was added. .Then the abéorption

peak at 365 nm disappeared, which was obvious in the

absorptibn spectrum of PIAA-labelled F-actin alone. It
should be noted that the absorption spectrum obtained at

the complete saturation of binding of heavy meromyosin was

very similar to that of PIAA-labelled G-actin (continuous
line in Fig. VII-12).

Fig. VII-13 shows the fluorescence intensity of PIAA-
labelled F-actin as a function of the molar #atio of heavy
meromyosin to actin protomer. The fluorescence intensity
was observed at 407 nm after excitation at 365 nm. The
manner of the change in the fluorescence intensity on
increasing amount of heavv meromyosin was found to depend
on the labelling ratio of PIAA to actin molecule. The
closed circles in Fig VII-13 were the data obtained when
the labelling ratio was 95 %. The fluorescence intensity
decreased linearly on increasing amount of heavy meromyosin
added, and showed a saturation at the molar rafio approximately
equal to 0.5. While, the open circles in Fig; VII-13 were
the data obtained when the labelling ratio was 24 %; that
is, PIAA-labelled G-actin (labelling ratio equal to 95 %)
was diluted 4-fold with unlabelled G-actin and the mixture
was polymerized. In this case, the fluorescence intensity
did not decrease linearly; the slow decrease was found at
the molar ratio of heavy meromyosin to F-actin between 0

and 0.3 and the rapid decrease was found at the molar ratio
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between 0.3 and 0.5. The rate of decrease of the
fluorescence intensity on increasing of the molar ratio

of heavy meromyosin to actin (at the low saturation of the
binding of heavy meromyosin) was decreased monotonically
as the labelling ratio of PIAA to actin was decreased
(Table VII-1l). However, the molar ratio of heavy meromyosin
to actin at which the saturétion of the decrease of the
fluorescence intensity occured was found to be independent
of the labelling ratio; that is, it occured at the molar
ratio approximately equal to 0.5. The ratio of the
fluorescence intensity observed at the complete saturation
of binding of heavy meromyosin to that observed in the
absence of heavy meromyosin was also independent of the
labelling ratio; it was always between 0.24 to 0.27.

These behaviours can be explained by difference

between the binding affinities of heavy meromyosin to

PIAA-labelled and unlabelled actin protomers.
VII-3-2 Binding of subfragment-l to PIAA-labelled F-actin

Binding of subfragment-1 to PIAA-labelled F-actin
brought about the similar changes in the absorption and
fluorescence spectra as observed on the binding of heavy
meromysoin. Fig. VII-14 shows the fluorescence intensity
observed at 407 nm after excitation at 365 nm aﬁd the
absorbances at 345 nm and at 365 nm as a function of
the concentration of subfragment-l1 added. Actin concentration

was 0.2 mg/ml and the labelling ratio of PIAA to actin
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molecule was 80 %. The absorbaﬁce.at 365 nm decreased

- remarkably on addition of subfragment-1l. Corresponding to

this, the fluorescence intensity decreased largely with

increasing concentration of subfragment;l.’ The fluorescence

intensity at complete saturation of F-actin with subfragment-1

was 25 & of that observed in the absence of subfragemnt-1l.
When ATP was added to the solution of acto-subfragment-1l

at the final concentration of 1 mM, the fluores¢ence

intensity increased to about 90 % of the intenstiy observed

in the absence of subfragemnt-l (the closed triangle in Fig.

VII-14). It is therefore indicated that the change in the

fluorescence intensity was reversible.
VII-3-3 Discussion

It is interesting to note that the binding of subfragment-l
to PIAA-labelled F-actin was accompanied ﬁith a decrease in
the fluorescence intensity by almost the same extent as
observed on the binding of heavy meromyosin; that is, the
fluorescence intensity observed at thé complete saturation
of myosin head (both heavy meromyosin and subfragment-1)
was 24 - 27 % of that observed in the absence of myosin head.
This result indicates that the divalent manner of binding
of heavy meromyosin to F-actin does not make the actin-
conformation change different from the one which is induced
on the binding of monovalent myosin (or subfragment-1l) (Fig.
IT-7).

It was found that when PIAA-labelled F-actin was

saturated with myosin head, the absorption spectrum becomes
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very similar to that of PIAA-labelled G-actin. One may

consider the possibility that, on the binding of myosin

head, the pyrene moiety which may be buriéd between neibouring
actin protomers is displaced onto the surfate of actin
filament‘and becomes to contact with the solvent. On the
othe; hand, the fluorescence quantum yield or the shape

of emission spectrum (observed after excitation at 365 nm)

of PIAA-labelled F-actin scarecely changed on the binding

of myosin head, although conspicious change was‘found on

the G-F transformation of PIAA-labelled actin (Section VI-4).
Therefore, it appears unlikely that the changé in the
absorption spectrum is simply due to the displacement of

the pyrehe moiety from the buried region to the surface of
the protein. Another explanation must be needed. It has
been shown in the section VI-4 that PIAA labelled to actin
has heterogeneity of local conformation in its ground state
and the change in the absorption spectrum induced on the
polymerization of actin is due to a shift in the equilibrium
between the possible local conformations of the labelling
site. It is probable that this equilibriumvis‘also shifted
on the binding of myosin head to F-actin and it becomes

very similar to the equilibrium attained in G-state of actin.
In this respect, it has been shown in the section VII-2

that the relative amplitude of the long decay component

of fluorescence from PM-labelled F-actin decreases remarkably
on the binding of heavy meromyosin to F-actin and it becomes
close to the value obtained in G-state of actin. This result

is compatible with the present result, since the multiplicity



of lifetime of fluorescence froﬁ PM-labelled F-actin can bé
be also explained if the heterogeneity of local environment
is pre-existing in the grouﬁé sﬁate of the dye (Egn (III-6)).
These two results suggest that, on the binding of myosin |
head, the conformation of actin protomér in F-actin becomes
siﬁilar to the one of G-~actin. Such a conformational change

of actin must be considered in elucidation of the molecular

mechanism of force generation of muscle contraction.
VII-4 Concluding Remark

The following results were obtained in the present
work.
i) When heavy meromyosin was bound to PM-labelled F-actin,
a remarkable change in the fluorescence decay was observed.
The decay parameters (e.g., the relative amplitude of the
long decay component) changed monotonically on increasing
saturation of binding of heavy meromyosin and it levelled-
off around the molar ratio of heavy meromyosin td actin
equal to 0.5. Decay parameters under the influence of heavy
meromyosin had values intermediate between those of G-actin
and of F-actin alone.
ii) When heavy meromyosin was bound to PIAA-labelled F—actin;
conspicious changes in the absorption and fluorescence
spectra were observed. These changes are saturated at
the molar ratio of heavy meromyosin to actin approximately
equal to 0.5. The absorption spectrum at the complete

saturation of PIAA-labelled F-actin with heavy meromyosin
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was very similar to that of PIAA-labelled G-actin: The
strong absorption band at 365 nm, which is characteristic
to F-actin alone, disappeared on the binding of heavy
meromyosin. Binding of subfragment-1 to PIAA-labelled
F-actin éccompanied the same changes in the fluorescence
and absorption spectra as those observed on the binding

of heavy meromyosin.

From these results, it is strongly suggested that
binding of heavy meromyosin to F-actin alters the conformation
of the each protomer towards that of G-actin. Such a
conformaitonal change should be taken into_dccount when
considering the superiority of F-actin to activate the
myosin ATPase activity as compared to G-actin. It appears
that the transformation of the structure of the protomer
towards the one of G-actin is related to the moleculaf
mechanism in which myosin ATPase is accelerated by F-actin.

From the results obtained in the present study, no
evidance was obtained for the presence of the co-operative
nature between the protomers in the actin filameﬁt on the
binding of myosin head. Furthermore, essential difference
between heavy meromyosin and subfragment-1 was not obtained
in the action to the actin conformation. However, the
present results, which were obtained in the system without
ATP, do not necessarily mean that the co-operative nature
is absent in the system containing ATP. The possibility
may be considered that the myosin-ADP-Pi complex, which is
a reaction intermediate with excess energy, affects on the

actin filament with a manner different from the action of
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myosin without the nucleotide. Formation of a transient
'conformation of the actin molecule immediately after the
binding of‘myosin-Ale-Pi complex to F~actin appears to be
necessary for actomyosin to undergo a cyClié reaction of

ATP splifting. Up to date, no evidence of existence of

such a transient conformation has been obktained, only because
of lacking of a probe sensitive to actin conformation. It
may be expected that PIAA is used as a probe suitable to
study of‘the transient conformation of actin, since the
fluorescence intensity of PIAA-labelled F-actin responds

much remarkably to the binding of (nucleotide-free) myosin.
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Fig. VII-l. Fluctuation in the fluorescence iﬁtensity of the complex

of PM-labelled F~actin and heavy meromyosin (TR). The solution of
acto-heavy meromyosin was poured into the sample cuvette (4 X1 x1 cm3)

at zero time; and the cuvette was tapped at the time shown by the arrows.
The concentration of PM-labelled F-actin was 0.2 mg/ml and the molar
ratio of heavy meromyosin to actin was 1 :8. Solvent condition: KC1,

0.1 M; MgCl,, 1 mM; phosphate buffer, 10 mM (pH 7.0); ATP (F-actin

only) or ADP; about 20 uM; at 20°C. The fluorescence intensity was
observed at 396 nm after excitation at 344 nm. Dashed line shows the

fluorescence intensity observed in the absence of heavy meromyosin.
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Fig. VII-2. Total fluorescence intensity (lower) and fluorescence
anisotropy (upper) as a function of the saturation of PM-labelled F-
actin with heavy meromyosin(TR). The data shown by open circles were
obtained at 8 - 10 min after the solution being poured into the sample
cuvette; while, the data shown by closed circles were obtained after
the solution being agitated mechanically. Experimental condition was

identical to that in Fig. VII-1.
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Fig. VII-3. Total fluorescence intensity and fluorescence anisotropy
as a function of the saturation of PM-labelled F—actin with heavy
meromyosin(CT). Experimental detail was the same as that shown in

Fig. VII-2.
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Fig. VII-4. Fluorescence anisotropy as a function of the saturation
of PM-labelled F-actin with S1-Al. The data shown by closed circles
were obtained at 2 hrs after S1-Al being added to F-actin solution;
while, the data shown by open circles were obtained after the same
solution of acto-Sl-Al being left standing at 5°C for 2 days. The
fluorescence intensity was observed at 8 - 10 min after the solution
being poured into the sample cuvette. Experimental condition was

identical to that in Fig. VII-2.
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Fig. VII-5. Fluorescence decay curves of PM-labelled F-actin in the
absence and in the presence of heavy meromyosin(CT). The molar ratio

of heavy meromyosin to actin was O (open circle), 1/4 (cross), 1/2

(dot). Excitation was at 337 nm and emission above 370 nm was collected.

Solvent condition was identical to that shown in Fig. VII-2.
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Fig. VII-6. Decay parameters as a function of the saturation of PM—

labelled F-actin with heavy meromyosin(CT). Different symbols show

the results obtained using different samples. Vertical line shows

the range of each decay parameter in which the corresponding walue of
2

Xg was less than 1.005 times of the minimum of X:
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Fluorescence anisotropy decays of PM-labelled F-actin

in the absence (open circle) and in the presence (closed circle) of

heavy meromyosin(TR); the molar ratio of heavy meromyosin(TR) to
actin was 1 : 8.
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8. Fluorescence anisotropy decays of PM-labelled F-actin

in the absence (closed circle) and in the presence (closed circle)

of heavy meromyosin(CT); the molar ratio of heavy meromyosin(CT)

to actin was 1 : 8.

in Fig. VII-5.
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Fig. VII;9. Fluctuation in the scatﬁered(intensity of the excitation
light by the solution of acto-heavy meromyosin(TR) after_being poured
into the sample cuvette. The éoncentration of PM-labelled actin‘was
0.2 mg/ml and the molar ratio of heavy meromyosin to actin was 1 : 8.
Scattered light was viewed at right angle with the excitation beam.
Both the excitation and emission wavelengths were set at 355 nm.

Solvent condition was identical to that in Fig. VII-1.
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Fig. VII-10. Excitation polarization spectra of ANM-labelled F-actin
in the absence (open circle) and in the presence (closed circle) of
heavy meromyosin(TR); the molar ratio of heavy meromyosin to actin was
1:8. The slit width was 6 nm and emission was observed at 440 nm.
Absorption spectrum of ANM~labelled actin is shown in the upper figure.

Solvent condition was identical to that in Fig. VII-1.
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JFig. vII-1l. Excitation spectra of PIAA—labelled.?Faéfiﬂ.ih the

ébsencé or presence of heavy meromyoéin(CT): The molar ratio of

heavy meromyosin to actin was 0 (—), Qi?s(—"-"), 0.25(—=),

0.5 (==-—- Y, 2.2(—). The slit width was 3 nm and emission was
observed at 407 mm; an optical cut-off filter was set in the emission
side in order to eliminate scattered lights. The concentration of
PIAA-labelled actin was 0.2 mg/ml and the degree of labelling of

actin with PIAA was 95%. Solvent condition: KCl, 50 mM, MgClz, 2 mM;
CaCl,, 0.1 mM; phosphate buffer, 10 mM (pH 7.0); NaNj, 1 mM; 2-mercapto-

ethanol, 1 mM; at 1l4°C.
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'Fig. VII-12. Absorption spectrum (circle) of PIAA-labelled F-actin in

the presence of heavy meromyosih(CT). The molar ratio of heavy méromyosin
(added) to actin was 2.2:1.0. The concentration of PIAA-labelled actin

was 0.2 mg/ml and the degree of labelling was 95 %. A sample cuvette with
0.5 cm length was used. Solvent condition was identical to that in‘Fig.
VII-11l. Dotted line shows the absorption spectrum of PIAA-labelled F-actin

alone; smooth line shows the one of PIAA-labelled G-actin.
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Fig. VII-13. Fluorescence intensity aé a function of the saturation of
PIAA-labelled F-actin with heavy meromyosin(CT). The data shown by closed
circle were obtained when the degree of labelling of actin with PIAA was
95 %. While, the data shown by open circle were obtained when the labelled
actin (95 % labelling) was diluted 4-fold by copolymerization with un-
labelled actin. The fluorescence intensity was measured at 407 nm after
excitation at 365 nm. Solvent condition was identical to that shown in
Fig. VII-11.
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Fig. VII-14. Fluorescence intensity and absorbance as a function of

the saturation of PIAA-labelled F-actin with subfragment-1l. Fluorescence
intensity was observed at 407 nm after excitation at 365 nm (o) ;
absorbance was observed at 345 nm (O9) or at 365 nm (m). The concentration
of PIAA-labelled actin was 0.2 mg/ml and the degree of labelling was

80%. The turbidity of the solution increased on addition of subfragment-1;
optical density at 400 nm increased from 0.02 to 0.07. Its effect on

the absorption spectrum was corrected by assuming that the turbidity
increases with fourth power of'the inverse of wavelength. The fluorescence
intensity which would be observed at complete saturation of F-actin with
subfragment-1 was estimated by plotting the fluorescence intensity as

a function of the inverse of the concentration of subfragment-1 added.

The fluorescence intensity observed at 1 -2 min after ATP (1 mM) being

added to the solution of acto- subfragment-1 is shown by closed ‘triangle.
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Table VII-1. Dependénce of (dA/du)_ and'Fm/FO' on the degfee

of labelling.

Y @/an™ o Fel/Fo
0.95 0.5 0.27
0.75 0.6 0.25
0.46(2) 1.32 ' 0.26
0.46P) 1.17. 0.24
0.24 2.08 0.26

Here Y is the degree of labelling of actin with PIAA;‘a is the molar
ratio of heavy meromyosin(CT) to actin; A is the magnitude of decrease
in the fluorescence intensity with reference of the maximum decrease,
that is, A = (Fg-F)/(Fg-Fx); F, Fg, Foare the fluorescence intensities
observed at a finite value of 0, at 0=0 and at 0= ®, respectively.

The fluorescence intensity was observed at 407 nm after excitation at
365 nm. The total concentration of actin was 0.18 - 0.20 mg/ml.

Solvent condition: KCl, 0.05 M (or 0.1 M(3), 0.03(0)); MgCl,, 2 mM

(or 1 mu(@sP)), phosphate buffer, 10 mM (pH 7.0); NaN3, 1 mM; 2-
mercaptoethanol, 1 mM; at 14°C (or 20°C(a'b)).
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