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= ZNTRODUCT=ON

Active movement in the living cell is being maintained

l

in the flow of free energy in a way just like a water. mill

being worked in the flow of water. The useful energy

absorbed from the sun light is converted to and stored as

the chemical energy and then consumed for
ac七iva七土on o王

the vari'ous reactions which are ess占ntial for maintenance

of the T'1ifeH･ Before the HlifeTI being understood velll

the question should be ahsVered as to how the photon
or

chemical energy may be used to do useful work_ in a biological

system. As to muscle contraction, the prob1占m is how the

energy released on the hydrolysis of ATP may be converted

to the mechanical energy for the contraction. This problem

may be also interesting in the field of physics. That

土s′ 土t v70uld be no七easy to devise molecular machines such

as muscle, in 血ich the chemical free energy (scalor quantity)

土s converted d土rec七1y to tI-e force for the d土rec七土onal

movement (vector quantity) with high efficiency. The main

difficulty may be raiseLq_ from the fact that.the molecules

under consideration are always in the violently fluctuating

environment because of the smallness. Within the framework

of conventional thermodynamics, it does not lseem
probable

that a satisfactory explanation `
is glVen aS tO how the

directional force is cJ･enerated under isotropICal themal

agitations.

Although the mechanism of muscle contraction
has been

made clear up to near a molecular levelt a large number of

_ 1 -



mecharisms must be
elucidated before the above problem vi11･

be disctlssed without any speculations,･ for example,

tertiary structu.resof the in･divisual proteins (e.g･ , actin

and myosin) participating in the force g･eneとation
hav'e

not beerl_ determined yet. Furthermore, there has been

l土ttle 土nformat土on abou七 trans土ent conformations of 亡he

each protein during the muscle contraction
or during the

ヽ

hydrolysis of ATP by acto-myosin･
_

As a matter of factr

few 七echn土ques have been developed which can monitor these

transient conformations. This is because of lacking of

the probe which is suitable to sens占 the conformationa1
■

change of act土n or myos土n･工t is very des土≠ed to至上nd

such a probe.･ s土nce 土den七土f土cat土on of these transient

conformations may be a key of the understandirT_g Of essentials

of muscle contraction.

Fluorome七ry has been recently developed as an 土mportant

too1土n the fields of b土ochem土畠try and b土ophys土cs.

Fluorometry may be the method wh土ch 土s hard to handle,

because the relat土on 土s not always simple between･ the

observable quantity and actually occuring phenomena･

However, once its cha.racteristics (the principle or the

limitation) is well understood′ it may beco甲e a Very Valdable

tool because of the sens土t土Ⅴ土ty
for microenv土ronment･

various kinds of fluorescent probes have been produced 土n

these several yearsr and･ the fluorometric studies using

extrinsic probes have been actively made･ This method is

very suitable
for the study about the spec土f土c.s土tes

土n

proteins or membranes. =n future work, this method will

- 2-



beinditT,PenSable for elucidation ･of
lthe
transient conformat▲土ons

of ･the individual proteins during the muscle cor7_traCtion･

on the other hand. recent developments.土n the techniques

of electronics pem土t to measure 七he time-resolved fluorescence

(pulse-fluoromet.ry) ･ By the use of the pulse-fluorometer'

the obscurity that was 土nherent to the fluorometry can be

removed; and, at the same time, the.appl土ca七土on o王 the
ヽ

fluorometry to various biological. systems has been Trade

possible.

The present thesis is concerning with the following

two purposes. one is to study the basic proble'ms in the

fluorometry that have not been made clear bu七may be

important 土n appl土cat土on of 七he method to lab土1e system

of prote土ns. でhe other and main purpose 土s to find by

the fluorometry what kind of conforrp_ational changes in

actin molecule may occur associated With the polymerization

of actin and_ with the binding of myosin heads to F-actin･

=･n chapter == of this thesis, the author would like

to make a h土stor土cal survey ･of the studies on tbe 土nteract土on

of act土n with myos土n･ Chap七er 工工= will be devoted to brief

reviews about fluorescence kinetics and ab･out fluorescence

an土so七ropy decay･ =n chapter 工Ⅴ. methods and materials

used土n this study are expla土ned･ Phys土cocbemlcal proper七土es

of the conjugates Of actin with fluorescent reagents will

be also described. 工n chapter V, the study on basic

problems in pulse-fluorometry will be presented,･
that is'

the problems 土n determ土nat土on of fluorescence an土sotropy

- 3 -



decay and土n analysis of experimental fluorescence decay

curves will be d土scussed･ Chapter V工 and Vエ工 are the

l

main parts of this d土ssertat土on.工n chapter V=′ the

fluorescence behaviours of labelled act土n observed
on

the G-F transformation will be presented.工n chapter V工工,

cOnformational changes of actin filament induced by the

binding･ of heavy meromyosin or subfragmenト1 are examined

by using the fluorometry.

- 4 -



== f;ZS℡OR=CAL SURVEY OF THE STUDIES ON THE =NT王二昆ACT=ON

BETV-TEEN ACT=N AND P･且YOS=N

(

工エー1 工ntroduct土on

The fine structure of muscle is believed to be related

to the mechanism of muscle contraction. Fig. ==-i is a

ヽ

diagrammatic presentation, of structure of striated muscle･

contractile system of striated muscle is composed of thick

filaments (black bars) and of thin filaments (white bars).

=n the cases of most vertebrate striated muscle, the length
l

of th土ck 王土1amen七1s abou七1.6リm and that of thin f土1amen七

土s abou七1.0 l｣m. The thick and thin f土1amen七s are usually

10 to 20 nm laterally appart･ Observatlons under optical

and electron microscopes suggested that, when muscle contracts,

the arrays of filaments slide past each other w土tbout change

in their lengths [1,2]. Most of efforts in the study of

muscle contraction fnve been devoted for elucidation of

the active molecular process Which trahslates one
･type of

filament past the neibouring of the other type.

Zn 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 hundreds molecules of myosin; Individual

myosin molecule has a head and tail structure and 土ts tail

points towards the center of filament as shown in Fig･.=ト2･

Actin is a major Protein among the components of thin

filament and forms dou e-stranded helical structure

- 5 -



(Fig. =Z-3). Tropomyosin and troponin attach to actin

f土1amen七s and regulate the 土n七erac七土on of act土n w土th･myos土n

l

depending on the concentration of calcium [3]. =n actin

f土1ament′ all the acセユn pro七omers are or土ented 土n the same

d土rect土on glV土ng･ polarity to the filament. The act土n

filament extends, centering the Z membrane, to both sides

and the polarity o至 act土n 王土1ament 土s reversed
on tbe 七wo

sides of Z-membranes (Fig. =ト4). =n the region where thick

and thin filaments overlap, act土n and myos土n always have

the same sense of polarity with each other 【4】. 工n 七he

model proposed by A. Huxley 【5】′ 土七 土s supposed that the

projeCtiorl_ from the thick filament goes through repetitive

cycle of attachment to and detachment from act土n filament;

during the period of attachment the individual projection

pulls actin filaments and develops the sliding
force.

=n the arrangement as shown in Fig･ ==-4. the force produced

by individual cross-bridges in the overlap region Will
be

additive. zl_ccepting this mechanism, the question is how

the chemical energ･y supplied by hydrolys土s of ATP 土s

transformed to mechanical work during the cycle of attachment

and detachment of the proコeCt土on. 万一rbm this point of view.

土t 土s 土mportant to study the molecular mechanism o王 tbe

interaction of actin with myosin in the absence and presence

of ATP 土n detail.

工エー2 Act土n

=n 1942, Straub [6] sue-ceeded in isolating actin
from

- 6 -



muscle.
,
Actin is extracted into て..,ater from the dried powder

of muscle treated with acetone after removal of myos主n.

去ctinassumes a

m｡n｡qeiric
f｡ミrm L(G-actinチi?a salt-free

solvent..and a long fibrous polymer (ど-act土n)土n the presence

of physiological concentration of salt (Fig. ==-5).

==-2-1 Structure of G-actin

ド

Actin is made up of a single polypeptide chain, and

both one molecule of nucleot土de (AでP or ADT) and d土valen七

cation (Mg++ or ca++) are binding per molecule. EIzinga et all

(1973) 【71】 have determined the complete am土no-acid sequence

of actin of rabbit skeletal muscle. The polypeptide chain

consists of 374 res土dues and has a calculated molecular

weight of 41,785 d畠Itons (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 a1. (1974) [9] have shown that ATP binding site

of act土n 土s located near Cys-217. Jacobson and Rosenbuscb

(1976) 【10】 recently found that act土n has a protease-

res土s七ant core extending from res土due 68 (or 69) to the

carboxyl-terminal end of the prote土nフ th土s core binds ATp

bu七 not calc土um 土ons and 土t fails to polymer土ze 七o the

filamentous form of actin 缶艮d to stimulate myosin ATPase-

♂て/

act土Ⅴ土ty.

工エー2-2 S七ructure of ど-act土n

=n 1963, Hanson and Lowy [11] have shown that F-actin

- 7 -



/

･〆
in a double-helical polymer of abou.t 8 nm 虫 cliam畠ter,

whose helical pitch is about every 36 nm, the strands being

chains of approximately spherical subunits which repeat

at about 5･5 nm intervals along each chain.' That is, 13

monomers are contained in the two strand岳 per half-pitch.

The two strands wind around a common axis about 180o out

of phase and the sense of the helix is right-handed･
ヽ

H.E. Huxley [4] (1963) found that when decorated with

myosin or heavy me羊OmyOSinl the actin filament exhibits a

character土s七土c Harrowhead-- s七ructure and all arrowheads

point in the same direction along the whole length in any
■

glVen filament. Actin monomer is not a symetric sphere
I

but has head-and-tail d土rect土onal土ty 土n itself.

Wakabayash土 et al. (1975) 【12】 analysed electron m土crographs

of 七he act土n-tropomyos土n complex by three-dユmens土onal

reconstruction and found that the general 'shape of the

ac七土n monomer looks g.lobular and --chicken-shaped".

工エー2-3 G-F transforma七土on of act土n

G-actin molecules are polymerized into F-actin by

addition of neutral salts up to 0.i M [6,13]. During the

polymer土za七土on of act土n′ AでP bound to G-ac七土n 土s

dephosphorylated into ADP and inorganic phosphate [14] I

G-actin-ATP - -ニ-> F-actin-ADP

The nucleotide bound to G-actin are rapidly exchanged with

free
nucleo七土de 土n the solvent, whereas the ADP bound 七o

F-actin is not easily exchanged [15]. =n aqueo_us solution'

G-actin without ATP loses polymerizability rapidly･

-

8
-



Although the splitting of ATP bo･und to G-actin accompanies･

polymer土zat土on′
土t土s not absolute requisite

for polymer土zat土on;

that is, G-actin-ADD [16] and nu.cleotide-free G-actin [17]

re七a土n the capacity to polymer土ze under certain condi七土ons･

The binding of ATP to G-actin promotes the polymerization

by. making the structure of G-actin favourable for

polymeri.zation but the splitting of ATP is not coupled to
ヽ

polymerization,I that is, G-actin-AMPPNP (a chemical analog

of ATP which is not hydrolysed on polymerization of actin)

can polymerize with a rate similar to G-actin-ATP [18] ･

F-actin polymerized in vi士po is extremely
long whose

length attains several microns and thus the
_amount

of ど-

actin can be determined from the flow-birefringence or

viscos土ty 【19】. Oosawa et al. (1959) [20】 studied the

equ土1土br土um proper七土es of act土n solution and found that

no F-actin is formed at extremely low actin concentration

even 土n the presence of neutral salt･ Above a critical

value of the act土n concentration, F-act土n 土s formed whose

amount 土s equal to the d土王ference between the total act土n

concentration and the critical actin concentration. The

concentration of G-actin coexisting With F-actin is kept

constant above the crlt土cal ac七土n concen七rat土on
土ndependen七1y

of 七he amount of F-act土n formed 【21]. 工t has been shown

from the k土net土c analysis of the土n土t土al phase of ac七土n

polymer土zat土on 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 welトknown

- 9 -



gas-liquid transition [23]1. oos.awa. and Kasai (1962) 【24]

proposed the scheme of polymer土zat土on of act土n, by which

the thermodynamic behaviours.of actin during the G-F

transformation can be understood. well. According to their

model, the rate limiting step in the polymerization of

act土n 土s the 'format土on of nucle土 of the bel土cal polymer

土n which two kinds of bonds are formed between act土n monomers.

ヽ

The critical actin concentration depends strongly on

ionic strength,･ and it~als'o depends on the species of s■alt

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

which is optimal for the polymerization- is 0.i to 0.12 M.

Z=-2-4 Changes in the tertiary structure of actin molecule

during the polymerization

H土gash土 and Oosawa (1965) 【25】 found that the polyme土zat土on

of G-actin-ADP into F-actin-ADP is accompanied by a change

in ultraviolet absorp'tion, Which apparently orlglnateS

partly from the translocat土on of tryptophan and tyros土ne

residues from the outside to the 土ns土de of protein and also

partly from increase in the content of α-heiix and/or
β-

structure. polymerization is also accompanied by the changes

土n the 土ntr土ns土c fluorescence [26] and 土n the circular

d土chro土c spectra [27]. Recently′ R土cb and Estes 【28】 found

土n a study of l土m土七ed proteolys土s of G-ac七土n and ど-act土n

that the addition of 0.i M KCl induces
a rapid change in

the conformation of G∵ATP-actin to F-ATPTaCtin monqm6rs

･prior
to the formation of･ ntlCle'i of rthe helical polymer.

-

10 -



==-3 Myosin

Zn 1941, Banga and Szent'-Gy6rgyi [29] found that

l'myosin" which had been discovered by KGhne 【30】 in i9-th

century was a complex of actin and myosin. 1Myosin
is

extracted with Cuba-Straub solution [31] (0.3 M KC1, 0･15 M

phosphate buffer' pH 6･5) from mincsd muscle･ Myosin exists

in an monomeric state at high ionic strength (0.6 P+ KC1),･

while, it aggregates at low ionic strength (below 0.i M KC1).

H･E･ Huxley (1963) [4] showed by the negative-staining

technique of electron microscopic Observation that aggregates of

pur土f土ed myosin are s土m土1ar 土n 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リm 土n

length. Th土s appearance 土s explained by cons土der土ng that

the myos土n molecule has a proコeCt土on at one end and that

the myos土n molecules 土n e土七her half of the filament
are

arrayed with opposite polarities (Fig. ==-2).

工エー3-1 Structure of myos土n molecule

The molecular Weight of myosin is about 470,000 daltons

[32]･ A myosin molecule?onsists of two large polypeptide

"heavy"
chains with molecular weights of 200,000 daltons

and four small polypeptide "1ight'7 chains with molecular

weights of 16,000 to 24,000 daltons. =t was shown by

S. Lovey et a1. [33] that the myosin molecule consists of

two globular "heads.', each about
7 nm in_ diameter, attached
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to a double-stranded-hel土cal rod about 140 nm long･ Tbe

rod-like portlon 土s ■respons土ble 王or the formation of thick

filament under the physiological ionic condition,I whiler
ヽ

each globular head/ which corresponds to projection of

thick filament, contains an actin binding site and an

ac･tive site for ATP hydrolysis. Moore et a1. (1969) [34]

analysed electron micrographs of F-actin decorated with
ヽ

sub fragment-i (the nhead" subunit) by the three-dimensional

reconstruction tecbn土que and estimated that the subfragmenモー1

土s approximately 15 nm long･
and 3 to 4.5 nm wide.

==-3-2 Myosin sub fragments

The heavy chain contains regions Which are susceptible

to mild proteolytic cleavage (Fig. Z=-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

th弓 tai1, yielding light meromyosin (MW - 140,000) and

heavy
meromyosin (MW - 340′000). TJtlhen digested with papain

【33], cleavage occurs in a region close to the glt)bular head,

yielding sub fragment-i (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 sub fragment-i show

no tendency to aggregate. The important properties of

myosユn′ 土.e., Aでpase act土Ⅴ土ty and comb土nat土on with actin′

are.retalned 土n heavy meromyos土n and sub王ra9ment-1 【39].

でhe first study of d土valent catlon effects on the

proteolytic digestion of myosin was rnade by Balint et a1.

- 12 -



[40], who showed that inclusion.of･EDTA ip_ a tryptic

digestion resulted in production of sub fragment-i and

畠ubfragment-2 as well as heayy meromyosin･ Weeds and

Pope [41].have recently shown that chymotryptic digestion

of polymeric myosin (in 0.12 M NaC1) in the absence of

d土valent ca七土ons produces sub fragment-1′ whereas the

digestion in the presence of divalent cations produces

ヽ

heavy meromyosin,･ the two regions Of myosin which are

susceptible to proteolytic cleavage are discriminated by

the presence or absence of d土valent-. cations -(
a f早W mill.i-

mo1ムr) , and protection of the sub fragment-i-site requires
′

the presence of DTNB light chains with intact calcium

binding site..

==-3-3 ATPase activity of myosin

工t has been demonstrated 土n several laboratories that

the maximum number of ATP binding is 2 moles per mole of

myos土n and heavy meromyos土n. However.土t 土s controversial

whether the two binding sites are identical or no.t,･ that

isr different amplitudes of the transient-phase of P･
1

production (the phosphate initial burst) [42] during ATP

hydrolysis have been reported in literature. Corresponding

to these d土screpanc土es. the different schemes of ATP

hydrolys土s by myos土n have been proposed 【43-47】.

=Z-4 =nteraction between Actin and MYOSin

=nteraction between F-actin and myosin in. the presence

of ATP is one of the fundame'ntal process of muscle contraction･

- 13 -



Under p,hysiologlCal salt conditions, namelyr 0.L㌧O.15 M

KCl and lrb2 mM MgC12 at neutral pH, myosin strongly･binds

to F-actin and this?omplex forms
precIPitates･ Szent-Gyorgyl

(1951) 【48] found that add土t土on of AT甘 to F-act土n-myos土n

complex leads to a superprecipitation, via clearing phase [49]

土Ⅲ which the maコOr土ty ′oモ myos土n molecules d土ssoc土ate ･ 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 proces.s

of superprecユp土tat土on.

工エー4-1 Acto-myosin complex

Moore et a1. [34] showed by use of three dimensional

reconstruction technique of electron m土crograph that one

sub fragment-i molecule can attach to each of G-actin unit

iri F-actin. =t is now widely accepted that the stoichiometric

binding ratio of sub fragment-i to F-actin is one mole of

sub fragment-i per mole of actin monomer. since one myosin

or heavy meromyosin has two active sites of binding to

F-actint a question as to the functional significance of

duplicate s土tes 土n myos土n may be raised. Co-operative

土nteract土on between subun土七s of myos土n has been ac七土vely

pursued･ The problem abo_ut the stoichiometric binding

ratio of heavy meromyos土n 七o ど-act土n has
no七been understood

completely yet. There have been reports that heavy

meromyosin can bind only onernole of F-actin monomer [4,50-52]

wh土1e′ there have been also reports that the saturation

of actin-heavy meromyosin binding occurs
with one mole
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of heavy meromyos土n per mole of actln d土mer 【53-55]. 工t

has been recently reported by Highsmith that the binding

l

aff土n土ty of heavy meromyos土n to F-act土n decreases as the

molar ra･t土o of heavy meromyos土n to act土n 土ncreases 【56】.

T.L. Hill [57] considered the statistical problem about

the b土nd土ng. of heavy meromyos土n to ど-ac七土n 土n the case

that twd manners of binding of heavy meromyosin are allowed,I

i･e･ I single-headed and tvo-headed bindings (Fig･､工=-7)
･`甲e
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-actinr O':

｡=並⊥Il･KIC･ (i+KIC)2 +4K2C (i+KIC)2 + 4K2C

f 句

is

where Kl and K2 are conventional binding equilibrium

constants (units M-i) (one head and two heads, respectively).

=f K2 >> Kl, two-headed binding will predominate When c is

small, but single-headed binding will 'eventually ･take
over

as c う･ ∞
. This kind of binding problem has not been taken

into account in the earlier analyses of the binding

aff土n土ty o王 heavy meromyos土n to ど-act土n.

==-4-2 ATP hydrolysis by actomyosin

The fundamental study o王 the steady-state k土ne七土cs of

ATPase activity
by acto-heavy meromyosin was made by Eisenberg

and Moos [58,59], who showed that two competing

reactions are 土nvolved;the ･d土ssoc土at土on of acto-heavy
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meromyo,sin by ATP and the activation of myosin ATPase by

actin･ I More detailed studies of ATP hydrolysis by早CtO-

heavy meromyosin have been mよde
lby many workers. Lymn

and でaylor [60] have proposed the reaction scheme which

involves the following steps: i) the binding of ATP to

acto-heavy meromyos土n and subsequent ve工･y rapid d土ssoc土a七土on

of actomyosin, 2) the splitting of:ATP on the free myosin,

3) recomb土nat土on of act土n with the myos土n-ADP-P. complex
l

and 4) the displacement of products. 工t 土s assumed in

this scheme that act土n promotes the release of ADP and P.
1

from
myosin. on the other hand, Tonomura and his co-workers

[46′53】 proposed another scheme 土n wb土ch there are two

independent routes in ATP hydrolysis by actomyosin,･ and

土t 土s assumed that the two s土tes 土n myos土n are not 土dent土cal

and only one site operates during the actomyosip_ ATP

hydrolys土s. up to date. many extended schemes have been

proposed 【61-63】 , but no conv土nclng evidence that decides

which sche皿e 土s correct has not been obtained yet.

I
I 工エー4-3 Conformat土onal chang.es 土n act土n f土1amen七

on the

binding of myosin heads

The earlier x-ray studies on muscle at rest and during

contraction showed that F-actin does not undergo 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 土nto cons土derat土on by researchers
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I ･･

as to the molecular process of muscle contraction.

ori the other hand′ Offer et a1. (1972) 【66] showed

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

sub fragment-i is considerably less than the activatiorl_

obtained with F-actin under identical conditions. They

considered three possib土1土七土es which would explain the

relativ.e -impotence of 'G-actin compared with F-actin,･
ヽ

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

subunits,I 2) the site on F-actin interacting with

sub fragment-i may not be confined to a single subunit,･ 3)

conformational changes occu工 in the subunits of.F-actin

during the interaction with sub fragment-i. ･

Since s云ent-Gy6rgyl and Prior found a rapid exchange

■

of the ADP bound to F-actin during superprecIPitation

of acto-myos土n 【67】′ many workers have been 土nterested 土n

the problernas to what kind of conformational change occurs

土n actin filaments under 土nfluence of myos土n 【67-69】.

Although the observation of the rapid exchange of the

bound ADP is recently questioned [70r,71] , i･nfo･rrm'ation on

specific corl-formational changes of the proteins during

act土n-myos土n 土nteract土on wュll be 土nd土spensable for

eluc土dat土on of the molecular mechanism of force g･enera七土on

of muscle con七ract土on.

Heavy meromyosin and sub fragment-i are soluble even

at low 土on土c s七rengtb and′ tberefore, has advantage in

the spectroscoplC Studies of the 土nterac七1on with act土n.

The first study on
conformational changes in actin filaments

induced by binding of heavy meromyosin was made by Tawada
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㌔

(1968)I [51]･ 玉ie observed that the degree of flow

birefringence of F-actin solution decreases on addition
‡

of heavy meromyosin,･ the decrease of birefringence is

optima1･ at the molar ratio of heavy meromyosin to actin

equal to about 1 : 6; with fur七her 土ncrease 土n heavy

meromyosinl the birefringence recovers to the value of

F-actin alone･ Similar biphasic r白sponses with increasing

b土nd土ng of heavy meromyos､土n (and/or subfragmenト1) have

been reported by several workers [72-75].. There have been,

however, controversies among their interpret-ations.

Fujime and =shiwata [72] considered that F-actin becomes

most flexible when the molar ratio of heavy meromyos土n

to F-actin is i : 6,･ whereas, Abe and Maruyama [73] considered

that the heavy meromyosin-F-actin complex forms a fragile

network 土n solution. Furthermore, there.have been also

reports which made doubt on the biphasic change itself [76-79].

Up to dater a unique understanding about the conformational

changes of actin filaments on the bin.ding of myosin head_s

has not been obtained yet･ =n such a staget it is

desirable to perform a systematic study of con王ormat土onal

changes Of act土n during･土nteract土on of F-act土n with myos土n

beads as well as dur土ng･ G-F transformation of ac土工n.
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巨≡書
Fig･ z=-1 A diagrammatic presentation of the

muscle. Contrac七土1e system of striated muscle

thick f土1amen七s(black bars) and tb土n filaments

vertical white bars correspond to z membanes.

structure of striated

ls formed both w土七b

(horizontal white bars) ,･

Fig ==-2 The structure of thick filament･
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Fig. ==-3 The structure of actin filament.
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Fig･ ==-6. Structure of the myosin molecule. Hm,･ heavy meromyosin.

もMM,･ light meromyosin_ s1,･ sub fragment-i. S2,･ sub fragment-2.
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Fig. ==-7. Monovalent and divalent bindings of myosin heads to F-actin･
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Fig. Z=-8. Historical survey of studie占on muscle proteins

1864 ‖Myosinl■

1930 Structure of 1'Hyosin--

1935 11Myosin'' thread

1939 ATPase activity of "Myosin'.

1941 Myosin and superprecIPitation

1942 Actin and its G-ど transfomation

1946 ℡ropomyosin

Actomyosin-ATP system

1950 Specif土c bindln9 0f AT甘 to Åctln

1953 Heavy meromyos土n

Subunits of Myosin (I'ight chain)

1954 Znitial burst in Myosin ATPase

Hydrolysis of ATP by Myosin

Sliding filament model

1957 Moving cross-bridge model

1959 Themodynamics of Actin polymerization

1962 Myosin sub fragment-i

Efficiency of energy conversion
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I =Z FLUOROMETRY

工工エー1 工ntroduct土on

The first report about fluorescence was published by

Herschel in 1845 [99]. He found that, when the aqueous

solution of qu土n土ne sulfonate was exposed to the sunl土gh七′
ヽ

it emitts a pale and non-polarized light. The important

study which succeeded to this discovery was made by Stokes

【100】 , who noted an 土mportan七 rela七土on between 七he

wavelength of absorption and that of fluorescence emitted;

i.e., the so-called Stokes law. Based on this observation,

he f土rstlv 土n七roduced the 土dea that the two processes of
IIl

absorp七土on and em土sslon ex土st 土n the 土nteraction o王mater土als

with photons. Fluorescence em土ss土on from an excited molecule

土s usually competed by the rad土at土onless processes such as

intersystem crossing, quenching and excitation-energy

transfer･ These processes are strongly dependent on the

property of the m土cr■oenv土ronment around the excited molecule･

Therefore′ valuable 土nformat土on about 七he m土croenv土ronment

can be obtained from the measurement of fluo工･eSCenCe

spectra′ 1土fet土mes and quantum yields.

=n 1920, Weigert [101] discovered that, when a viscous

solution containing fluorescent molecules is illuminated

with polarized lightsJ it ernits ; a partially polarized

fluorescence. Perrin [102] showed t.hat the rotational

diffusion constant of a fluorescent molec･Llle
ca,ri be determined

by measuring
fluorescence polarization･ The first application
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of tl-e fluorescence depolar土zat土on method to a b土ologlCal

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

pulse-fluorometry permits dirLect､ measurements of time-

dependent fluorescence polarization [104-106].

工n this chapter, brief desc工･土pt土ons about fluorescence

k土net土cs (sect土on工工ト2) and about fluorescence an土sotropy

decay (Sect土on 工工エー3) will be presented.

Ill-2 Fluorescence Kinetics

工工エー2-1 General principle

J 1

When a molecule 土s excited by v土s土ble or 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 surround-ing mediun･ This radiationless process

usually occurs within 10-10 sec･ From the excited equilibrium

state, the molecule may go to any of the rotat土onal and

vibrationa1 levels of the ground electronic -state So by

a
rad土at土ve process (fluorescence) or by rad土at土onless

processes･ One of the rad土at土on processes 土s the so-called

internal conversion in which the excited molecule goes to

the upper vibrationa1 1ev占Is of the ground state and finally

to the equilibrium state by interacting With other

molecules (Fig. Ill-i). The rate constant of the radiative

process varies from 10-9 to 10-6 sec′ wh土ch土s characterized

by the chromophore. 工n add土t土on′ 七he excited molecule can

-
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go to a triplet state by intersystem crossingt and then
-

it may be deactivated through a still slower process

(phosphorescence. internal cohvefsion). The rate of the

deactivation of the lowest excited state may be given by

the following equation:

d【C★]

dt

*

1SC)
【C】ニー(kF+kc+k･ (工工エー1)

☆

Here 【C 】 means the concen七rat土on of the exc土七ed molecule

at a given time t, kF is the radiative rate constant

corresponding to fluorescence emission, kc is the rate

constant of土nternal conversion and kisc土s七he rate

constant of intersystem crossing. The experimental

fluoresence l土fet土me 土s glVen by the relat土on=

T- (kF+kc+k･
1SC)

(工工エー2)

The fluorescence quantum yield Tl is the ratio of the number

of photons emitted to the number of photons absorbed;

∩ =kF/(kF
+kc+ k土sc) -

T/To (工工ト3)

Here To
- kF-i 土s the natural fluorescence l土王et土me.

工工エー2-2 Rela七土onsb土p between absorpt土on 土ntens土ty and

natural fluorescence l土fe七土me

The fundamental relat土onsh土p between the 七rans土七土on

probab土1土t土es for 土nduced absorption and em土ss土on and that

宕or spontaneous em土ss土on has been dr土ved by E土nstein [107】三

The spontaneous emission probability is directly proportional

to the corresponding absorption probability and to the
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tb土rd power of the frequency of the･t工･anS土t土on･ E土nste土nls

equat土on's are applicable only to atomic system′ whose

transitions are sharp･ Stricker､ and Berg [108】 have drived

the formula which is applicable to the m(うIedules with

broad absorption bands･ The natural lifetime is given by

the following relation:

･,T.
- 2･88 × 10~9

1n2 <vF~3,allJE(V,d(lnv, (III--4,

where n is the refractive index of the solvent,･
.E:
the molar

extinction coefficient of the solute,･ v the Wave number,-

the integral is over the whole of the electronic absorption

band corresp?nding to the transition So
-･苧1･･ <.vF-3>av

is the mean value of vF-3 in the fluorescence spectrum

ど(v)′

･vF~3,av
- JF(v,v-3 dv /JF(V,

dv (IIト5,

Equation (Ill-4) is valid for the molecule- vhose lowest

singlet electronic absorption band is fairly strong･

=f there is a strong overlapping Of the bands corresponding

to the elec七ron土c七rans土tions So - Sl and So
→ S2′

an apparent discrepancy will appear between the natural

lifetime estimated using Eqn (Ill-3) and that estimated

【

using Eqn (==ト4). Hidden transitions may be revealed by

this means.

Ill-2-3 The effect ofrnolecular interaction upon the

fluorescence decay

we consider here a case that the fluorescent molecule

has two ways to interact with its surrounding･ Corresponding
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to thes9 Ways, there are two kinds of the configurations

by which the correlation between the fluorescent molecule

and the other molecules are すiveh. We designate the

corresponding configurations by Al and A2･ T･men the

fluorescen七 molecule is 土n the excited state, the

configurations may be designated by A*l and A*2 ･ Then

the scheme wb土ch 土s necessary for the 土n七erpretat土on of
ヽ

fluorescence decay can be expressed as follows:

★

E

iT?iFkl
(工工エー6)

ll

k

where El′2 are the rates of photon absorption and are

proportional to the molar extinction coeff土c土ents of the

fluorescent molecule; kl′2 are the sums of the rate constants

of decat土vat土on by rad土at土ve and non-rad土at土ve processes

and the inverses of kl′2 are the fluorescence l土fet土mes

T1,2 Which would be observed if the exchange reaction did

☆

no七occur土n the excited state; k+∫- and k+∫- are the rates

of exchange reactions in the ground state and those in the

excited state, respec七土ve･1y.

The following reactions can be described by the above

scheme 【109ト

i) Quenching of fluorescence [110] : A fluorescent molecule

F becomes non-fluorescent product when it inte土acts with

a quencher Q,I
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☆

Al =

*

A2 =

*

F + Q

★

FQ

(工工エー7)

☆

The rate･constant k+ must be replaced with the product

of the concentration of Q and the association rate constant

☆

of'quencher to the excited molecule: K[Q]. The rate of

☆ ★

deact土vat土on of A2 (or FQ) may be extremely rapid due to

the presence of the strong radiationless transition.

ii) Acid-base reaction [111-114】 : The fluorescence emission

from aromatic acids or bases may be affected
lby
the

reactions of protonation and deprotonation ih the excited

state;

★ ☆ ☆

Al : FH･H20 (or F･H20)

孟2
:宗一.=30+ (or芸H+.oH)

(工工エー8)

iii) complex formation (Exciplexes and_ excimers) [115-117] I

An excited molecule may form a fluorescent complex w土七h

another non-excited molecule.

* * *

Al : ど+B (or F+F)

* * *

A2 : F･B (or F･F)

(工工エー9)

There have been many reports that fluorescence decays

from the chromopbores･ which are 土n七r土ns土cally or extr土ns土cally

土n七roduced 土nto protein can be descr土bed by the scheme of

Eqn (Ill-6),･ that is, there are intra- (or inter-)molecular

土nteract土ons wb土ch are comformat土on dependen七【118′119] ･

* *

拙e rate equa七土ons for the configurations Al and A2
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are glVen by′ respect土vely=

★

d【Al]

dt

☆ .

d【A2】

dt

▲■

-r

t
. I

'ヽ

☆ ☆ ★ ☆

El[Al]
- (kl+k+.)[Al] + k-【A2]

★ ★ ★ ☆

-

E2【A2】
- (k2+k )【A2】 +k+【Al】

(工工エー10)

★

where 【A土′2】and 【Al,2】 are the concen七rat土ons of Al′2土n

the grand states and土n the excited states, respec七土vely･

The solution for steady-exlcitation is obtained by setting

the left-hand sides equal to zero:

▲

* * * * * * *

【Al] - ((k2+k-)El[Al] + k一己2[A2])/((k2+k-) (kl+k+) -

k+k-)

* * * * * * *

【A2] - ((kl+k+)c2[A2- k+El[Al】)/((kl+k+) (k2+k-)
-

k+k⊥)

(工工エー11)

The fluorescence qtlantunyield Tl is glVen by

★ ★

∩
- (kfl【Al】 + kf2【A2】)/(El【Al】 + E2【A2】) (工工エー12)

where kfl,f2 are the rates of a-eactivation by radiation

process. From Eqn (工エト11);

El[Al](kfl(k2+k_)
+ kf2k+) + E2[A2](kf2(kl+k ) + kfl畏-)

★ ★ ★

* * * *

((k2+良)(kl+k+)
-

k+k-)(El[Al] +
E2[A2])

(工工エー13)

For quenching of fluorescence, this becomes=

n-na (i+Ta*K[Q])-i(i+E2K【Q]/Elk-)-i (==ト14)

ヨere na and T are七he fluorescence quantum yield and
a

l土fet土me obta土ned 土n the absence of the quencher′ respect土vely;

and, K[Q] =k+･

-
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The fluorescence decay afte工･ pulse-exc土tat土on 土s

obtained by setting El and E2 in Eqn (==トI1) equal to

zero at t > 0. The solutions are:

★

【Al】 -

α11eXp卜入1t) + α12eXp卜入2t)

芥

【A2】 -

α21eXp(一入1七) + α22eXp卜入2t)

where

* * * *

入1,2-喜((kl.k2･k.･k)
･

′
I

ヽ

(工工エー15)

(是1一芸2.是.一芸_)
2.
4 畏.蛋_)

(工工エー16)

The coefficients α‥ in Eqn (Ill-15) are the functions of
1コ

ー

1 1 .

★

the rate constants kl,2, k+,- and k+,- [110]･ The values

of these rate･ constan七s′ 土王 determ土ned experimentally,

will bring about valuable knowledge on the dynamic property

of protein conformation.

工工エー3 Decay of Fluorescence An土sotropy

工工エー3-1 Exper土mental def土n土t土on o王 fl-uorescence an土sotropy

Let x′ y, and z be a space-fixed coordinate system.

Let the fluorescent sample be placed at the origin (Fig. Ill-2)･

Let the exciting lights travel along the x direction,

polarized along the z axi･s. The fluorescence, polarized

along the z axis (z.i), and along the x axis (i-i), will be

observed along the y axis. Then the fluorescence (polarization)

anisotropy is given by the following expression [120] ･'

r - (z"
-

zl)/(z" + 2 z1)

- 29 -
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For an isotropIC medium in 67hich the fluorescent

,chrornophore
distributes in the all direction with equ.al

l

probability, the fluor･escence anisotropy･is a function

of the or.土entat土onal correlation between the absorption

oscillator at the time of absorption and the em土ss土on

ose土11ator at
_the
time of em土ss土on. On the other hand′

the quantity z"+2Zエ(= s), which i邑 Ca11ed the total

fluorescence 土n七ens土七y,土s 土ndependent of the or土enta七土onal

d土s七r土bu七土on of the emission osc土11a七or 【121ト

Ill-3-2 Fluorescence anisotropy in the absent:e of rotaion

ゝ

Let us consider the case that no appreciable rotation

of the chromophore occurs during the lifetime of the

excited state. as 土n the case of a h19hly viscous med土um･

For an 土sotroplC med土um′ the probab土1土七y of exc土tat土on 土s

proportional to cos2o, Where 0 is the angle between Oz

and the d土rect土on. OA of 七he absorption oscillator.

Thus the orien七at土on d土str土but土on of the excited molecule

土s expressed as fo11ows=

f(0,ゆ, - (3,4T, cos28 , Jf(8･-いd_n(O′や,-i (III-18,

where 小is the azimuth ang1占of the direction oA. =f the

o工･土enta七ion oE of the em土ss土on osc土11ator 土s parallel七○

the d土rect土on oA, the princlpal components o王polar土zed

fluorescence 土s:

I"
-

E†c｡S2o
f(8･小, dn(-,

･ユニEJsin2o
c｡s2-(e,o,･dn(8,0,

-

30
-
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where E: is a constant. From Eqn. (Ill-18),

∫"'-E/5′ ∫ユニE/15 (工工エー20)

l

Therefore the fluorescence anisotropy reduces to a simple

quantity:

r =

2/5

l●

(工工エー21)

Let us consider the case that the absorption oscillator
ヽ

and the em土ss土on oscillator are not the same′ bu七 subtend

an angle of B with respect'to each other. Zn this case,

the probab土1土ty to find an em土ss土on oscillator at 七he

orientation (8,叫) is [104】:

f(0,0) -

(3/4T)(c｡S28c｡s2β.喜sin28sin2β) (III-22)

By putting this in Eqn (Ill-19), one will obtain the

pr土nclpal components of polarized fluorescence=

･‖-号･筈cos2β
.

∫ユニ喜一号cos2β
(ⅠⅠト23)

Thus the fluorescence an土sotropy 土s=

ど-言(言c｡s2β一言)
(工工エー24)

This quantity is called the fundamental anisotropy ro･

As O三β三7T/2,

一喜三r｡三言
(工工エー25)

=n general, B or ro is a function of the exciting wavelength･

The so-called polarization spectrum of dyes is the set of

values of ro obtained
on varing continuously the exciting

wavelength･ The polarization spectrum can be interpreted

on the p土cture 七hat there are several absorption oscillators
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rn･aking variable angles with the emilssion osci11ator･

Ill-3-3 Depolarization by isotropICl rotation
l

Let us
consider the case that the fluoをescent molecule

undergoe去an
infinitesimal rotation with

anglai
d'isptacement

△α･1 immediately after excitation of the molecule･ Let (Z‖)o

and (Zユ)･o be the principal components of polarized fluorescence
ヽ

which would be observed 土f such a rotat土on 土s absent; and,

let (I")i and (Iユ)i be thotse observed in the presence o､f

the rotation. Taking account of isotropIC Property Of the

rotation, one will obtain the following relations=

(It･)i - (T,)o cos2△α1 + (Iユ)o sin2△α1
(工工エー26)

(Il)i - (Il)o cos2△α1 + (i/2)((I.I)o+(Iエ)o)sin2△α1

Thus. the fluorescence an土so七ropy after the rotat土on 土s:

rl
- ((I")1

-

(Zi)i)/((I--)i + 2 (Z1)i)

(fT.)o - (Zl)o

(∫")o+2け⊥)o (言c｡s2△α1一喜)

-

r｡(喜c｡s2△α1一言)
(Ill-27)

工f 土nf土n土tes土mal rota七土ons
are repeated′ 七he fluorescence

anisotropy will be given by the following expression=

r - ro

i=;i(;cos2A"

- ;) (III-28)
n

Ill-3-4 Rotational Brownian motion of spherical macromolecules

Let us consider
a small solid sphere of volume

V irrmerged
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freely 土n a l土qu土d of v土scos土ty n and of temperature T･

･ Because.of the thermal ag･土tat土on′ th土s sphere turns all

the time in perfectly irregular vay･ The- average of the
l

square of the angle △α by which the sphere turns 土n time

At, around some axis, e.g. x-axis, is given aS follows

(E土nste土n equation) [122】 :

(△α.x)2
-.(kT/3Vn)△t

[r

(工工エー29)

where k 土s Boltzmann constant. Due to rota七1onal Brown土an

motion, the direction of emissidn oscillator of the

chromophore wh土ch 土s attached conf土rmly to the sphere will

make an angle A8 with its initial orientations

･o2(-2△α2)

-書芸△t
(工工エー30)

From Eqn (Ill-27), it is clear that the fluorescence

an土sotropy at t土me △t after exc土tat土on of fluoエーeSCent probe

can be expressed as follows:

r(At)-r.(i-;AO2) -r.(1-.v%At)
(工工エー31)

At time t -

n･△t after exc土tation.土t
becomes:

r(t,

-r.(l一課△t)n-r｡(i-v%△t)t/△t
(IIト32,

工n l土m土tat土on △t -
･0,the

following express土on 土s ob七a土ned=

r(t)
-

r.

exp(-v%
t) -

r｡ exp(-t/o) (III-33)

where O 土s the rota七土onal correlation time.

The macromolecule in solution has a few l早yers Of

-
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hydration around its surfまce. Some layers of hydration

are considered to be bound conf土rmly to the surface and

thus to `rotate together with.the macromolecule. The

kinetic volume V which may be obtained f土om'the anisotropy

decay measuremen七must be considered as the sum of the

volume of a dried macromolecule and the volume Of the

surrounding layers of hydration [123]
ヽ

v-M (v+h)/Na

J′

i

互乾

(工工エー34)

Where N is the Avogadro number, M is the molecular weight
a

of the macromolecule and v is the dry volume_of i g of the

macromolecule. h represents the contributioh
from the

hydration,･ values between 0.4 v and 0.6 v a吏e used for

most prote土ns.

Ill-3-5 Rotational Brovnian motion of ellipsoidal molecules

The general form_ula of fluorescence depolarization

fo工･ an ell土pso土d molecule was established by Perr土n 【124′125】.

Many workers have considered the more restricted
case in

order to obtain the formula by which the shapes of biological

macromolecules can be estimated 【104】. For an ellipsoid,

the fluorescence
anisotropy decay is in general a sum of

five exponent土als: For a symmetric ell土pso土d, the number

of exponent土als 土s reduce-a to three 【126]=

r.(.t) -･Al･ eXP(-t/el)
+ Aっexp(-t/e2) +牟3 eXP(-t/e3)

(Ⅴ-35)
∠一

The three correlation times el;2,3 may be written
as follows:

･el - (6Dエ)-l･.e2 = (5Dl+DH)-1･ e3 -- (2Dユ･+4Dt･)-ll

where D= and D⊥ are the pr土ncIPal ro七at土onal-d土王fus土on

- 34 -
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coeff土c土en七s which
are functions o王 the axial ratio of

I the ellipsoid [104]･ The coefficients Al･A2, A3

1

appearing in Eqn (==‡-35) depend on the orientations of

the absorption and em土ss土on oscillators v土th respect
to

the principal axes of the e11ipsoid･ They may be expressed

us'ing the angles shown in Fig･ (Ill-3) as follows [127]=

′■

㌔

Al-品(3
c｡s261

- i)(3
cos26∴l)∠

3
A2 =

i有Sin26l Sin262 COS¢

A3 -市Sin26l Sin262 COS2¢
3

(工工エー37)

工f the fluorescent probe 土s attached to the･macromolecule

With random orientation, Al, A2, A3 have to be averaged=

Al-A2-

2A3-言r｡
(ⅠⅠⅠ-38)

工工エー3-6 工ntramolecular motion

Ivlany proteins have their own form with hydrogen bonds

and hydrot,hobic iforces. The molecular backbone as- whole

may be rlgidr but some side chains may have rotationa1 I

freedom about various C-C bonds. The probe may be permitted

to move in the protein･ This intramolecuLar motion as

well as the ro七a七土onal motion o王 the prote土n 上土sel王w土11

contr土bute 七o the fluorescence depolar土za七土on.

when the probe 土s allowed to rotate around七he axis

wh土ch 土s f土Ⅹed 土n the spherical protein/ the an土sotropy

decay is given b_y the following formula [128,129] :
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r(t)
-

exp(-t/ep) (Al + A2 eXP卜2t/3e=) + A3 eXP卜t/6e=) )

(工工エー39)

where o 土s the rotat土onal correlation time of the protein
p.

and O工

mo･t土on.

土s the co工･relat土on time of the 土n七ramolecular

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

s七ate

工n the above d土scuss土ons, we have assumed 土mpl土c土七1y

▲

that the fluorescent probe has a single fluorescence

lifetime. There occasionally exists heterogeneity in

the excited state of the probe. This may result from

the ex土s七ence of more than one conformation around the

labe11ing酌も占浅宅'fr't-he prot占i-n. =n such a case, the total

fluorescence decay s(t) (-ZH(t)
+ 2 Zl(t))may

described with a single-exponential decay but with a sum

of exponential decays:

l

ヽ

p

s(t'-

k圭l
αk eXP'-t/Tk) (Ill-40)

flere Tk is the decay time of the excited state corresponding

to the k-th local con王ormat土on and the amplitude αk may

be proportional to the fraction of the k-th COI-forma七土on･

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

d土scuss土on to the case 七hat
_fluorescent

probes bind
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conf土rmly to a sy…etr土c-ell土psoidal macromolecule with

･ several manners of binding,･ e･g･′ there are several binding

4

s土tes 土n the macromolecule′ or there are several or土entat土ons

of the probe with respect to the macromolecule 土n spite

of the s土ng･1e b土nd土ng･ s土七e･ Then the k-th an土sotropy

decay rk(t) may be expressed by the following expre･ssion=

3
､

rk(t)
-

i!l
Aki eXP(-t,lei) (III･-41)

where O･ are the correlation times as g.土ven 土n Eqn (工工エー36).ユ.

Let dk(t) be the product of rk(t) and sk(t) -_αk eXP(-t/Tk)･

Then the difference fluorescence decay a(t) (- J"(t)
-

Z1(t))

is given by the following sum [130]

p p

d(t) -

k圭1
dk(t) -

k量I
rk(t)'sk(t)

p 3

k=l

i圭I
Aki αk eXP卜(i/Tk

+ i/oi)t)∑

- 37 -
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Fig･ zzz-1･ Jablonski diagram
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Fig･ ==ト2･ Experimental definition of the polarized components

of the fluorescence.

- 38 -



Fig･ Ill-3･ Direlctions of absorption oscillator OA and of emission

oscillator OE with reference to the axis of an ellipsoidal molecul占.
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=V MEllHODS AND か1ATER=ALS

=V-1 Methods

=V-i-1 Steady-excitation fluorometry

ーSteady exc土七at土on fluorometry was made with H土tach土

MPF-2A spectrofluorometer. The sample cuvette used was

3 3
of the d土mens土on oflxlx4cm or O･3×0･3×3cm

r

Var土at土on ln the 土nc土den七photon flux as a function of

wavelength was corrected using rhodamine B in ethylene

glycol as- a quantu皿COunter 【131】. Em土ss土on` spectra were

corrected w土tb the fluorescence of β-naphthol in acetate

buffer [132]. Quantumyields Were determined with quinine

sulfonate ln O･1 N H2SO4 aS a Standard of quantum ye土1d

0.50 【133】. Fluorescence polar土zat土on an土sotropy ∫ was

determined as follows 【134】 ;

エーl - G工⊥

ど (工Ⅴ-1)
工Il + 2G 工⊥

where エー' and 工⊥ were the fluorescence 土ntens土t土es of

vertically and horizontally polarized components ob七a土ned

after the sample solution being excited with vertically

polarized light; G was a correction factor wh土cb compensates

for a degree of polarization added by the mirrors and

grating in the emission monochrometer.

工V･-i-2 Pulse-excitation fluorometry

Determination of transient fluorescence w畠s performed

with a single-photoelectron counting apparatus consisting
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i

～ ､･

of ORTEC light pulser 9354r RCA 8850 photomultiplierr

electronic NIP- modules of the ORTEC 9200 system and Cambera

t

8100 multi-channel analyser･ The block diagram of the

system is shown in Fig･ =v-1･ The power supplied voltage

of the light pulser was 7-10 kV, at which 10,000 to 20,000

flashes were produced
_per
second. Electr土c spark 土n air

(i atm)
-was

used for excitation (Fig･ =v-2)･ The N2

emission at 337 nm was isolated with a Koshin 337 interference

filter (Al - 8 nm) or a combination of Nikon U-35 glass

filter and NiSO4 SOlution filter･･ the N2 emission at 358 nm

was isolated with MTO-357 interference filteと. The

photomultiplier Was operated at 2.4 kV. Fltiorescence

em土ss土on from the sample cuve七te (1 × 1 × 4 cm3) was viewed

through Spex monochrometer 一切=N=}乍ATE.I
and/or

a series of

Fuji-Film SC cut-off filters. Temperature in the cuvette

was controlled w土th土n + 0.5 oC,

One of signals furnished from the Timing Pickoff unit

of the light pulser was used for ideロ.tification of the

exact time at which theJ light pulse
was
generated. 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 sing.1e-pho七oelectron events, this c土rcu土t allowed the

time-to-amplitude converter to furnish the timing information
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to the MCA memory. The time axi-s for the multichannel

analyser was
calibrated using ORTEC 425 delay line.

Linearity between the time afterl excitation and the channel

number of the MCA memory was checked with the fluorescence

decays of quinine sulfonate in O･1 N N2SO4 and of N-(i-pyreny1)

methyliodoacetate in ethyleneglyco1 (Fig. =V-3).

工n measurement of fluorescence an土sotropy decay, the
ヽ

polar土zer holder 土n the exc土tat土on side was rotated back･

and forth in a plane transverse to the light path,･ and,

the fluorescence emlss土on polarized vertically was observed.

工n this system′ compl土cat土on 土n def土n土tion of fluorescence

an土so七ropy due to difference of transm土tance between two

principal components of polarized lights in the monochrometer

could be avoided. The principal components =n and =i of

polarized fluorescence were observed alternatlvely at

intervals of one minute and stored 土n sepa工･ate quarters

of the MCA memory respectively. The polarizer used was

prepared by streching poly-vinylalcohol film permeated

with iodine in one direction [135]. The polarize土 thus

obtained transmitted 42-52 % at 315-500 nm when the axis

of the polarlzer was set 土n parallel to 七he d土rect土on of

polarization of incident beam and less than.0.2 % at

280-500 nm 土n 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 d土scr土m土naters which

selected a time window during the decay,･ the signals after

-
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the discrimination were collecte-a_ in MCA which was set in

.
the mode of multichannel scalling,･ a grating in the

monochrometer was
automat土ca土1y rotated so that the channel

number in -MCA corresponded to the emission Wavelength

l土nearly.

=Ⅴ-i-3 Misce11aneous techniques

■

i

[ i

Absorption spectra were measured with Zeiss PMQ-==

spec七ro-photometer. でhe sample cuve七te used was of a

3 3
d土mens土on of 1

x 1 x 4 cm or 0.5 × 1 × 4 cm .

The ATPase activities of heavy meromyosin and myosin

sub fragment-lュn the absence and 土n the presence of ど-ac七土n

were measured at 25 oC. After the reaction was stopped

by add土t土on of tr土chloroacet土c acid, the l土bera七ed

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 polymerized in the buffer

containing 0.i M Na-phosphate (pH 7.0). Samples were

incubated with i % SDS and i % 2-mercaptoethanol for 3-5 min

in boiling water. Running buffer contained O･1 % SDS and

0.i M Na-phosphate (pH 7..0). The gel was stained with

coomas土e br土11土ant blue. Dens土tometr土c measuremen七 of

SDS-gel electrophoresis patterns was performed with Gil fold

6050.

Ⅴ土scos土ty of act土n solution
was measured with an

Oswald-type v土scometer.
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=Ⅴ-2 Preparation Method of Muscle proteins

工Ⅴ-2-1 工ntroduct土on

All the muscle prote土ns 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

ヽ

of dエー土ed muscle and myos土n; doubly d土st土11ed water was used

土n the preparation of act土n･ pur土ty of the pro七e土ns obtained

was checked by use of SDS gel electrophoresis.

=Ⅴ-2-2 Actin

Rabb土t dried muscle was prepared by the method of

Straub [6] with the following modification,･ tropomyosin and

tropon土n were
removed be王ore 七he acetone treatment o王 the

myos土n-extracted minced muscle 【139】.

=n the preparation of the conjugates Of actin with

PM and ANN, the following procedure was used for
purification

of actin･ G-actin was extracted with 120 ml of dotlbly

distilled water from 6 g of the acetone powder at 0 oC.

After clar土f土cat土on. the extract was made up to

30 mM KCI so that actin polymerized: The partial polymerization

served to remove tropomyosin-like contaminatant [140].

F-actin thus obtained was sedimented by centrifugation at

5 × 104 rpm for 60 min･ F-actin pellet was homogenized and

depolymerized to G-actin in 0.2 mM ATP solution containing

O･1 mM MgC12, 0･05 mM EGTA and 2 mM =midazole一日C1 (pH 7･0)

【141].
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=n the preparation of the conjugates Of actin with

PM=A and P=AA, another procedure Was used for purification

f

of actin･ The extract of G-actin was made up to O･1 M KCI

so that act土n polymer土zed. After one hour′ the concen七ra七土on

of KCI was increased up to O･5 M KC1,･ this process served

to remove tropomyosin-like contaminatant 【142]. Polymeri写ed

actin was sedimented by centrifugation at 4･5 × loヰ rpm

for 60 min. F-actin pellet obtained
was washed.with 0.i M

KCI solution and then dissolved in 0.2 mM ATP solution

corntaining O･1 mM CaC12, i mM bicarbonate and i mM sodium

az土de. For further pur土f土cat土on of ac七土n,the cycle of

polymerization (0.i M KC1) and depolymerization at low

ionic s七reng.th was performed.

.The
protein concentration of actin was determined by

biuret reaction. The molecular weight of actin was taken

to be4.23×104 【7].

=V-2-3 Myosin

Myosin was prepared by the method of A. Szent-Gy6rqy1

【48】 with slight modifications[143]. ILPLyOSin I-.7畠s extracted with

0.3 M KC1, 0.15 P･1_phosphate buffer (pH 6.3) from minced

muscle at 0 oC for 15 min. After clarification, 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 KC1 (pH 6.5)

and then suspended in 0.3 M KC1 (pH 6.7). This solution

was cen'trifuged at 10,000 rpm for 60 min and the superrlatant

obtained was diluted 10 fold with cold water. Aggregated
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mYOSln Was again collected and resuspended in 0.5 M KCI

or O･5 M NaC1 (pH 7.0). Finally the myosin solution･was
I

clarified by
centrifugation at 50′000 rpTn for 60 min･

Purified･myosin was preserved in a 50 % glycerine solution

at -20
oC. The concentration was determined from

ultrav土ole七

absorbancer using an extinction coefficient

5.6 cm-1. 【144】.
､

工Ⅴ-2-4 Heavy meromyos土n

E芸o;o｡r皿

Two kinds of heavy meromyosin were prepared. The one

was obtained by tryptic digestion of myosip_,･ heavy

meromyosin(TR) ･ The other one was obtained by
chymotryptic

digestion,･ heavy meromyo占in(cT).

(i)三-:elこVY m己空Cr記Y〇Sirl (T.T'1)

Heavy meromyosin(TR) was prepared according to the

method of Lovey and Cohen [32]. Digestion of purified

myosin with trypsin (sigma chemical Co) was
carrie-a out

at 20 oC for 5 min in the presence of.0.5 M KC1, i r娘乍EDTA

(or i mM MgC12)I 10 mM phosphate buffer (pH 7･0)･ The

weight ratio of trypsin to myosin was i/500 to i/2'00.

The reaction was stopped by addition of trypsin inhibitor

(sigma chemical Cop) ,･ The weight干atio of tryp･sin inhibitor

to trypsin was 1･3 to 3･Ol･ Then the solution was dialysed

against 30 mM KC1, i mM MgC12 and 3 mM phosphate buffer

(pH 6･4) ･ Heavy meromyos土n(TR) was separated from

insoluble materials by centrifugation at 50′000 rpm for

60 rn土n and then pur土f土ed by ammon土um-sulfate fract土onat土on
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between 45 % and 55 % saturation. The concentration of

heavy meromyos土n(TR) was determined by b土uret reaction.
I

(土土) Heavy meromyos土n(Cで)

Heavy meromyosin(CR) was prepared according to Weeds

and Pope [41]. Digestion of myosin with ct-chymotrypsin

(Sigma Chemical Col.) was carried out at 20 oC for 10 min

in the pLresence of O･1 M (or O･OI M)'NaC1･ i mM MgC12 an卓

10 mM phosphate buffer (pH. 7･0) ･ The concentraticnsof

myosin ardα-chymotryp畠in were 10
mg/ml and

0.05 mg/m1,

respectively. The reaction was stopped by addition of

phenylmethanesulphonyl fluoride at the final concentra七土on

of i mM. Heavy meromyosin(CT) obtained was purified by

the same procedure as 土n the pur土flcat土on of heavy

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

was determined from ultraviolet absorbance, using an

extinction coefficient

E;o;o.nm
- 6･45 cm-i [145]･

The molecular weight of heavy meromyosin (both TR

and CT) was taken to be 3.4 x 105 [33].

=V-2-5 Subfragment-i

subfragment-i was obtained by digestion of myosin with

cL-Chymotrypsin according to weeds and Taylor [146】.

D土gest土on was carried ou亡at 20 oC for 10 m土n 土n 七he

presence of 0.i M NaC1, i mM EDTA and 10 rnL･1 phosphate

buffer (pH 7.0). The concentrations of myosin and 〔x-

chymotrypsin were 10
mg/ml and 0.05 mg/m1, respectively･

The reaction was stopped by addition of phenylmethanesulphony1
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fluoride. The crude subfrag･menモー1 was pur土f土ed by

ammonium-sulfate fractionation between 55 % and 67 %

saturation. The concentration vfas determined from

ultraviolet absorbance, using an extinction coefficient

E…….nm
- 7･5 cm-l･ The molecular weight of sub fragment-i

wats taken to be l･15 HO5 [145]･

工n.some cases. pur土f土ed subfra9menト1 was fract土onated

into the one with alkali-i 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] ･

=v-3 Preparation of Labelled Actin

=Ⅴ-3-1 PM-labelled actin

N- (i-pyreny1)maleimide was prepared from i-aminopyrene

purchased from Tokyo Chemical Industry Co･ as described

by Weltman et a1. [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/i by VOlume).I

a single spot Was observed [148]. PM(i mM)dissolved

in acetone was mixed with G-actin in the presence of
O･2 rnM

ATP･ 0･1 mM MgC12･ 0･05 m由EGTA and 2 mM =midazole-EC1

(pH 7.0). The concentration of G-actin in the mixture
was

o.5 mg/ml and the molar ratio of the dye to actin was about

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

o oc and then centrifuged at 5
× 104 rpm

for 30 min･
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The supernatant was made up to 60 rnM KCl and the resulting

labelled ど-act土n was sed土mented by centr土fugat土on at･

5 x 104 rpm for 60 min･ The'pellet of PM-labelled F-actin

was depolymerized to G-actin by lowering the ionic strength.

4
Finally, dusts were removed by centrifugation at 5 × 10-

rさm. purification of PI･卜Iabe11ed actin was done below 5 ｡c.

PM-labelled actin Was used within one week 阜fter the

labe11ing･ The degree of the labelling was 60-70 %,･ the

molar absorptivity of PH adduct with actin was determined

to be 3･4 x 104 M-1cm-i at 344 nm according to the method

of Betcher-Lange and Lehrer [149].
'

The ability of PM-labelled F-actin to 畠ctivate the

Mg++-ATPase of heavy meromyosin was tested (Fig. =v-10).

The double reciplocal plots [59] of the rate of Mg++-ATPase

of acto-heavy meromyos土n and the concentration of the

added actin show that the apparent activation of Mg++-

ATPase of heavy meromyosin by PM-labelled F-actin was lower

than the activation by the unlabelled F-actin. The value

of Kd Was 5 × 10-6 M and Vmax was 7umoles/(mg･min) for

unlabelled F-actin,･ on the other hand, Kd Was 7 x 10-6 M

and Vmax was 5umoles/(mg･min) for PM-labelled F-actin･

Relat土onsh土p between act土n concentration and spec土王土c
l

viscosity was measured in･ the presence of 0.1.M_ ⅨClr i rnM

MgC12t O･2 mM ATP and 10 mM phosphate buffer (p巳7･0)･

The increases in specific viscosity of PM-labelled actin

and unlabelled actin were parallel (Fig. =v-ll). The

cr土t土cal concentration of unlabelled act土n was about 0.005

mg/ml and that of PM-labelled actin was about 0.O10 mg/m1
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under the solvent condition. No difference in the rate

of polymerization between pM-labelled actin and unlabelled
l

actin (o･5 mg/m1)
was detected from th; observation o,f

the t土me､ course of v土scos土ty土ncrease after add土t土on of

O･1 M KCr (Fig. =v-12). Therefore, ve concluded that the

labell土ng･ did not essentially af王ec七polymer土zat土on o王

actint though there was a slight difference in the critical

concentra七土on.

=Ⅴ-3-2 ANM-labelled actin

N- (i-anilinonaphthy1-4)maleimide (ANN) '[150] was

Purchased from TE=KA and used Without further purification.

ANN-labelled actin was prepared by the same procedure

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

=V-3-3 PM=A-labelled actin

N- (i-pyreny1)methyliodoacetat占 【pM=A] was purchased

from Molecular Probes (U.S.A.) and used without further

purification･ when the dye was developed on silica gel

sheets with a solvent containing n-hexane and acetic acid

(99/i by volume), a single spot was observed.

PM=A (10 mM) disolved in acetone was
mixed With F(Ca)-

actin in the presence of O･1 M KCl, i nlM- MgC12, 0･l mM CaC12,

0･2 mM ATP, i mM bicarbonate (p王子7.6) and i m凹 sodiumazide.

The concentration of actin was i
mg/ml and the molar ratio

of dye to protein was about 1=1･ The conjugation reaction

was contlnued 土n the dark at 20 oC for 12 h and then

Whatmann CF-ll-cellulose was added at the final concentration
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of i %

.(wt/wt)･
I
After removal o､f the cellulose, PM=A-

1abelled ど-act土n was sed土mented and resuspended 土n a

solvent containing O･2 mM ATP, 0■･1 mM CaC12, i mT41 bicarbonate

and i mM sodium azide. Purification of PM=A-labelled

act土n was made by repet土七土on of the cycle of polymer土za七土on

and depolymer土zat土on.

The degree of the labelling va? found to be 60-90 %,I

the molar absorptivity of PM=A adduct with G-actin Was

determined to be 2.9 x 104 M-i cm-i at 347 nm [149].

The relationship between the concentration of actin

and spec土f土c v土scos土ty was 土nvest土gated 土n the presence of

O･1 I･1 KC1, i mM MgC12, 0･1 ntM- CaC12, 0･2 mM･ATP, 10 mM

phosphate buffer (pH 7.0) and i mM sodiumazide. The

increases in specific viscosity of PM=A-labelled actin

and unlabelled actin were parallel (Fig. =v-13).

The critical concentrations of both PM=A-labelled actin

and unlabelled actin were about 0.005 mg/m1.

工Ⅴ-3-4 p工AA-labelled act土n

N-.(1-pyrenyl)土odoacetam土de 【P工AA】 was purchased from

Molecular Probes (U.S.A.) and used without further

purification. purity of the dye was checked by chromatography

on a silica gel sheet,･ the dye was firstly conjugated

w土th 2-mercap七oethano1. wb土ch was then developed with a

solvent consisting of chloroform,
hexane and acetic acid

(90/10/i by volume). There was a main spot which exhibited

strong. fluorescence 土n d土○Ⅹane and a faint spot which

scarecely exh土b土ted fluorescence.
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P=AA (3 mM) dissolved in a mixture of 33 % acetone

and 67 % dioxane was mixed with F(Ca)-actin in the presence

L

of OIL M KC1, i rnI4MgC12, 0･1mM CaC12, 0･2mMATP, 10 mM

phosphate buffer (pH 7.0) and i mM sodium azide. The

concentration of actin in the mixture Was i mg/ml and the

molar ratio of dye to p工･Ote土n was l=1･ The conコug･at土on

was cont土nued 土n the dark at 20 oC ､for
20 b and 七hen

whatmann CF-ll-cellulose was added at the final concenヒra七土on

of i % (wt/wt). After.removal of the cellulose adsorbing

unreacted dye′ P工AA-labelled F-ac七土n was sed土men七ed by

centrifugation at 4･5 × 104 rpm for 70 min and resuspended

in a solvent containing O･2 mM ATP, 0･1 mM CaC12, 2 mM

=midazole-HC1 (pH 7.0), i mM mercaptoethanol and 1rnM

sodium azide [G-buffer]. Denatured actin was removed

during two cycles ･of polymerization and depolymerization･

Further pur土f土cat土on of P工AA-labelled G-act土n was made

by gel chromatography
on Sephacryl super fine (Phermacia) [151] ･

The degree of the labelling was found to be 60-95 %,･

the molar absorpt土Ⅴ土ty of p工AA adduc上 with G-act土n was

2.2 x 104 M-i cm-i at 343 nm which was determined according

to the method of Betcher-Lang,e and Lehrer [149] I

Before doing spectroscopIC Studyr 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 OIL M KC1,

i mM MgC12, 0･1 mM CaC12, 0･2 mH ATP, 10 mM phosphate

buffer (pH 7.0) i mM 2-mercaptoethanol and i mI4･ sodium

azide [F-buffer] at 20 oC is shown in Fig. =V-14･ =t

-
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can be seen that the cr土t土cal concentration of the labelled

?ctin
was
about O･005

mg/m1･ This value is the same.as

(

the one
obtained for.unlab白11ed actin. =n order to

estimate the content of denatured act土n, we measured the

protein concentration in the supernatant after centrifugation

(a,t 4 × 104 rpm for 90･min) of P=Zn-labelled F-actin (0.2

mg/m1) in F-buffer: The protein corlCeptration was estimated

from the fluorescence土ntens土ty of the tryptophan resldues･

Then about 2 % of the total actin was found to lose the

polymerizability after the conjugation.

-
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Fig･ =Ⅴ-1･ Block diagram of the experimental system of pulse-

fluordmetry･ Fl, F2: optical filter, Pl, P2: POlarizer,A---

represents the optical path･
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monochrometer "M=NI比ATE…. The wavelength resolution was 0.2 nm.
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Fig. =Ⅴ-3. Linearity between the time after excitation and the channel

number of the MCA memory･ The fluorescence decay of the conjugate Of

N- (i-pyreny1)methyliodoacetate with 2-mercaptoethanol was measured in

ethyleneglycol at 15oc. Excitation was at 337 nm and emission above

370 nm was collected altogether. lone channel corresponds to 4.0 nsec･
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Fig. =V-4

preparation Method of Muscle Proteins

muscle (cold)
I

minced
i
+ 3 vQl of Straub solution (-2oC)
J

stirring gently,for･ 10 min

5000 rpm x 15 min

i
R

i

+ 3 vol cold water

守
｢主t;r三;三g5fO｡ご5K::ニo●3?

"a"co3

;e:芸ヰ
+ 3 vo1 i mM NaHCO3

i
stirring for 5 min

i/2 vo1 i mM NaHCO3

over n土9ht at 60c

5000 rpm x 15 m上n

jiii

;軍亨

守
actin residues

jiiii
repeated

5 t土mes

I

+ 5 vol acetone

I
st土rr土

native TM

ng vigorously for 5 min

over night at room temperature

dry muscle

〒==================

stored 土n vacuum at 6oC

Myos

t
+

in (crude)

14 vo1 i mM MgC12(cold)

1 h

decantat土on

患
5000 rpm 冗 15 m上n

血ashing with sol.A
)

d土ssolved 土n sol.B

ヰ

守

塞

23.000 rpm x 60 mュn

10 vo1 i mM MgC12

5000 rpm x 15 m上n

d土ssolved 土n sol.C

Mii
n

ii

50.000 rpm x 60 m上n

+ 2 vol sol.D
J

glycerinated Myosin solution
I

stored at
- 20 oC

struab solution ･･
0･3 M BIC1, 0･15 M K-PO4′ PH 6･3

so1･A ･･ 30mMKC1, i
mMMgC12, 5 mM文一PO4, PH 6･5

so1･B I 0･3 M KC1, 1mMMgC12, 10mM K-PO4, PH 6･7

sol･C ･･ 0･5 M NaC1, i mMMgC12, 10m氾Na-PO4, PH7･O

so1･D ,･ 79 ml glycerine, 17 m1 3 M NaC1, 2 m1 0･5 M Na-PO4(pH7･0),

1m1 0･1MMgC12, 1m1 10m的`EGTA/ 100m1
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Fig. =V-5

Preparation of G-act土n

アry
"uscle (6g)

+ 120 ml b土d土st土11ed water

at OoC for 30 m土n

50′000 rpm x 40 m上n

+ 0･1 M KC1, i mM NaHCO3, 0･2･mM ATP

+ 0.5 M KC1

45′000 rpm x 60 mュn

homogenized in sol.F

45.000 rpm x 60 mュn

homogenized in sol.G

night (OoC)

45,000 rpm x 60 m上n

+ 0.i M KC1

45′000 rpm x 60 mln

homogenized 土n sol.G

享_==t=-子千_I
night (OoC)

45.000 rpm x 60 m土n

毛も

+ 30 mM KC1

50,000 rpm x 60 m上n

ized in sol.GI

night (OoC)

50.000 rpm x 60 m上n£≡g?≡:
÷ 0.i M KC1

50.000 rpm x 60 mュn

homog■enized 土n sol G-

fteラ三
night (OoC)

50′000 rpm x 60 mュn

so1･F J･
0･1 M KC1, 0･1mMCaC12, 0･2 mMATP, 1mMNaHCO3, i rnMNaN3

so1･G ,･
0･1 mM CaC12, 0･2 mMATP, i rnM NaHCO3, i mMNaN3

so1･GI ,･
0･1仙MgC12, 0･2 mM ATP, 0･05 rnM EGTA, 2 mM =midazole-HC1

(pH 7.0)
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Fig. =v-6

PreparationL Method of Heavy Meromyosin and Myosin sub fragment-i using

α-chymotryps土n
l

＼

glycerinated myosin
★

+ 10vo1 1mMMgC12 (or lmMEDTA )
I

蕃

-ti--i

5000 rpm x 15 mュn

★

dissolved in O･5 M NaC1, i mMMgC12 (or i mM EDTA )･
I

10 mM Na-PO4, PH 7･0

50.000
rpm x 60 mュn

*

o･1 M NaC1, i mM MgC12 (or i mM EDTA ), -10mM Na-PO4, PH7･0

10
mg/m1

0･05 pg/m1 α-chymotrypsin

at 20oC for 10 m上n

i:≡:

I
+

害富岳i
i. o mM phenylmethanesulfonylfluoride

30 mM

50,000

0

repeated

5 times

NaC1, i mM MgC12, 3 mM Na-PO4′ PH 6･5 at OoC

rpm x 60m土n

☆

42 % (or 55 % ) Am. Sulf.

10′000 rpm x 30 m上n

☆

55 % (or 65 % ) Am. Sulf.

10,000 rpm x 30 m土n

ノ

o･15 MIKC1, i mM MgC12, 1 mM NaHCO3

the same SOlut土on

30 rnM KC1, i mM MgC12, i mM NaHCO3

★

heavy meromyosin (or myosin subfragTnent-･1 )

-
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(c)

も
I.

､

Fig･ =v-7･ SDS gel electrophoresis patterns of myosin subfragments･

(a) heavy meromyos土n obtained by tryptic d土gestion土n the presence of

i rnM EDTA･ (b) heavy meromyosin obtained by chymotryptic digestion

in the presence of i mM MgC12,･ and light chains, gl, g2, g3 0f myosin

(upper). (c) myosin sub fragment-i-obtained by chymotryptic digestion

in the presence of 1 m♪1 EDTA; Sl-Al (lower) and SトA2 (upper).
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Fig. =V-8. Absorption spectra (left) and chemical structures (right)

of N- (i-pyreny1)maleimide [PM] ,
N- (i-pyreny1)methyliodoacetate [PM=A]

and N-(i-pyreny1)iodoacetamide [P=AA]. Absorption spectra were

obtained under the following condition: 10 uM PM in cyclohe}:ane(upper) ,･

8 1｣M PM=A in cyclohexane(middle) ,･･ 6.6 tlM P=AA in ehtyleneglyco1(lower).
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Fig. =v19

Preparation Method of Labelled Actin

(i)

G-

1
+

i
+

I
+

actin (i.0 mg/m1) in sol.G

0

3

.i
M KC1

0 m上n

i mM MgC12
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+ i % (wt/wt) CF-ll-cellulose

3000 rpm x 8 mュn

3G2 glass filter
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homogenized in sol.G" or G

night
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+ 0.i M KC1

45,000 rpm x 80 m上n
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宮
the same buffer
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●

(上土)

G-actin (0.5 mg/m1) in sol.GT

+lltlM dye (PM)

ia
i

t ooc for 30-60 m土n

50.000 rpm x 30 mュn

+ 60mM KCI

I at loo°-for.1 h

50′000 rpm x 60 mュn

I
homogenized in sol.Gl

night

50.000 rpm x 30 mュn

+ 0.i M KC1

50,000 rpm x 60 min

hdmogenized in sol.Gt

chromatography on sephacryI S-200

I

labelled G-act土n

night

50.000 rpm x 30 mュn

labelled G-actin

so1･G ,･
0･2mMATP, 0･1 rnMCaC12, i mM NaHCO3, i mMNaN3

so1･GT ･･
0･2 mM ATP, 0･1 mM MgC12･ 50 uM EGTA, 2 mM =midazole-HC1(pH 7･0)

so1･G‖ ･･ 0･2 mM ATP, 0･1 mM CaC12･ 2 mM =midazole-HC1 (pH 7･0)′

1 mM NaN3, i mM 2-mercaptoethano1
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Fig･ zv-10･ Double recIPrOCal plot of the rate of acto-heayy

meromyosin(cT) Mg-ATPase and the added actin concentration.

●---I. unlabelled F-actin,･ …. pM-labelled F-actin. Solvent

condition= MgC12, 1･5 rnM,･ KC1, 5 mM･･ ATP, i mM,･ Tris-HC1, 10 mM

(pH 8･0), at 25oC･ The concentration of heavy meromyosin was

O･036
mg/m1･ The ATPase attivity of heavy meromyosin(cT) only

was 2･17 岬 Pi/min/mg protein in the presence of 10 mM CaC12･

30 mM KC1, i mM ATP and 10mM Tris-HC1 (pH 8.0) at 25oC.
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Fig. =Ⅴ-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 act土n (closed circle) ･工n主上土al
solvent

condition was O･1 mM ATP, 25 uM MgC12( 12 uM EGTA and 10 mM Tris-HC1

(pH 8.0) and the.concentration of actin was O･5
mg/m1 (at 20oC)･
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F土g.工Ⅴ-14. Speclf土c v土scos土ty as a funct土on of the total

concentration of Pl九a-labelled actin in the presence of 0.i M KC1,

i mM MgC12･ 0･1 mM CaC12･ 10 mMphosphate buffer (pH 7･d)∫ 0･2 mM

ATP, i mM 2-mercaptoethanol and l'mM NaN3 (at 20oC)･
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V BASIC PROBLEMS =N PULSE-FLUOROliETRY

!p

i

エn the study of fluoresoence an土sotropy decay by

single-photoelectron counting, a long data 畠ccumulation

time w上ll be necessary土f the measurement 土s_ performed a七

a
. low count rate where d土stortlons due to multエー

photoelectron effect can be neglected. This is a serious
ヽ

1土m土tat土on to the appl土ca七土on of this method to lab土1e

pro七e土ns. 工n this chapter. a method will be presented

by which fluorescence an土sotropy decay can be detem土ned

without any large distortion even when the measurement
■

is performed ata high count rate. Then the data accumulation

time can be reduced to less than 1 hour.
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Ⅴ-1 工ntroduct土o n

Compared w土七h the o七her 七echn土ques of fluorescence

l土王e七土me measuremen七【152′153] ′ s土ngle-photoelectron

counting method offers operation with excellent signal-to-
ヽ

noise ratio. This makes a direct measurement possible

not only of fluorescence
decay

v,ith multiple lifetimes,

but also of an土sotropy decay with mult土ple 工･elaxat土on times

[104-106】. On the other band. practical problems 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 problem 土n analysis of experimental

fluorescence decay curves v土11
be d土scussed 土n the section

V-3.

v-2 Determination of Fluorescen.ce Anisotropy Decay by

Single-Photoelectron Counting Method

Ⅴ-2-1 工ntroduct土on

=n single-photoelect'ron counting methodr the time-to-

amplitude converter is triggered when the nanosecond pulser

emits
a short duration of l土9ht wb土ch will excite fluorescent

molecules,･ and.I it is stopped v7hen subsequent
fluorescence

induces eコeCt土on of a photoelectron from the photocathode
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in the photomultiplier. TheIュ the tTime lapse between

these two events is converted into a proportional voltage

pulse which is then stored i,n the corresponding channel

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

of excitation cycles, the histogram of fluorescence

土n土ens土ty decay will be formed･ 工f two or more pho七oelectrons

are
ejeC.ted during one excitation cycler the timing

ヽ

information of only the first one is recorded in the MCA

memory･ Then the histogram recorded at a b土gh count rate

will be more or less distorted. Tb土s 土s called multエー

photoelectrcn effects･ Therefore data are tlSually 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

an土sotropy decay of ]_ab土1e labelled prote土ns･

The techniques have been receritlv developed vI'hich

diminished this difficulty [155,156]. Miehe et a1･ [157]

reported_ the fluorescence lifetime measurement Without

distortion even at a highcountrate, by using the photo-

multiplier with high-gain first dynode Which allows to

distinguish single- and double-photoelectron events [158,159] ･

on the other hand, the basic problem in determination

of fluorescence an土sotropy decay by
.pho七oelec七ron-

couhting system has not been discussed in detai1･ Even

when the instrument is used which can select the single-

photoelectron eventl the definition of anisotropy decay

Which is usuallv used
in the n,LeaSurement at a low count rate

is not appropriate for the m'easurement at a high count rate
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The method of correction necessary for the performance at

a- high count rate is provided･ The problem which arises

from both fluctuation of fludre畠cence intensity and

incompleteness of selection of single-photoelectron events

will be also discussed.

Ⅴ-2-2 Photoelectron counting

工f pho七oelectron em土ss土on
from the photoca七bod土s

independent stat土st土cal event from each other.the

probability ◎(t) of emission of a
photoelect主on

is

proportional to the instantaneous light intensity =(t) :

i.e.′ ◎(t)dt
-

β工(t)dt. where β 土s the quantum eff土c土ency

of the photom'ultiplier [160]. From this relation, the

probability distribution pk(t･t+T) of emis占ion of
k

photoelectrons 土n a flnl七e t土me土nterval between t and

t+T is given by [161]

･:

pk(t･t+T).- (i/k!)(BU(t,t+THk exp(I-BU(t･t+T))

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

土ntens土ty, namely,

U(t,t+T) 工(t-)dt-

(Ⅴ-1)

(Ⅴ-2)

Now we shall consider a g･reat number of exc土七a七土on

cycles in each of which a flash burst of exciting lights

occurs at zero time and the subsequen七fluorescence′ whose

土ntens土七y at t土me七土s 工(t)′ 土nduces em土ss土on of photo-

electrons. =n the measurement of fluorescence decろy by

photoelectron counting method′ the practically
interesting

-
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quantity is the ensemble average of the probability

pk(ti･ti+i) which is taken over a great nunヒer of excitation

cycles:
'

pk(ti,ti+i)
= (i/k!)[(El･u(ti･ti+i))k expf-βru(ti,ti+i))]

(Ⅴ-3)

where the bracket [ ] means the ensemble average,･ t. is
l

ヽ

the time a宕ter the 土nstance o王 each flash burs七of exc土ta七土on

and the t土me土nterval from･ t･ to t土+1 COr･reSpOnds七o the
l

i-th channel of the MCA memory: (=t is assumed to be

independent of l′ tbat土s′ t土+1-tt = E for~all of土･)
1

一

工n the case where the fluorescence 土ntens土ty does not

fluctuate slg･n土f土cantly among different exc土tat土on cycles

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

reduces to 【162】

- k

pk(ti･ti+i)
= (i/k!) x･ exp(-i.)1 1

(V-4)

where

-
x
･ - [B u(ti,ti+i)] and this quantity

means the average
l

number of photoelectrons emitted at the time interval from

t･ to ti+i during one excitatior-ycle･
1

Let us consider the case that x. << i . Then the
l

probab土1土ties of em土ss土on of one and more than one photo-

electron can be approxlmated as follows:

p1(ti･ti+i)
=
x･
ユ

k…lきk(ti･ti･l'-
i- po- pl =支i2,2 (Ⅴ-5)

Therefore the probability pk>1(ti,ti+i)
is negligible

as

compared to p1(ti,ti+i) ･ The number Ni Of photoelectrons

-
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at the time interval t･ to ti+i

,Whi'ch

are counted after
l

a
greatlnumber of excitation cycles N is :

C

Ni
= Ncp1(ti,ti+i) -Jc芸i -lNc[βU(ti,ti+i)] (V-6)

The numb占r N. is therefore proportional to the intensity
l

of fluorescence at七he t土me土nterval t･ to t土+1･ Nevertheless
I

N. does not represent the experimental count M. stored
l 1

ヽ

in the MCA memory･ Since the time-to-amplitude COnVerter
Can

detect the first photoelectron emitted in a glV白n excitation

cycle, M. is given by the following formulas
1

i-1 i･-i

"i
=

"i

]塁｡
po'tj･tj.l'巴Ni{l

-

]圭."j'"c}
(V~7'

The experimental count M. can give the true decay curve
●

1

of fluorescence when the following condition is satisfied=

土-1

]!.
"j/"c i"a'"c ''l 'V-8'

where N is the total count of photoelectrons. This condition
a

is that the count rate Qf photoelectron is so low that no

more than one photoelectron 土s emltted･ per excitat土on cycle･

Miehe et a1. have considered the system with the

electron土c 土nstrumentat土on which
can select the exc土tat土on

cycle w土th sing.1e-photoelectron event. 工n this sys七em′

one count is recorded in the MCA memory when 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
l

MCA memory is :

M･ -

p1(ti･ti+i)1 pot(t],t]+i) ･Nc
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From Eqn (V-4)

"i="c;ieXP'-至芸]'～="c芸ie干p(~云'
`v~10'

where x means the average number of photoelectron emitted

over one exc土tat土on cycle. Tbe operation w土thout any

distortion in the observed histogram of fluorescence intensity

decay is'possible at much higher count rate in the system

w土tb -■select土on 土nstrument" than the system with?u七 土t【163】 ･

V-2-3 Selection instrument

=n our experimental system, the signals 'from the last
,

dynode of the pho七otube are driven to the pr白amplifier

throuqh which each pulse-like signal is converted to the
-∫

signal whose decay time is 50 tlSeC. When two or more photo-

electrons are ejected from the photocathode during one

exc土tat土on cycle. the t土me 土nterval between these events 土s

the order of the magnitude of the fluorescence lifetime

which is apparently much shorter than 50 tlSeC. Therefore,

the corresponding outputs from the last dynode will be

converted only to a single-pulse through the preamplifier.

The pulse-height of sユgnal from the last dynode varies

stat土st土cally in a manner characterized by the photomult土pl土er

[164]. Let f(V) be the statistical distribution of the

each slgna1･ Now imagine When only one photoelectron is

always ejected during one excitation cycle. Then the pulse-

height spectrumof the output signal of the preamplifier will

be given by
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り1(Ⅴ)
=

f(Ⅴ/α) (Ⅴ-ll)

where α glVeS the degree of
･T･ultiplicatidn

of the preamplfier･

=f two photoelectrons are always ejected during one excitation

cycle, then the pulse-height spectrum h2(V) can be given as

follows:

∴
h2(心,

-I:
hl(V-V.,hl(Ⅴ･,dV. ､

(Ⅴ-12)

/ J三I:hl(V-Ⅴ･,hl(Vt,dV･去v
where hl(Ⅴ) and h2(Ⅴ) are normalized so that~the土r土ntegrat土ons

●

Over pulse-height become
unity. Th土s relation can be

qrive? from the ref･ [165]･ Similarly, the pulse-height

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

㌔(Ⅴ,

-∫:
hl(Ⅴ-Ⅴ-,h｡-1-Ⅴ･

(Ⅴ-13)

/ ∫;∫:hl(Ⅴ-Ⅴ･,h｡-1(Ⅴ･,dV-dV

The number n of photoelectrons ejected during one excitation

cycle also varies stat土st土cally. ロnder the assu皿p七土on made

in Eqn (Ⅴ-4), its distribution'fun占tion is given by a

Po土sson d土str土bution, that 土s′

pn(Ⅹ) = (i/n!)云n dxp(一支) (Ⅴ-14)

t

LJ'.-■-
1

where加賀 glVeS the average ntlmber of this phenomenon.

Therefore, the observed pulse-height spectrum becomes

tゝ汚つ.･).'･.∫
.

■
I

相身L''r

､'hH･(V,･支)

-_‥ヱpn(云)
hn(V.)

n

-
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(≡

For an土nstant, we shall assume that hl(Ⅴ)土s a Gauss土an

distribution whose center lies on vo and whose half Width

is △Ⅴ･ Then hn(V) will be
abprdxim串ted

by a Gaussian curve

whose center lies on nvo and whose half tA=idth is rn△Ⅴ･

弛us only when △Ⅴ土s much smaller than Vo′ the observed

pulse-he土gh七 spectrum H(Ⅴ;Ⅹ) will show several v7ell-defined

peaks which correspond to single-′
.dduble-photoelectron

events and so on. This condition is well satisfied by RCA

8850 photomultiplier tube which contains high-gain first

and second dynodes. An exampleo-f H(Ⅴ,･Ⅹ) is given in Fig.

Ⅴ-1･ The decompsed pulse-height spectra hn(Ⅴ) (n-1･2･3)

were calculated from the fⅠ(V,･X) which I..7aS recorded at a small

value of X (X=0.O1). They are shown in Fig. V-2.

The strobe circuit shown in the block diagram of the

nanosecond pulse fluorometer (Fig. =Ⅴ-i) 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 d土scr土m土nat土on levels are set as -shvJOn 土n

Fig･ Ⅴ-2･ Only when the output of the preamplifier･ has. an

energy within the range of amplitude corresponding to

single-pho七oelectron events′ th土s c土rcu土七 allows tbe 七土me-

to-amplitude converter to furnish the timing information

to the MCA memory.

Ⅴ-2-4 f4easurements of fluorescence an土sotropy decay

Total and difference
fluorescence decays are related
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to the two pr土ncIPal components of polarized transient

fluorescence:

L

S(t) - エー-(t) + ■2 工⊥(t)

(Ⅴ-16)

D(t) = エー-(t)一 工ユ(t)

Let us define the time-integrated intensiti'es tTs (ti,ti+i) and

-uD(ti･ti+i) of total and difference ､fluorescence decays

according to Eqn (Ⅴ-2). These 土ntens土t土es are compu七ed､

from the experimental nlmbers Mu･ and M⊥･ using the following
l 1

formulae(F工･Om Eqn (Ⅴ-10) ) :

us(ti,ti+i) - (M,･i eXP(-x") + 2 M1･ exp･(-x1))/NcBl

uD(ti･ti+i)
- (M"i eXP(支‖)

- f･^il･ exp(-x1))/Ncβ1

(Ⅴ-17)

where M･ represents the count stored in i-th channel after
l

the excitation cycles Nc, and X represents the average number

of photqelectrons eコeCted over one exc土tat土on cycle; the

symbols
tl

andユmean the ver七土cal and horizontal componen七s′

respectively･ Exponents appearing in Eqn V-17 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.

工f X-■ and Xユ ≪1, the above equa七土ons may be approx土ma七ed:

us(ti･ti+i) - (M"･ + 2 MLi)/NcBユ_

uD(ti･ti.i)
- (MT'i -

M+i)/Ncβ
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The
max与mum count rate to bJe allowed to use Eqn (V-18) is

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

be obtained in the counting Lsyst-em having no instrument

for selec七土on of single-photoelectron even七s･ Because Of

this restriction, the long measurement time is necessary･

on the other hand′ to use Eqn (Ⅴ-17)′ we must de七erm土ne

the values of XT' and X･L experimentally. Two methods
are

ヽ

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

count frequency of the slgnal from the preampl土f土er wb土ch

has the amplitude over the noise level. Since the signal

土s counted as one whenever one or.more photoelectrons
are

eコeCted during one exc土tat土on cycle and zero o七herw土se′

the ra七土o 氏 of this frequency to the frequency of flash

of the lamp is given by the following expression:

R-

k圭IPk(X)
-i-Po(Ⅹ) -i-exp(X) (V~19)

From this exper土men七al 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 preampl土f土er has the 土nformat土on about these values as

expecte･d fromEqn (V-15)･ Since hl(V)I h2(V) and h3(V) are

already known, Pl(X) and P2(X) can be determined･ The ratio

R' of these is given by, from Eqn (V-14)

R･ -

p2(Ⅹ)/Pl(Ⅹ) -支/2

Therefore. we have two methods to determine X･
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we. have assumed provisionarly in Eqn (V-4) that

u(ti･ti+i) does not Vary Significantly among different

excitation cycles･
Now we cdnコuStify ･this

assumption
■
l

from comparison of the values of X determined from 良 and

R･. one of the main reasons of the fluctuation ln U(七土,七土+1)

土s･ that the number of pho七ons emitted from one王1ash
burst

of the lamp fluctuates･ =f there a芋e large variations
in

the intensity of exciting lightr the above assumption will

become incorrect, and, therefore′ Eqs (V-4) and (VT14) must

be replaced by
, respectively

and

Sk(ti･ti.i, - (i,k!, I?
(xi,k exp'-xi''wi'xi'dxi

'(Ⅴ-21)

pk(- (i,k!, I?
xk exp(-x, w'x'dX

Here w土(Ⅹ土) and W(Ⅹ)
are d土stribut土on funct土ons of x･ and

l

x respectivelyr reflecting fluctuation of the lamp intensity･

Apparently from Eqn (V-21) ･
the diffeヲence between the values

of X determined from R and R' becomes larger as W(X) has

a broader d土str土butlon.工nversely′ 土f we obtain s土m土1ar

values of X from 氏 and R-, then v∫e have reason tO COnS土der

tba七 the above assump七土on 土s useful･

Fig･ V13 shows the relationship
between the values

determined from R and RT. This result was obtained when

the lamp was under the stable condition,･ that ist the

signals from the Pickoff unit of the light pulser gave a

sharp pulse-height d土str土but土on･ At small va土ues o王Ⅹ

-
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(x<0.i), the values detemined ･from R were about 10 %

larger than those detem土ned from R-. Th土s discrepancy may

have resulted
from neglectiorl of the contribution of the

dark pulse whose rate 土s about 90 counts/sec at room

temperature. Apart from the regldn of small value of X′
a

good coincidence between the values detemined from R and

RT Was obtained. Needless to say, difference more than
ヽ

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

the lamp was not good.

Ⅴ-2-5 D土scuss土on

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 l･･iCA memory

not only for the cycles w土tb sing-1e-photoelectron events'

but also for the cycles with double-photoelec七ron ~even七s･

Therefore Eqn (V-1C) must be replaced by

"i
=

"c[AIPl'ti･ti+l'iSiPo't;･ti･l'
+ A2(Pl(ti･ti+i)

･‡･昌l(Ti･tま+i)kHii,].po(tk･tk+1)コ>1

+
p2(ti･ti+i)]niiPo(tj･tj+i) )] (Ⅴ-22)

Here Al and A2 mean the integrated areas, between the two

discrimination levels of the single-channel analyser' of

hl(Ⅴ) and h2(Ⅴ): (Fig･ Ⅴ-2)･ When fluroescence intensity

does not fluctuate largely among different excitation cycles'

-
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this may reduce to the following. formular similarly with

Eqn (Ⅴ-10)

'I

Mi
-

Nc(Al +A2(Ⅹi/2 +']Z,iXj))xi ･eXP卜交) (v-23)

since Al = 0･45 and A2
- 0･05 under the set of d土scr土m土nat土on

levels as shown in Fig･ V-2, the term containing A2 is not

small en?ugh to be neglected when モj'iXi (or X) becomes

large. Distortion due to this term Will appear in the

initial time region Of the experimental decay curve of

fluorescence where the number of counts co11ec七ed 土n each

channel is larger than what would be when A2･- 0･ Though

it is possible to correct this distrotion by. calculation,

the necessary-procedure is not simple. =f 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 d土ff土culty. 工n 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 be

non-effec七土ve by d土scr土m土nater 土n the stop s土rcu土t. 工f

the resoving time of the stop circuit is shorter than the

flurescence lifetime, the distortion due to the term containing

A2 in Eqn (Ⅴ-23) will be smal1･ Let us consider when real

anisotropy decay has relaxation times much longer than

the lifetime and r(t)
- r for the interesting time. =n

C

the extreme case 土n which the above cond土t土on 土s not sa七土s王土ed ′

the experimental curve口D(ti′t土+1)/Us(t土′t土+1)
has the

following approximated form:
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√

l

ロD(t土,t土+1)/Us(t土′t土+1)

巴rc{l + (A2'Al''l~rc''苧i'字+

],Zi亨j'}

(V-24'

Fig･ v-4 shows the experimental curves UD(ti,ti+i)/Us(ti･ti+i)

wh土ch were obtained from the polarized fluorescence decays

of PM-labelled F-actin. =t can be seen that the experimental

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

that the distortion is not.so large as pred_icted･ by･ Eqn.Ⅴ-24.

工n sumary, by the correction method presented bere′

the operation w土tbout lar°.e d土stort土ons 土n the observed

decay curve can be obtained 'even at the maximum freq-.u'･ency

of data accumulation fmax - fcAleXP(-i) (where fc is the

frequency of the flash burst of the lamp). 工f 七o七al count

of lO6土s necessary for each component of polarized

fluorescence to analyse fluorescence aniso七ropy decay with

sufficient accuracy, then the measurement time can be,

土n pr土nc土ple. reduced to only about one hour.

V-3 Analysis of Experimental Fluorescence Decay Curves

v-3-1 工ntroduct土on

Analys土s o王 fluorescence decay curve 土s complicated

by the finite duration of the exciting light pulse and the

response time of the detection?ystem･ =n the a-etection

system which responds linearly to the light intensityr the

fluroescence decay F(t) is given by the following convolution

product【166】 :
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ど(七) g(t') f(t-t') dtr -

g(t)*f(t) (Ⅴ-25)

where g(t) is the response function of.theJeXCitation light

flash and f(t) is the fluorescence decay-
wh'ich would

be

obtained if the excitation pulse is of a negligible duration

and the detection system had a negligible response function.
＼

Difficulties in recovering f(t) fro甲the expe_rimental curve

､l
ヽ

ど(t) may arise from (i) the dependence of 9(t) on exc土tat土on

and emission wavelengths a二nd (ii) the mathematical treatment

of Eqn (Ⅴ-25). Iiere, the practical problems in analysis

of fluorescence decay curve will be discussed.

Ⅴ-3-2 Determination of the response function g(t)

でhe observation that the response 王unc七土on of the

apparatus 土s waveleng.th dependent has been made by 工JeW土s

et a1. [167] and by Wahl et a1. [168]･ independently. The

response function g(t) itself must be considered as the

following double-convolution product [168] I

g(t)
-

gFL(入ex′ t) *gpM(大em, t) *三't(t) (Ⅴ-26)

where gFL(hex, t) is the distribution function of the light

intensity of exciting flash･･ gpM(lem, t) is the response

function of the photomultiplier,･ K(t) is the response

function of the series of the electronic devices. The

function gFL may喝depend
on the wavelength入ex used for

excitation･･ while gpM may depend on the wavelength
'入em

chosen at the fluorescence em土ss土on.
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For examination of the char'acteristics of the respons台

function of the photomult土pl土er RCA 8850 used ln the present

study' the fluorescerlCe SOlutionl was replaced by a solution

containing scatterers and the scattered light was viewed

with the photomultiplier･ Then ve could obtain the following

fubc土工on:

gex(t)
-

gFL(hex, t) *gpM(^ex･ t) *K(t) (V-27)

Here gpM(入em･ t) appearing in Eqn (Ⅴ-26) is replaced with

gpM(^ex･ t)･ The curves geX(t) which were obtained 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 (i atm)･

=t can be seen that the raising of the geX(t) curve is more

delayed at the long･er wavelength･ F土g･ Ⅴ-6 shows the full

width at half-maximum intensity (FW王IM) of the geX(t)
curve

as a function of the wavelength･ The FWHM decreased

monotonically with the increasing wavelength･ These

behaviours must be interpreted as follows: The time of

flight of the photoelectron
from the photocathode to the

first dynodel 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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し′

=n1 Order to examine how gFL'(lex･ t) contributes to

. gex(t), the air in the spark chamber of the light pulser

was exchanged with N2 gaSS･ 'The-n, a change in the shape

of geX(t) was detected in the tailing region,･ that is.

the

geX(上,
curve

decチY占d
more

slowli
in N2

gaS#
than in air･

This behaviour can be explained
by considering that

quenching processes of excited N2 molecules are reduced
ヽ

in the pure N2 gaSS･ Thus, if there exists the significant

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

the wavelength dependence of the l土fet土me o王exc土ted N2

molecule. On the other hand, when the light･pulser Was

operated in airr no slgni_ficant variation with wavelength

was detected in the shape of the tailing of geX(t) (Fig･ V-5),

indicating that the wavelength dependence of gFL(lex･ t)

can be negligibly small as compared with that of gpM(lex･ t)

at least in the wavelength region examined (from 317 nm to

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

necessary 土n analysis of fluorescence decay curves can be

approximated with the geX(t) curve obtained at th白same

wavelength as that of fluorescence emission･ The approximations

s土m土1ar to this are used by several workers 【169]･

Ⅴ-3-3 Numer土cal analysis of the data

A variety of deconvolut土on 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 serie? method'[1719]

g) Fourier transforms [180]

=n recent publications [181-183] ,
these methods have

been compared from each other′ and 土t has been shown that

ヽ

the least-square and modulating function methods have the

greatest ability in resolving closely spaced decay t.imes.

=n analysis of the data which Will be presented in Chapers

V= and V==, the method of least square is used with slight

mod土f土ca七土ons, because 土t can used to fit any chosen section

of the decay curve. Here′ the method used will be presented.

Ⅴ-3-3-1 The method of least squares

I: ･

Most of the deconvolution methods require an assumption

that f(t)土n Eqn (Ⅴ-25)土s a mathematical function which

is characterized by several parameters. The problem is

then to determine these parameters. 工n the method of least

squares, the convolution integral (Eqn (V-25)) is firstly

computed
for a set of the parameters; and. the computed

curve FCal(t)土s 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】:

x

-吉i=Y｡ui･{FiCal'-F･eX}2
2

1
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where F,Cal
I

･1
1S the time-土ntegrated土ntens土ty at the time

interval frqm t･ to ti+i (Eqn (V-2)),･ that is,
1

1

FiCal -

uFCal(上i,ti+i, -Jtt子･l去cal(･t,
dt (V-29,

ユ

and F土eX土s the count collected at theエーth channel･ S土nce

the stat土st土cal error of countlng･土s Po土sson d土str土buted-
ヽ

approaching to Gaussian distribution at a large number of

counts･ the weighting factor ui appearing in Eqn (V-28) is

given by the inverse of the number of counts at the i-th

channel 【181]:

ui- (FieX)-i (Ⅴ-30)

The values of the parameters which gave the minimum of x

have the best chance of being the correct ones which describe

the experimental data [184].

When the fluorescence decay f(t) is a sum of exponential

functions as described in the following equation, the

numerical equations for the calculation of the fluorescence

decay FCa1(t) may be simplified=

p

f(t)

-ふAk
eXP(-t/Tk) (Ⅴ-31)

The parameters to be estimated from the experimental curves

are the decay times Tk and the ampl土tudes Ak (k-1′2,-･′p)･

When the t土me 土ncrement E per One Channel土s much smaller

tエーan any of the decay times Tk′ fluorescence土n七ens土ty at

time t土′ FCal(t土)∫ Can be approx土mated as follows:
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p ､1

FCal(ti'=

k圭I

Ak

{,圭｡gj ･exp､卜'i-j'E/Tk')

gj- I:;_lg(t,
dt

FiCal = i(FCal(ti).I FCal(ti.i))

where

Thus

～
∫

L

i
辛

･!
;

(Ⅴ-32)一

(Ⅴ-33)

p 1

Ek皇1
Ak

(]圭｡gj eXP卜`i~j'∈/Tk]
+ 0･5 gi)

-･

Ek宣I
Ak fk(i, (Ⅴ-34,

The time necessary for numerical compu七at土on of至k(i) may

be considerably reduced by use of the following recurrence

【171]:

fk(i) - (fk(i-i) + 0･5･gi-i) exp(-E/Tk)
+ 0･5･gi

(Ⅴ-35)

Ⅴ-3-3-2 The method of moments

=senberg and his co-workers [175,176] extented the

method of moments, which had been firstly considered by

Bay 【174】. to the fom appl土cable to multエーexponen七土al

analysis of fluorescence decay data･ Let the s-th moments

of F(t) and g(t)
be defined by the following equations=

リs= ts ど(t) dt
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and

m =

S
ts9(t) dt † (Ⅴ-37)

When the fluorescence decay is the multi-exponential function

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

are sat土sf土ed:

ru ms-u+1

(s-u+1) !

p

ru- ‡ Ak(Tk)u

k==1

where

い■

~(Ⅴ-38)

(Ⅴ-39)

using Eqn (V138)′one can obtain the values rl･ r2･ -･

from the moments of the experimental curves FeX(t) and 冒(t).

Knowing rl, r2, ･･･
, r2p, One Can Obtain the a-ecay times

Tk (k-1′ 2･
-･′ p) as the roots of the polynom土al equation:

1 T T2 Tp

rl r2 r3 ･- rp+1

r2 r3 r4
-･ rp+2

● ●
● ●

● ●
● ●

●
● ● ●

rp rp+1rp+2- r2p

- 0 (Ⅴ-40)

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

1. 2.
.‥′ p).
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Ⅴ-3-3-3 The method of least squares with cut-off moments

;一

When one evaluates the 印OmentS Of the experimental

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

experimental data are
available only up to a certain time

tc･ The moments given in Eqn (V-36) must be approximよted

by the integrals from z･ero time to time t . The errors
C

ヽ

produced then are significant for the moments of FeX-(t) ,

especialy for the higher rhoments which are necessary for

multユーexponent土al analysis. ロnder some experimental

cond土t土ons, these errors may cause 土ncorrec七est土mat土on
′

of the decay parameters. On the other hand. the method

of least squares is free from this problem･ Disadvantage

of the method of leas亡 squares as compared to tha七 of moments

is in its long computation time. when the fluorescence

decay
consisting of a sumof p exponential terms is analysed

by the method of leas七 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】･ F土rs七1y, a set of the decay constants Tl′ T2,
-｣,

Tp土s tried; and, for each set of the Tk Values, fk(i)土n

Eqn (Ⅴ-34) are
evaluated which are functions of the decay

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

obta土ned=

n

C

vs(k) =ES+i ∑ iSfk(i)

ユニ0
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where n
= t .

C C

l

Us= r-

From Eqn (V-34),

p
l

us- ∑
k-1

l

Letリs be defined as follows:

土S･F.eX
l

Ak Vs(k)

(Ⅴ-42)

(Ⅴ-43)

H L] J

Given the cut-off moments
･リo,リ1, ･-･いp-i and･vo(k)∫.････

vp-i(k) (k-1･ 2,
-･･ p)･ one canobtainthe ampl土tudes

Ak (k-i, 2･ ･･･, p) fromEqn (V-43) ,･ then,･･F
Cal

are
C

′

calculated
from Eqn (Ⅴ-34)･ The set lof Tk being the most

probable may be attained after a search of the set of Tk

2
wh土cb m土n土m土zes x

･

under some experimental cond土t土ons′ 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 Tk are Sufficiently

long as compared With the duration of exciting- flash･ The

l

sums in Eqs (Ⅴ-28), (Ⅴ-41) and (Ⅴ-42) are taken from t to
C

tc, where

t:- n:
is the time from which

the contribution

of scatter畠d exciting light to the decay curve can be negligible`

Eqn (Ⅴ-28), (Ⅴ-41) and (Ⅴ~-42) Should
be replaced-by:

2

X
=

n
C

∑
I

1;=n
C

ui･(FiCa1
-

FieX)2 (v-29-)

n

vs(k)
-

ES+i ∑C iS･f･k(i)

1-nl
C
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n

u三-
ES ∑C iS･FieX

1

1=n

C

(Ⅴ-42-)一

Et,en when the method pr占sented above is used. a long

computa七土on time may be necessary 土n analysis of the

fluorescence decay wh土ch 土s a sum of more than two exponential

functions. However′ 土f one or more of these exponenen七土al

functions have much longer decay
copstants than those of

the other exponential functions (and if they are much longer

than the full width of half maximum of the response function

9(t)). the computation time can be reduced remarkably by

use of a following procedure. Firstly, the assumption is

made so that the tail region Of the experimental fluorescence

decay could be approx土mated with a sum of two exponen七土al

funct土ons; then the two decay constants Tp and Tp-1 Can

be estimated using the modified least square method. mentioned

above･ Secondly, a convolution product g(t)![Ap･exp(-t/Tp)]

土s subtracted from the experimental fluorescence decay;

the, tail region Of the subtracted fluorescence decay is

ag･a土n analysed with double-exponential decay and七he decay

parameters Tp-i, Tp-2, Ap-i and Ap-2 Will be estimated･

工f co土nc土dence 土s not obtained between the values of T

p-1

estimated from the first and second double-exponential

analyses, the above proce!dure must be re-examined,･ the time

regions used in the analyses should be altered･ =f the coincidence

is obtainedT the above procedure mlay be applied to determination

of the shorter decay constants.

Ⅴ-3-3-4 Analysis of total a.nd difference fluorescence decay

curvesby the method of least squares

-
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Total and difference fluor占scence decay curves are

computed from the experimental numbers M-.. and }1ユ.

.1
1
(Eqn

(Ⅴ-17))･ Let SieX and DieX'もe defined as follows=

sieX - M"i eXP(Ⅹ.･) + 2工･･lli eXP(Xl)

DieX - M"i eXP(X")
-

Mli eXP(Xl)

(Ⅴ-44)

=n the analysis of these Curves by the method of least

squares' the fitting between the calculated and experimental

curves is judged from the following quantities:

n

xs2一芸‡usi(SiCal-sieX)2
･ユニO

n

x,2一芸∑
u,i(DiCal-DieX)2

ユニ0

(Ⅴ-45)

(Ⅴ-46)

3

烏 や
ノ

where SiCal and DiCal are the calculated time-integrated

intensities at the time interval corresponding to the i-th

channel (Eqn (V-2))･ Since M"i and Mli Obey the Poisson

distributions, the weighting factors usi and LODi are

given by the following formulae:

ユ

LOsi -M"i eXP(2ⅩH) + 4 M
i eXP(2Ⅹエ)

LODi
-

M--i eXP(2Ⅹn) + Mエi eXP(2Ⅹエ)
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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 土ntens土ty was half as compared with when the upper curve

was recorded･ (The signal was amplified 730 fold. i channel-0.039 V)

(b): the ratio at each channel of the count number of two spectra.

50 100 150

RJLSE HEIGHT (CHANNEL椛).)

Fig･ Ⅴ-2･ Pulse-height spectra of the output signals of the preamplifier

wb土cb would be recorded土f one′ two or three photoelectrons are always

ejected from the photocathode during one excitation cycler respectively･

Vert土cal dashed lines show the lower and upper d土scri皿土nat土on levels

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

the abscissa is the same as the o.n占in Fig. Ⅴ-1.).
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0 0_5 l.0 X'

Fig. V-3. A typical observation on the relationship between the

values言' and言" which
were determined using f:qS. (V-19) and (Vr20)

∫

respectively.
---

represents the ideal case where fluorescence

intensity will not
fluctuate among different excitation cycles･

Fluorescence from qu土n土ne sulfonate土n
O･1N王i2SO4 Was Observed

through the cutJoff filter which passed above 400 nm･

×

･ニ_I:
:

It二_:;;

I
.
-

-ニギニ三三:-:,三≒iff_i_王二三.i::三て三三三ヰ_
ゝ

o 40 80 120 140 200

TlmE (ns)

i'

や

Fig･ v-4･ Curves of UD(ti･ti+i-ti)/Us(ti･ti+i -ti) of fluorescence

from PM-labelled F-actin which were recorded at three different count

･･-■ ]T ~1I
-

H

rates,･ ○_8: X -0.71, …: X -0.234.
×-X: Ⅹ -0.046. Dashed lines

represent the results if Eqn(V-18)was used (from
upper,喜一--o･o46,

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).

500 350 QOO 450

WAVELENGTH (NM)

Fig. Ⅴ-6. Fu11 width of half magnitude (FWHM) of the response

function geX(t) as a function of wavelength･
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VZ CONFORMAT=ONAL CHANGE OF ACT=N DURING THE POLYMER=ZAT=ON

=n this chapter, the behavit)ur of fluorescence and

absorption of the conjugates Of actin with PI4r PM=A･and

P工AA were
examined during. polymer土zat土on of act土n: でhese

fluorescen七 probes are labelled to the same site (Cys-373)

of the act土n molecule. From comparison of 七he data obta土ned′
ヽ

it was found that the structure near the C-terminal region

of the act土n molecule 土s not s19n土f土cantly altered by

increase in ionic strength. A large conformational change

at this slte 土s 土nduced after the assoc土at土on of G-act土n

mOnOmerS.
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Ⅴエー1 工ntroductlon

G-act土n polymer土zes 土nto a double-stranded polymer a七

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

chemical studies 1-ave been made on thermodynam土c character土s七土cs
ヽ

of G-F transformation of actin. =t was shown by Oosawa et

a1 [20] that polymerizati占n of acitn is described in t占rms

of condensation phenomenon. However, only a little amour-t

of information has been obtained as to what kind of change

will occur of the local structure of actin protomer during

the polymer土zat土on. For an 土nstance′ 土t has not been well

documented as to when the structural change of actin protomer

will occurr on increasing of ionic strength or on association

of protomers.

=n order to elucidate the conformational change of

act土n 土n the present study, a series of fluorescent probes

of pyrene moiety of different length of reactive group

Were labelled to actin and the fluorescence changes

associated with the polymerization of labelled actin Were

investigated･ The probes used were N- (i-py羊enY1)maleimide

【p工･1], N- (i-pyreny1)methyliodoacetate [Pr4-=A]. and N- (i-pyreny1)

iodoacetamide [P=AA]. Although the conjugation of PM with

actin has been previously investigated by Kawasaki et all

【185】. a more systematic study of the time-resolve∂･

fluorescence of PM-labelled actin was made in the present

work (Section v=-2). PM=A a'nd P=AA are the sulfhydry1

-
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reagents which have been土ecently produced by M･olecular

probes .(U.S.A.). The conjugation of PM=A and P=AA
to actin

may be firstly exam土ned土n the present.work (Section Vト3

and Vエー4, respectively). All these three p■robes were

found to be labelled to the same s土七e of act土n (Cys-373);

therefore, the results obtained using these probes can be

compared with each other and from this comparison- a more

ヽ

reliable information of the lat･e11ing si.te will
be obtained･

v=-2 Polymerization of PM-labelled_ Actin

Ⅴト2-i Changes in fluorescence decay curve.of PM-labelled

actip_ With the polymerization

Fluorescenc'e decay curves of PM-labelled actin were

investigated in a solution containing O･1 M KC1, i mM MgC12,

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/m1,
a significant change in the

fluorescnce decay curve was observed (Fig. V=-i) ･ Since

no F-actin was present at actin concentration of 0.003 mg/nl.

wh土cb 土s below the cr土t土cal concentration, all the labelled

act土n ex土sts 土n monomer土c
form. On the other hand. at the

highest concentration investigated (o.86 mg/m1) , the

majority exists in F-state. Kawasaki et a1･ [85] showeLd that

the average fluorescence lifetime of actin-pM conjugate

increased when the labelled G-act土n ､vas polymer土zed by

increasing ionic strength･ An important point found in

-

96
-



I

The present study is that the polymerization which was

I induced by increasing actin concentration without any change

)

in ionic-strength also bring about
a large increase in the

averag.e l土fe七土me.

=t 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

absorpt土on band around 376 nm where the em土ss土on spec七ru皿

has the maximun[186]. =f 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 act土n protomers or by unlabelled act土n

protomers. 工n order to examine this poss土b土1土ty′ F-ac七土n

was labelled with PM at various molar ratios of dye to

protein (0.06 to i.0) Pl-owever, We found no detectable

dependence of the fluorescence decay on the molar ra七土o

of dye to protein, indicating that the energy transfer at

high efficiency does not occur which would affect on the

fluorescence decay. =t is therefore apparent that a change

in the'1ocal structure around the labelling site of actin

protomer associated with polymer土zat土on must alter the

emiss土on mechanism of the probe.

Ⅴ=-2-2 =nvestigation on the multiple-lifetime of PM-labelled

F-actin

工n contrast to the fluorescence decay′ no appreciable

change in shape of either ab･sorption or fluorescence spectra

-
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of PM-labelled actin was detected a畠sociated with the G-F

transfor'mation (Fig, v=-2). Fig. V=-3 shows typical

excitation and emission spectra of fluorescence from P_M･-

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

(observed at 376 nm) bad
a fine strucutre of v土brat土onal

mode with peaks at 316, 329 and 344 nm. The emission spectrum

(excited.at 344 nm) also had a fine structure with peaks
ヽ

at 376, 386 and 418 nm. However, excitation at a wavelength away

from the peaks (e,冒.. at 356 nm) brought about
an add土t土onal

small peak at 385 nm 土n the emission spectrum. Conversely′

the exc土七at土on spectrum observed a七 385 nm h尋d a shoulder

around 356 nm. Corresponding to these, the histogram depended on

both emission land excitation wavelengths (Fig. Ⅴ=-4). =t

is apparent from the fluorescence decay cu.rves shown in Fig.

Ⅴ=-4 that the average fluorescence lifetims observed at

385 nm and 409 nm were shorter than that observed at 374 rm.

=t was also found that excitation at 358 nm gave a much

shorter average lifetime than excitation at 337 nm.

For determination of the factors ～-7hich might
'cause

the mult土pl土c土ty of the fluorescence l土fe七土me′ a
solution

of the labelled F-actin containging 5 mM horate buffer (･pH

8.0) was incubated at 35 oC for 40 hours 【149]. Ztwas found that the

flurescence emission peaks at 376, 396 and 418 nm diminished

or disappeared and. instead′ nev
emission peaks appearedLat 385

and at 406 nm (Fig. Ⅴ=-3). Associated with the change■ in

the emission spectrum, the comporl_enntS With loriger decay

constants ( > 60 nsec) in the fluorescence decay･ curve

diminished and the component畠 with shorter
decay components

-

98
-



( <30ワSeC) became dominant･ =t i畠worth noting that the

red shi'ft in the emission spectrum (Fig. v=-3) is similar

to that observed by Wu et all.[187] in, a system where a

secondary reaction between the succinimide ring of protein-

bound PM and a nearby amino group occurs･ Thereforer the

present finding suggests that the fluorescence decay of

pM-labelled F-actin consists of, at least, two chemically
､

(

distinct I
.

adducts of the dye,･
a main adduct which has

宕luorescence em土ss土on with the maximum at 376 nm and a

small amoun七 of contaminated adduc上s wh土ch 王ュave fluorescence

emission w土七h the maximum at 385 nm.

v=-2-3 Analysis of the fluorescence decay curves of PM-

1abelled F-act土n

Although the contribution of the contaminated adducts

may be negligible in steady-excitation fluorometryr it may be

not samll enough to be neglected in measurements of

fluorescence lifetime. This is because the components with

short decay constants w土11 affect the analysis of fluorescence

lifetime strongly･ Variations in the fluorescence decay

cur_Yes were observed among several samples of PI.トIab･e11ed

F-actin even though the measurement condition va･s practically

the same. The variation appeared only in the initial pa･rt

during the dec早y (0 to loo 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･

S土nce the detailed proと:ess of forma七土on o王 the contaminated

-
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adduc上 on the p工･Otein sur王ace 土芦 Stlll obscure′ 土t 土s hard

to determine exactly the way 土n which tile COntam土nated

adduct contributes to the fluorescenence decay and, therefore′
(

七o know the decay of fluorescence from the.main adduc上

directly. =t is therefore necessary to undertak･e the following

approx土mat土on analys土s･ 工t ls assumed first that the

fluorescence decay s(t) of PIl卜Iabe11ed F-actin consists of
ヽ

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

adduc上:

s(t) -sm(t) +sc(t)

ミ`

(Ⅴエー1)

工t ls secondly assumed that sm(t) could be approx土mated

by a sum of two exponential functions:

sm(t)
- Al eXp卜t/Tl)

+ A2 eXp卜t/T2) (Ⅴト2)

where Tlt2
are the decay constants and Al,2 the amplitudes

of the exponential terms･ =n the follovingt we will use

the relative ampl土tudes defined as follows:

Bl.2-Al.2/(Al+ A2) ; Bl+ B2-1 (Ⅴト3)

工t was also assumed that the flurescence l土fe七土mes of 七he

contaminated adduc上s were suff土c土ently shorter than Tl′2
＼

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

sm(t) except for the土n土t土al part o至the decay; 1･･e･′

sc(t)
≪
sm(t) for t > to (Ⅴト4)

where to土nd⊥cates the time after that the observed

fluorescence decay curves can be analysed by Bout,1e-exponential
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functiops･ The decay parameters-Tl,2 and Al,2＼Were determined

by the-me'thod of
least squares(Section v-3-3-3). Several

sets of the decay constants w巨re-tried. For each set of the

decay constants, the corresponding amplitudes Al,2 Were

determined by the formula of cut-off moments (Eqs (V-41T)

and (Ⅴ-42'))And the convoulution product of sm(t) and g(t)

was calculated (Eqn (V-25) ) ,. The coてreSPOnding calculated

curve (sm)土Cal was plotted (Eqn (Ⅴ-29)) and compared w土七h

the experimental curve Sie女･ The best fit between the

calculated and experimental curves at t >to was attained

after a search for the set of T

of the mean we土9hted residues x

2
Xs

(n2-nl-i) i=nl

1.2

2

which gives the minimum

nf2((sm)iCal
-

sieX)2･usi (Ⅴ=-5)

Here the sum was taken土n the period of t>to;土n most cases′

to - t
n
l

- 160 nsec and tn2 - 850 nsec after exc土tatlon

were taken･ LOsi in Eqn (Ⅴ=-5) is the statistical weighting

factor (Eqn (Ⅴ-47))･ Only the data ga∀e the minimumof xs

less than 1.2 were used 土n the following. analyses.

Fig. v=-5 shows an example of the analysis. Closed

circles show an experimental fluorescence decay curve S･
1

eX

of PM-labelled F-actin and the smooth line shows the corresponding

calculated decay curve (Sm)iCa1･ Til-,LeCay Curve Shown by

open c土rcles土s the difference between S土eX and (Sm)土Cal;

on the other hand, dashed line shows the fluorescence decay

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

35 oC for 40 hours. Thus we･then cos土der that the co土nc土dence
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of these two curves is juStifing the assumptions made above.

S土nce七he prec土s土on of the detem土ned parameters even after

these corrections for 亡he contaminated.adduc上s has a

limitation, w占 have made efforts to reduce the amount of

the contam土nat土dn 土n preparations as far as possible. でh土s

was done by preparing protein-dye conjugate at low temperature

(O15 oC.) and at low pH (not higher_than pH 7.0) where the
ヽ

produc七土on of the contaminated adduc上 was found to be reduced

considerably.

For the purpose o王 est土mat土on of the effect of coexistence

of the labelled G-actin with the labelled_ F-?ctin on the

decay parame七ers′ the fluorescence decays obtained at various

actin concentrations Were analysed･ The results are

summerized in Table V=-1･ Both Tl and T2 increased by

amounts of about 20 % vhen the concentration of actin was

raised from 0.003 mg/ml to 0.86
mg/m1.

=t Was also found

that the relative amplitude of the longer decay component

Bl土ncreased appreciably･ At an土ntermed土ate concentration

of ac七土n (0.一oll mg/ml), analysュs with
`two
exponen七土al decays

was not so satisfactory (e･g･･ xs2
- l･5) as at the extreme

2

concentrations (0･86 mg/ml
or O･003 mg/m1) where xs was

very close to un土ty･ でh土s 土s presumably du? to the presence

of approx土ma七ely equal amount o王 G-ac土tn and ど-act土n.

Ⅴ=-2-4 Dependence of
fluorescence decay of labelled F-actin

on the emission wavelength

工n order to see the em土ss土on spectra of the decay

components with time constants of Tl and T2′ the time-resolved
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em土ss土on spectrum of the labelled F-act土n was measured after

＼

excitation at 337 nrn. Then we found that the time-resolved

emission spectrum obtained urlder the time window set between

0 and 30 nsec was more weighted around 385
.and
409 nm than

tha七 obta土ned under the time window set between 100 and

850 nsec (Fig. v=-6). This is compatible with our observation

men七土oned above that 七he contam土na七ed adduc上s had shorter

ヽ

1土fet土mes ( <30 nsec) than 七he main adduc七 and gave em土sslon

peaks arlound 385 and 406 hm (Fig. v=-3). Therefore we

proceeded 七o analyse the fluorescence decay curves observed

at various wavelengths (shown in Fig V=-4) ac-cor°ing to the
′

following scheme of three-components:

◎1(入) -h(入) Blf入)Tl

@2(A) -h(A)･B2(A) T2

,
ヽ

書

I

ヽ

(V=-6)

n

･3(入, -h(入,

i圭;
{sie去- (sm,iCal}/{Al(入,･ A2(入,}

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

from the time-resolved emission spectra･ The values of Tl

equal to 177 nsec and T2 equal to 93 nsec (at 2･5 oC) were

obtained from the fluorescence decay 土n which em土ss土on above

370 nm was collected altogether. Strictly speaking, the

lifetime thus determinedわere somewhat averaged in this range of

wavelength. f!owever, we also found that when the emission

wavelength was selected at 375 nm with Al-5 nm, the decay

curve was described with two exponen七土al terms sat土sfactor土1y

whose time constants were 172 + 6 nsec and 89 + d nsec.
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zt is 9PParent that the lifetimeE> Of Tl and T2 are aPPrOXimately

constant above 370 nm･ Fig･ v=-7 shows the three components

of em土ss土on spectra?i(入) thus
determ土ned･ One can see

that the shapes of ◎l(入) and ◎2(入) areふery similar to e畠ch

other except for a sligl+L red-shift of ◎っ(入) as compared with
上■

◎工(入)･

V=-2-5 Temperature dependence of fluorescence decay of PM-

1abelled F-act土n

The effect of temperature on the fluorescence･ decay

of PM-labelled F-actin was examined between.2 and 20 oC

where the results were reversible w土tb respect to temperature.

=n this study, excitation was at 337 nm and emission above

370 nm was co11ected･ The average fluorescence lifetime

decreased with increase in temperature･ The double-exponential

analysis using Eqn V=-2 revealed that this is due to changes

not only 土n the decay constants but also 土n the relative

amplitude･ The results are
summerized in Fig･ Ⅴ=-8･

V=-2-6 Fluorescence anisotropy decay of PM-labelled actin

Fluorescence anisotropy decay curves of PM-labelled

actin were investigated at low and hicTh ionic strengths.

Fig･ v=-9 shows the typical ones, in which the experimental

curves Rex(ti) -

DieX/sieX are plotted･ The open circles

represent the an土sotropy decay curves obtained under the

solvent clondition of O･2 mM ATP, 0･1 mM CaC12, 2 mM imidazole-

HC1 (pH 7.0) and 0.2 mM DTT (at 20.7 oC), t･.,here all the

labelled actin (0.68 mg/m1)
'exists in G-state,･ while, the

-
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closed中rcles represent the one obta土ned土n the presence

of O･1 M KCl′ 1 mM MgC12, 0･2 mM ATP and 10 mM phosphate

bu宕fer (pH 7･0), where the m■djorユty ex土sts 土n ど-state. 工t

can be seen that the correlation tiro.e of rotation of PM-

labelled actin increased onpolymerization. The correlation

time of labelled G-actin vJas 29 nsec at 20.7 oC and 49 nsec

at 4･7 o.C･ The kinetic voluIコ.e Of actin is estimated using
ヽ

Einstein-stokes equation e-i -

kT/nv ,
on the assumption

that the act土n molecule can be approx土mated w土七h a rlg･土d

sphere. Then the correlation times obtained at the cTl_ifferent

temperatures pred土c七 the same kinetic volume.which corresponds

七o a sbpe,r土cal molecule of rad土us 3･04 nm･

=n the ihitial time region Of the experimental curve

Rex(ti) of PM-labelled F-actin･ a small decay component

with the correlation time of about i usec Was detected_.

This component may be explained by the possible motions of

the probe with respect to the ど-actln filament. Ⅱowever′

aLserious problem appeared when the experimental curve was

analysed; that 土s.土t was found tha七 the fundamental

an土sotropy of the con七am土na七ed adduc上 was different from that

of the main adduct･ The fundamental anisotropy observed

after the incubation of PM-labelled F-actin at p王王 8･O and

at 35-oC was approximately 1･1 times as large as that

observed before the lncubat土on. Tbus 土t appeared tha七we

had no way 七o obtain dec土s土ve conclut土ons about the flex土b土1土七y

of the labelling. site.

. +

Jl- I-

･Fl･,-:･･-_十1:-
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Ⅴエー2-7 D土scuss土on

■

!i∴ '

g

! I

The fluorescence of PM

LCOnj.ugated

to F-actin exhibited
l

multi-exponential decay. Wu et a1. [187.] have shown that

PM adduct with protein often undergoes secondary reaction

with amino groups of peptide of the protein through its

succinimi_de土ing (i･e･ ′ aminolysis and/or hydrolysis)

ヽ

(Fig. VZ-10). =t was found that the reaction was accompanied

by a red sh土f七 ○王 the em土s.s土on spectrum. 工n the present

study, the time-resolved emission spectra (Fig. V=-7)

showed occurence of am土nolysed (and/or hydro工ysed)adduc七

in the preparation of F-actin-pp_ conコugate. One may consider

tha七 the mul七土pl土c土ty of fluorescence l土fet土me we observed

土s due to the presence of such a con七am土na七ed adduc上 of

ど-act土n. Ac七ually, analysis of em土ss土on spectra showed 土ts

existence. Ⅰ王owever we also found tha七 even at the blue

edge of the emi占sion spectrhm (372 nm) where the fluorescence

土ntens土ty of the am土nolysed (and/or hydrolysed)adduct 土s

negligibly small relative to the norma･1 adduct, the

fluorescence decay is not single-exponential,･ it could be

approx土mated with double-exponentj_al function whose decay

constants were 177 and 93 nsec (at2.5oC). Among possible

explanatiQnS･Of this multiplicityr the first possibility 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 act土n (0.06 to 1.0)･ 工t has been

shown that, for several kind_s of maleimid_e
dyes, the first
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mole of.dye bュnds to the unlque reactive cyste土ne o王

. act土n【8′188】. Thus one needs an alternative explana七土on.

i

There have been sever:al reports given recently that there

is a fluorophorer which is bound to a single site within

a single protein and exhibits multi-exponential
fluorescence

deとay. For an instance.the enzyme-bound NADH is of double-

exponential function 【119,189.19C】.､ Gafn土 and Brand 【189】

have attr土buted 七h土s to a reversible exc土七ed-state reaction

which would transform the fluorescent chromophore to a

non-fluorescent product･ Whereas, Brochon et_ a1･ [190]

gave an explanation assuming that the dehydronicotinamide

moiety bound to the enzyme has a heteroger:白i'ty of local

environment. 工n the fluorescence decay of the act土n-bound

PM shown in the present study, the relative amplitude of

the long･ decay component varied w土th the em土ss土on wavelength;

the emission spectrum @2(A) was slightly but distinctively

red-shifted as compared with @l(A) (Fig･ v-7)･ Therefore

土t is reasonable to conclude that there ex土s七s a betero-

gen.6ity of the excited state of the probe. Several

poss土b土1土t土es are considered to expla土n 七h土s; 土) two way

of adsorpt土on of the pyrene mo土ety to the act土n molecule,

or two local configurations of side chains of amino acid

of actin around the labeling site, ii) existence of S1-S2

coupling of the excited states of the pyrene moiety [191]･

At the present stage of the study,
ve are not able

七o decide on these poss土b土1土t土es. 工n either case, temperature

dependence of ratio of aこ二pl土tude B2/BI Of the two decay
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components (Fig.
.'Ⅴ=-■8)

may be an indication of thermodynamic

I

equilibrium betweell two possible configurations (or excited

f

states).

As shown in Fig. v=-i, a remarkable change in the

decay curve was associated w土七h polymer土zat土on o王

PM二Iabe11ed 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 protomers (see also Table V=-i).

On the other 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. Accordirg to their finding, when the

ionic strength of G-actin solution is increased 'to 0.i

where the concentration of act土n 土s below clr土t土cal concentration,

actin monomer becomes resistant to proteolytic digestion

by tryps土n and by chymo七ryps土n. wh土1e 土t 土s not at low 土on土c

strength･ They then proposed a state of MF-monomerH of

actin, which is distinct from G-monomer at low ionic strength.

Thus ve can say that both G-monomer and F-monomer give

essentially the same fluorescence decay of the probe used

ln the present study. 工t may be tha七 the local structure

around the probe (near the C-term_inal region) is not

significantly altered by increase in ionic strength, though

the location of pept土de wh土ch 土s susceptible to proteolys土s

at low ionic strength is not clear yet･

v=-3 Polymerization of PM=A-labelled actin
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V=-3-1 Conコugation of PM=A to F-actin

The reactivity of actin-SH groups towards PM=A was

investigated. F-actin wa.s incubated with various contentrations

of the dye at 20 oC for 12 hours. After removal of unreacted

ays, the fluorescence intensity was measured at 397 nm after

excitation at 348 nm･ Fig. vz-ll shows the fluorescence

ヽ

intensity as a function of the molar ratio of the a.dded･ dye

to actin･ =t is apparent that PM=A reacted preferentially

with a unlque S土te of act土n protomer.

V=-3-2 Absorption and fluorescence spectra (ゝf PM_=A-labelled

ac七土n

Absorption and fluorescence spectra of PMZA-labelled

actin (0.5 mg/m1)
were investigated at room temperature.

All of PM=A-labelled actin exists as G-actin in G-buffer

[0･2 mlJI ATP･ 0･1 mM CaC12･ i mM bicarbonate and i mM NaN3]･

while the majority exists as F-actin in F-buffer [0.i M KC1,

i mM MgC12, 0･1 mM CaC12, 0･2 mM ATP, 10 mM phosphate buffer

(pH 7･0) and i mM NaN3] as judged from the viscosity

measurements (sect土on 工Ⅴ-3-3).

Fig. Ⅴ=-12 shows the absorption spectrum of PM=A-labelled

F-actin, which was very similar to that of PM=A-2-mercapto-

ethanol conjugate. except a red-shift (Fig. =Ⅴ-8). =nr Figン

V=-112,the difference absorption spectrum is shown of.pM=A-labelled

F-actin with reference of PM=A-labelled G-actin. =t can be

seen that polymerization of PM工A-labelled G-actin was

accompanied with
a red-sh土ft･○王 the absorption spectrum.

- 109 -



The maximum of absorption was located at 347.9 nm for F-

'acdtin and at 347.2 nm for G-actin_ (Table.V=-2).
1

The excitation and emission spectra of fluorescence

from PM=A-labelled actin are shown in Fig･ v=-13･ The

shape of emission spectra of PM=A labelled G- and F-actin

were very s土m土1ar to each other. but polymer土zat土on of

PM=A-labelled actin Was accompanied With considerable

increase in the fluorescen(フe intensity.

V=-3-3 Time resolved fluorescence of PM=A1-labelled

act土n

lLL

i
ヽ

～

Polarized fluorescence decays of PM=A-labelled G- and

F-actin (0.5 mg/m1)
were observed above 37O nm after excitation

at 337 nm.

(i) Total fluorescence decay of PM=A-1aballed actin

The total fluorescence decay curves of both PM=A-labelled

G- and F-actin exhibitied non-single exponential functions.

For analysis of the experimental decay.curves S･eXr the
l

fluorescence decay s(t) is assumed to tea sum of exponential

functions. and the method of least squares was used 土n which

the amplitudes of the decay components was determined by
.

use of cut-off moments (Eq:s V-41 and 42). 土t was then fotmd

tha上 土he double-exponen七土al decays could descr土be 七he

experimental curves well. An example of the analysis is

shown in Fig･ v=-14r in which open circles show the experimental

curve s.ex and the smooth line shows the calculated curve
l
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On`the polymerization of pun-labelled G-actin, the two

･decay constants Tl and T2 increased by 30丁40 %･･ at the same

l

time, the relative amplitude BI Of the long decay component

increased
considerably (Table Vト3).

The fluorescence decay of PM=A-labelled F-actin was

observed at various temperatures be七ween 5 and 39 oC. W土th

increase'in temperature, the average fluorescence lifetime

decreased･ This decrease vas not only due to de.crease in

the each decay constant but also due to decrease 土n the relative

amplitude of the long decay component. The'r-esult is

summarized in Fig. v=-15.

(ii) Anisotropy decay of PM=A-labelled_ actin

The experimental anisotropy decay curve R･eX of PM=A-
1

labelled G-act土n 土s plotted which was obtained at 8.8 oC

(Fig･ V=-16)･ When log RieX was approximated with a linear

line, the土ncl土nat土on g.ave the correlation t土me 44 nsec.

This value corresponds to the correlation time of rotation

of a rlg土d spherical molecule whose rad土us 土s 3.10 nm

(w土thou七 any hydrat土on).

The experimental curve R･eX of PM=A-labelled F-actin
l

was obtained at various temperatures between 5` and 3･9- oC

(Fig. v-17). At higher temperature, decay c-omponents with

the correlation time shorter than 10 nsec Were more pronounced･

Since the contribution of PM=A-labelled G-actin co-existing

with ど-ac七土n to the curves R.eX
･

l
lS negligible

as judged

from
v土scos土七y of the solution. these components of shorter

correlation time are not due to the depolymer土zat土on of
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PM=A-labelled F-actin･ Thus we concluded that decays

observed in RieX result from-rotational motions of the

l

probe with respect to F-actin filament. Since PM=A has

a long group (i･e･, -NH-P-(C-0卜CH2- )′ by which the

pyrene mo土ety and the
cyste土ne residue of the act土n molecule

are connected,土t 土s probable that the rapid mot土on 土s

due to the rotation presumably limited around C-N and C-0

bonds in the aminoacetate group
-'of
the probe.

Ⅴエー3-4 D土scussion

ミ.

The fluorescence decays of PM=A-labelled actin were

found to be described with double-exponen七土al functions.

Since pM=A was conjugated to the unique CySteine residue

(Cys-373) of七he act土n molec･ule. this mult土pl土c土ty土nd土c●ates

the existence of h~eteogeneity of environment in the excited

state of the probe. 工t has been shown 土n Section vエー2-7

that actin-bound PM also has a heterogeneity of environment

in its excited state･ =t is therefore. very probable that

such a heterogeneity is inherent to the labelling site of

the act土n molecule.

Red sh土ft 土n the absorption spectrum was observed on

the polymerization of PMZA-labelled G-actin. =n order to

elucidate the orlgln Of this shiftr absorption spectrum of

the conコugate Of PM=A with 2rmercaptoethanol was investigated

in various organic solvents (between 300 nm and 400 nm).

The solvents used were methano1′ ethanol. cyclohexane and

d土oxane･ The absorption spectra obta土ned 土n these solvents

had similar shapes from each otherr except slight red- or
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blue- sblfts･ The wavelength of､ the absorpt土on maximum

was shown in Table V=-2. =t is clear that the absorption

spectrum of PM=A-2-mercaptoethanbl is more red-shifted

土n 七he polar solvent than 土n the non-polar solvent･ 工t

土s therefore unlikely that the red sh土王t observed on the

polymerization of PM=A-labelled actin is simply due to

the decrease 土n polarity of the env土ronmen七′ wh土ch may be
ヽ

expected from the behaviour of the fluorescence quantum

yield･ One may note that the absorption spectra of PM=A-

labelled actln 土n the both G- and ど-states were considerably

red-shifted as compared with those of PM=A-2rmercaptoethanol

conjugate･ When PM=A-labelled G-actin Was denatured by

addition of O･一l % SDSr the wavelength of ,the absorption

maximum was blue-shifted to 345.i nm (Table V=-2). =t is

suggested that the red shift observed has resulted
from the

interaction of the actin-bound PM=A with a particular side

chain of the protein. =n the presence of 0.i % SDS, the

fluorescence decay was able to be approximated With single-

exponential function (Table V=-3). =t appears th畠t the

double-exponential fluorescence decays observed for the

native actin are related to the specific interaction between

the probe and the side chain o王 the protein..

Ⅴ=-4 Polymerization of P=AA-Labelled Actin

Ⅴ=-4-1 Conコugation of P=AA to F-actin

The reactivity of actinてSH groups towards P=AA was
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investigated. F-actin (4.7リM) was･土ncubated vitb- various
･

concentrations of the dye in the presence of 0.i M KC1,

i mM MgC12, 0･1 mM CaC12, 0･2)mM･ATP, i mM bicarbonate

(pH 7.6) and i mM sodium azide. The conjuga'tion reaction

was contlnued 土n the dark at 20 oC for 20 hours and then

Whatmann CF-ll-cellulose was added at the■ f土nal concentration

of i % (wt/wt). After removal of the cellulose adsorbing
ヽ

unreac七ed dye, the fluorescence 土ntens土ty was measured=

Excitat土on was at 347 nm arld em土ss土on was a七 386 nm.

As seen from Fig. v=-18, P=AA reacted preferentially with

a unlque S土te of act土n protomer. 工n order to determine
●

the SH group reacted, we examined the reactivity of the

dye towards NEM-treated F-actin prepared as fo11ows=

F-actin was firstly reacted with NEM at 7 oC for one day,･

the molar ratio of NEM to actin Was i.3 .I
i.0. Then this

ど-act土n was reacted with the dye under the same cond土t土on

as described above. =t can be seen from Fig. V=-18 that

the reaction of the dye towards to ど-act土n was almost

completely inhibited after NEM-treatmeht･ Since i:･1zinga

and Collins [8] have shown that NEM reacts preferentially

to Cys-373 of act土n. 1t can be concluded tha七P工AA has

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

Ⅴエー4-2 Absorpt土on and fluorescence spectra and quantum

y土eld of P工AA-labelled act土n

Absorption and fluorescence spectra of P=AA-labelled

actin were investigated at 20 oC. The concentration of the

labelle;a actin was 0.2 mg/m1.･ At this concentration, all
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of P工AA-labelled act土n exists as G⊥act土n 土n G-buffer.

while the majority exists as F-actin in F-buffer as judged

from v土scos土ty of the solution.

The absorption spectra of P=AA-1abeile'd actin in G-

and F-buffers (Fig･ vト19) show that polymerization of G-actin

wa.s accompanied by appearance of peaks at 365 nm and 383 nm.

The em土ss土on spectrum of P工AA-labelled ど-act土n showed
ヽ

a fine structure of v土brat土on with peaks at 386. 407 and

430 nm, while they are les.s sharp in G-actin (Fig. v=-20).

Measurements of the quantum fluorescence
yields of P=AA-

labelled actin were made after excitation at 342 nm. The
J

effect of the rotat土onal Brown土an motion of the fluorophore

on the quantum yields was corrected･ The quantum yields

obtained at 13 oC were 0.083 for G-act土n and 0.41 for ど-

act土n, respect土vely･ 工t should be noted that the 土ncrease

土n the quantum yield on polymer土zat土on of G-act土n corresponds

to an 土ncrease 土n the fluorescence 土ntens土ty by 20 to 25

times when 土t 土s observed at the em土ss土on peaks (i.e..

386 or 407 nm) after excitation at 365'nm. owing-to this

high sensitivityr the determination of the small amount of

ど-act土n which co-exists with G-act土n becomes much easier

than viscosity measurement (Fig. Ⅴト21). =t can be seen

from Fig. Ⅴ=-21 that the critical concentration of actin

Can be determined more accurately than v土scos土ty measurement･

An important conclusion drawn from this is that the change

土n the fluorescence土ntens土ty observed on polymer土zat土on

of actin is not due to the change in the ionic.strength of
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the solution but due to the association of actin monomers･

､工n this ･respect, the absorbance at 365 nm Was found to

increase gradually with time.after the addition of salts

to 王)工AA-labelled G-act土n solution. These results 土ndicate

that a change of the local conformation near the Cys-373

of G-actin is induced only after the time of association

of act土n monomer.

V=-4-3 Time-resolved fluorescence of P=AA-labelled F- and

G-actin

V=-4-3-1 Fluorescence decays of P=AA-labelled F- and G-actin

Polar土zed fluorescence decay of P工AA-labelled act土n

was measured 土n G- and ど-buffers at 13 oC. The total and

difference fluorescence decays are shown in Fig･ v=-22･

Both of P工AA-labelled G- and F-act土n exh土b土ted multユーexponent土al

fluorescence decays･でhe experimental decay curves Sex(t)

were analysed as shown 土n the last of 七he section v-3-3-3.

Then we found that five exponential tens are necessary in

order to obtain the best fits between calcul.a七ed and

experimental curves･ The necessity of the fourth and f土ftb

term was realized when we extended the time range of analysis

longer than 100 ns･ The decay parameters obtained are given

in Table V=-4･ The time constant of the major term is 1･78

and ll･O nsec for G-act土n and for ど-act土n′ respect土vely.

The average fluorescence lifetimer which may be proportional

to the fluorescence quantum yield, was calculated from the

decay parameters obtained:

-
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(Ⅴエー7)

where Ct are the relative ampl土tudes of the exponen七土al
l

decay components. The average fluorescence lifetime of

P工AAiabelled G-act土n was 3.99 nsec; on the other hand′ 土t

wast 10.0 nsec for p工AA-labelled F-actin.

V=-4-3-2 Anisotropy decay of P=AA-labelled F-actin

At first, the following experimental cruve ReLX(t) was

examined =

ReX(t) -

De去(t)/sex(t) (Ⅴエー8)

As seen in Fig･ v=-23, the experimental curve Rex(t) of P=AA-

1abelled ど-act土n has plateau 土n the 土n土t土al (0-20 nsec) and

t畠･i1 (200-500 nsec) time regions,･ between 80 nsec and 150 nsec,

Rex(t) decreased remarkably･ This can not be explain,ed by

assuming that, for all of
k,
rk(t) in Eqn Ill-42 are

represented with the same funct土on･工nstead′ Ak土土n

Eqn 工工エー41土s needed to vary with k. For s土mpl土f土cat土on

of analysis o王DeX(t)′it was assumed tha七the an土sotropy

decay of P=AA-labelled F-actin could be characterized with

a single correla七土on time OF; furthermore′土t was assumed･

tha七rlO-rao forユニ1′2′3and r土0-rbO王or土-4･5

(Eqn (工工エー41)):

rl,2,3(t)
=

rao eXP(-t/eF)
(Ⅴエー9)

r4′5(t)
- rbO eXp卜t/OF)

Then the parameters rao, rbO,.I eF Were determined according

-
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to the way shown 土n Eqn (Ⅴ-44). The values obtained are

･

･shown
in Table V=-5. There is a large difference between

l

the values of rao and､rbO･ The value of eF,lS Of the order

of tlSeC. The smooth line in Fig. v=-23 is the R(t) curve

calculated from the parameters obtained. 工t 土s obvious that

tbe･ anomalous behaviour of the experimental curve Rex(t)

could be ･expla土ned w土th 七he difference between the fundamental

anisotroprleS･ rao･ and rbO･

Ⅴ=-4-3-3 Anisotropy decay of P=AA-labelled G-actin

when the experimental curve log Rex(t) of P=A-labelled
′

G-act土n was approx土mated with a linear l土ne 土n 七be time

region between 0 and 10 nsec, the inclination gave the

correlation time 25 nsec (at 13 oC). This value is much

shorter than the rotat土onal correlation time of act土n monomer

(32 nsec) wh土ch 土s estimated
from the previous reports 【192】;

therefore′ we considered that the fluorophore has a freedom

of rotation on act土n. For s土mpl土f土cat土on of analysis of

DeX(t)′ュt was assumed that, forユニ1′2′3, r土(t) were

represented with the following equation,･

ri(t)
-

rGO(βf eXP(-t/ef)
+ (i-βf) exp(Tt/eG)) (Ⅴ=-10)

where ef is the correlatioLn time of the rotation of the

fluorophore on actin and eG COrreSPOnds to theノrotation of

ac七土n monomer. We analysed the curve DeX(七) between 0 and

30 nsec,土n order to obv土ate 七he poss土b土1土ty that 七he

assumption for r4,5(t) would strongly affect the estimation

-
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of the parameters in Eqn (V=-10)･･ 1Then the parameters rGO,

ef, eG Were
Obtained which are shown in Table V=-5･ The

fundamental anisotropy rGO Was almost equal to rao obtained
l

for F-actin. The correlation t'ime of the rbtation of the

fluorophore was about 1.5 nsec. Ex土stence of such a

ro七a七土on may be the orlgln Of obscurity.of the em土ss土on.

spectrum of P=AA-labelled G-actin.

Ⅴエー4-4 DIscuss土on

The reslut of the fluorometric titration of SH groups

of F-actin with P=AA indicates that a single SH group is

preferen七土ally reactive with the dye.i.e. Cys-373. On

the other hand, fluorescence decays of P=AA-labelled actin

were found to be multi-exponential functions (Table V=-4).

で九e poss土bll土ty may be considered that the experimental

decay components with small ampl土tudes are due to the

r'eagents which are conコugated to the amino acid residues

different from Cys-373 or due to 土mpur土ty of the orlg■1nal

reagent. Zt is, however, unlikely that the dominant

exponential decay components also come from such he七ero-

.geneities.
Fluorescence decays with multi-lifetime have

been found for several fluorescent reagents which were

conjugated
to Cys-373 of actin [151,193]. =t is resonable

to consider that mul七ipl土c土ty of fluorescence l土fet土me of

p=AA-labelled actin is mainly due to a heterogeneity of

the local env土ronmen七wh土ch 土s 土nherent to 七he labelling.

site of the actin molecule･ The question
is r早ised as to

whether this heterogeneity i･s pre-existing in the ground
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state of the dye or appearls only.in･ its excited state･

W土tb thュ.s respect′ one may note from comparison of the

absorption and excitation spectra of P=n-labelled actin

(Figs ☆ト19 and V=-20) that the fluorescdnc占quantum yield
.

is dependent on the excitation wavelength,･ for P=AA-labelled

F一年Ctin, the quantumyield observed after excitation aとound

365 nm is about 1･3 times as large a? that observed after
ヽ

exc土tat土on around 345 nm. One may ask whether the electronic

trans土t土on corresponding t() the absorption band around 345 nm

土s different from the one correspond土ng･ to the absorption

band around 365 m or not. 工n order to examine this

possibility, we investigated the excitation polarization

spectrum of p工AATlabe11ed F-actin (Fig. Ⅴ=-20). The time-

averaged an土sotropy was almost 土ndependent on the exc土tat土on

wavelength in the region between 330 and 370 nrp.. Zt may be

suggested from this result only that the ttlO Peaks of the

exc土tat土on spectrum at 345 nm and a七 365 nm comes from the

same electronic but different v土brational exc土tat土on t工･ans土tlons.

Both the results about the quantum yield and the polar土zat土on

spectrum can be explained as follows. The fluorophore has

a heterogeneity of the local environment even in its ground

state; and′ some fraction of the fluorophore ex土s七s 土n a

state of low quantum yield and another fraction ex土sts 土n

a state of high quantum yield;土n the former state. the

absorp七土on spectrum 土s relatively s土m土1ar to that of P工AA-

labelled G-actin,･ while, in the latter state, the absorption

spectrum exhibits
a strong vibronic band at 365 nm and whose

shape may be approx土mated with the exc土tat土on spectrum
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obtained
for P=AA-labelled F-acti:n. The change in the

absorption spectrum 土nduced on the polymer土zat土on of act土n

appears to be due to the
chah卓e

in these fractions.

Another interesting question is what kind of the change

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 P=AA-2-mercaptoethano1
ヽ

conjugate Were measured in various organic solvents with

different polar土t土es (i.e., bexane, d土oxane. chlorofolm′

ethanol) , all of them are relatively s土m土1ar to the absorption

spectrum of P=AA-labelled G-actin and none have a strong

v土bron土c absorption band around 365 nm as seen 土n the one

of P=AA-1abe11-ed F-actin. =t is therefore unlikely that

the possible change in local polarity only results in the

large change in the absorption spectrum of P=AA-labelled

act土n. Presumably a spec土f土c 土nteract土on between the

fluorophore and a side chain of F-actin cau.ses a strong

v土bron土c band around 365 nm.

vz-5 General Discussion

According to the helical polymer model proposed by

Oosawa and Kasai [24】. a qonformational 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 O･1 M

KCl induces a rapid change in the conformation of G-actin

to form --ど-act土n monomer-- pr土or to the format土on of the
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nuclei. Therefore, one must cons･ider at least two kinds

of･ conformational change during the polymerization process

of actin. =n the present work, w占 examined the behaviour

of fluorescence and absorption of the conコugate Of actin

with PM, PM=A and P=AA during polymerization of actin:

These fluorescent probes are labelled to the same site

(Cys-373), of the actin molecule. Then we found:
ヽ

1) The polymerization of PM-labelled G-actin was

accompanied with a remarkable cbange 土n the fluorescence

decay,･ this change is shown to be not due to a change in

the 土on土c strength but due to the assoc土atlon一Of G-act土n

mOnOmer ●

2) The polymerization of PM=A-labelled G-actin was

accompanied with
a red sh土ft 土n the absorption spectrum.

This shift could not be explained by the possible change

in the polarity of environment of the labelling site,･ and

the specif土c 土nteract土on of the probe with a side chain of

the protein is suggested.

3) The polymerization of P=AA-labelled G-actin was

accompanied with conspユC土ous chang.e 土n the absorp七土on and

fluorescence spectra. wh土cb are found to be 土nduced わnly

after the association of G-actin monomers. 耳t is suggested

that the appearance of a strong absorption band at 365 nm

after the polymer土zat土on 土s due to formation of the spec土f土c

土nteract土on of the probe with a side chain of the pro七e土n.

4) The fluorescence decays of PM- and PM=A-labelled

act土n could be approx土mated with double-exponential func七土ons′

and 七he relative amplitude of the long decay component was
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found to 土ncrease on the polymer土zat土on of labelled aft土n.

The multiplicity of the fluorescence lifetime was also

-

found for P=AA-labelled actin･ These multiplicities appear

to result from the heterogeneity of environment 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 strepgth･ A

large conformational change at this site is irl_duced after

the association of G-actin monomers and, ther!, the actin

molecule takes a conformation which is favouとable to the

spec土f土c 土nteract土on of the probe with a side cba土n of the

protein; th土s 土nteract土on 土s characterized by anomalous

redTShift of the absorption spectrurnof PM=A-labelled

actinr or by appearance of the strong absorption band

at 365 nm of P=AA-labelled actin. The hさterogeneity of

local environment of the probe wb土ch 土s an orlg･1n Of the

mul七土pl土c土ty of fluorescence l土fet土me of labelled ac七土n

土s conceivably related to th土s 土nteract土on･ 工n this respect,

temperature dependence o王 the relative amplitude of the

fluorescence decay components Was observed for PM- and

PM=A-labelled F-actin, suggesting the existence of a

thermal equ土1土br土um between the possible local conformations.

=t appears that the conformational change of actin induced

after the assoc土at土on of act土n monomers accompanies a

sb土ft 土n this equ土1土b工･土皿.
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Fig･ Ⅴ=-l･ Fluorescence decay curves of PM-labelled actin at

different actin c.ncentrations. Actin concentrations were O･86 mg/mL (@)

and o.oo3mg/m1 (o). Solvent condition: KC1, 0･1 M,･ MgC12･ 1 mM･'

ATP, 0.2 mM,I phosphate buffer (pH 7･0)∫ at 3oC･ Smooth line shows

the fluorescence decay curve observed at low ionic strength= i･e･,

ATPt O･2 mM,I MgC12, 0･l mM･･ EGTA, 0･05 mM･･ =midazole-HC1, 2 mM

(pH 7.0),･ actin, 0.96 ng/m1･
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Fig. Ⅴ=-3. Fluorescence spectfa of PM-labelled F-actin (smooth lines).

The excitation spectrum (left) was JObserved at 376 nm,･ the ;emission

spectrum(right)
was obtained after excitation at 344 rm,A the slit width

was1 3 nm･ Solvent condition= 0･1 M KC1, i mM MgC12, 0･2 mM ATPl 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 38oC for 40 h∫s (土n this experlment′ actln wblch

had bee･n denatured during the incubation was removed by performing a

cycle of polymerlzat土on and depolymerlzat土on before fluorescence measurement) ･
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Fig. v=-4. Dependence of the fluorescence decay of PM-labelled

F-actin on the emission wavelength. Emission was at 372 rm (-) ∫

374 nm (---). 386 (-●･'-), 380 nm (----), 385 nm (-I-), and

409 ⅠⅦn (-･･-･･-),･ excitation was at 337 nm. Solvent condition.･ actin,

1･4 mg/m1,･ KC1, 0･1 M,･ MgC12, i mM,･ ATP, 0･2 rnM, phosphate buffer,

10mM (pH 7.0)., at 2.5oC.
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and the result of a double-exponential analysi? (smooth line) of PM-

labelled F-actin (0･2 mg/m1) in the presence of O･1 M KCI･ i mM MgC12,

10 mM phosphate buffer (pH 7.0) and 0.2 mM ATP at loC: Excitation

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

line shows difference between the exper土mental and calculated decay

curves･ Tbe 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
35oc f,or 40 hrs: Excitation

was at 358 nm and em土ss土on above 400 nm was collected.
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Fig. v=-6. Time-resolved fluorescence emission spect'ra (corrected)

of PM-labelled F-actin. The time window during the fluorescence
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and 850 nsec (open circle) after exc土tat土on. Tbe slit wldtb was

2 nm and exc土tat土on was at 337 nm. Solvent cond土t土on was the same

as that shown 土n F土g. Ⅴエー5.
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v=-7. Decomposition of the emission spectrum of PM-labelled
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Fig. Ⅴ=-8. Temperature dependence of the decay parameters of fluorescence

from PM-labelled 'F-actin.
●J′ PM-labelled F-actin alone (0.2 mg/m1) ,I

o-I in the presence of heavy meromyosin ( [heavy meromyosin]mol/[actin]mol

= i/2)･ Solvent condition･･ 0･1 M KC1･ i mM MgC12･ 10 mM phosphate buffer

(pH 7.0),I ATP (in the absence of heavy meromyosin) or ADP, about 20 lJM･
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Fig. v=-9 ･
Experimental fluorescence

anisotropy decay curve of PM-labelled

G-act土n (open circle) at 20.7oC.

Exc土tat土on was a七 337 nm and emission

above 380 nm was collected. Solven七

conditions 0･2 mM ATP, 0･1 mM MgC12,

2 mH =midazole-HC1 (pH 7.0),. 0.2 rnM

NaN3 and O･2 mM DTT･

The curve shown by closed circles･

土s the an土so亡ropy decay curve of

pM-labelled F-attin.
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Fig･ v=-10. Hydrolytic opening of the imide ring of PM adduct with
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Fig. V=-11･ Fluorometric titration of actin-sH groups with PM=A･

F(Ca)-actin (6.2 tlM) was incubated with various concentrations of

pM=A in the presence of O･1 M KC1, i mM MgC12, 0･1 mM CaC12, 0･2 mM

ATP, i mM bicarbnate and i rnM sodiunazide･ The conjugation was

continued in the dark at 20oC for 12 hrs and then CF-ll-cellulose was

added at the final concentration of i % (wt/wt). The cellulose adsorbing

unreacted dye was sedimentated by centrifugation at 3rOOO rpm for

10 min. The fluorescence intensity of the supernatant was measured

at 397 nm after exc土tat土on at 348 nm.
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Fig. Ⅴ=-12. Absorption spectrum of PM=A-labelled F-actin (lower).

Actin concentration was 0.5 mg/m1. Solvent condition= KC1,, 0.i M,･

MgC12, i mM,･ CaC12･ 0･1 mM,･ ATP, 0･2 rnM･･ phosphate buffer' 10 mM (pH 7･0)･･

NaN3, i mM･ Upper figure shows the difference absorption spectrum of

PM=A-labelled F-actin with reference of PM=A-1ave11ed G-actin= The

concentrations of both F- and G-actin were 0.5 mg/m1.
The G-actin

solution contains O･2 rnM ATP, OIL mM CaC12, 2 mM =midazole-HC1 (I,H 7･0)

and i mM NaN2･
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and F-actin

observed at

at 348 nm.
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Fluorescence spectra of PM=A-labelled G- (dashed lines)

(smooth lines). The excitation spectra (left) Were

376 nm,･ the emission spectra were obtained after excitation

でbe solvent cond土七土ons are shown 土n Fig. Ⅴエー13｡
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さ

Fig. Ⅴト14. An experimental fluorescence decay curve (closed circle)

and the result of a double-exponential analysis (smooth '1ine) of PM=A-

1abelled F-actin (0･5 mg/m1) in the presence of O･1 M KC1･ i mM MgC12･

o･1 rnM CaC12, 0･2 mM ATP, 10 mM phosphate buffer and i mM NaN3 at 8･8oC･
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Fig･ v=-15･ Temperature dependence of the decay parameters of

fluorescence from PM=A-labelled F-actin. solvent condition= KC1,

o･1 M,I MgC12, i mM,･ CaC12, 0･1 rnM･･ ATP, 0･2 m的,･ phosphate buffer,

10 mM (pH 7･0)･･ NaN3･ i mM,･ actin･ 0･5 mg/m1･

t
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Fig･ v=-16･ Experimental fluorescence anisotropy decay of PM=A-

1abe11ed F-actin (0.5 mg/m1). Temperature of the solution was 5.2oC

(o一や)′ 20.5Oc (-). or 36.OoC (●-●). Excitation was at 337 nm and

em土ss土on was collected between 370 and 400 nm.
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Fig･ Ⅴ=-17･ Experimental fluorescence anisotropy decay of PM=A-

1abelled G-actin (0.5 mg/m1) at 8.8oC. Fluorescence measurement

was made under the same condition as that shown ln F土g. Ⅴエー16.
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Fig. Ⅴ=-18. Fluorometric titration of actin-SH groups with P=AA.

Native (closed circle) and NEN_-treated F-actin (open circle) were

reacted with various concentrations of P=AA in the prさsence of 0.i M

KC1･ i mM MgCI2･
0･1 mM CaC12･ 0･2 rnM ATP･ i mM bicarbonate and i mM

sodium azide at 200c for 20 hrs. After unreacted dye being removed,

the fluorescence 土ntens土ty was measured at 386 nm after exc土tat土on

at 347 nm.

500 550

日AVELENGTH (NM)

Fig- Ⅴ=-19. Absorption spectrum of PZAA-labelled G- (closed circle)

and F-actin (open circle). Solvent condition was 0.2 mM ATP, 0.i mM

CaC12, 2 mM =midazole-HC1 (p甘7･0)′ i rnM NaN3 and i mM 2-mercaptoethanol

for G-actin,･ or O･1 M KClr i mM MgC12,
0･1mM CaC12, 0･2 mM ATP, 10 mM

phosphate buffer ､(p日7･0)I i mM NaN3 and i rnM 2-mercaptoethanol
for F-

actin. でhe concentration of act土n was 0.5
mg/ml.
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Fig. Ⅴ=-20. Fluorescence spectra (corrected) of P=AA-labelled G-

(dotted line) and F-act土n (smooth line). でhe exc土tatlon spectra

(left) were observed at 407 nm and the emission spectra (right) were

obtained after excitation at 342 nm, where the･ slit width w早s 3 nm･

The exc土tat土on spectra are normalized so as to have the same 土ntensity

at 342 nm and the two emission spectra are nomalized so as to gLVe

the same integrated intensity. The excitation polarization spectrum

of P工AA-labelled ど-act土n土s sbown 土n the upper side; 也e slit w土dth-

was 3 rlm and em土ss土on was observed at 407 nm. でhe solvent cond土t土ons

for G- and F-actin are shown in Fig. Ⅴ=-19.
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Fig. v=-21. Fluorescence intensity (upper) and specific viscosity

(lower) of P工AA-labelled act土n as a function of tbe 七otal concentration

of act土n. Fluorescence ユn七ens土ty was measured at 365 nm after

excitation 407 Ilm: The slit width was 3 nm. Solvent condition= KC1,

0･1 M,I MgC12' i rnM,I CaC12, 0･1 mM,･ ATP, 0･2 mM,･ phosphate buffer'

10 mM (pH 7･0), NaN3, 1 mMJ･ 2-mercaptoethano1, i mM,･ at 200c･
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Fig. v=-22. Fluorescence decays of P=AA-labelled G- (right) and

F-act土n (left). Open and closed circles show the experimental total

and difference fluorescence decay curves, respectively. The calculated

decay curves are shown by smooth lines. Ex土ta七土on was at 358 nm and

emission above 400 nm was collected. Temperature of the solution

was 13oC. The solvent cond土t土ons for G- and ど-act土n are shown in

Fig. Ⅴ=-19.
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Fig. V=-23. An experimental fluorescence anisotropy decay curve

(closed circle) and the result of analysis (smooth line).of P=AA-

1abelled F-actln.

- 138
-



l

でable Vト1 Double-exponential analysis of fluorescence decay of

PM-1abe11ed･ actin.

ミ
′

c★ solvent temperature TI T2 BI 良

mg/ml salta)
oc

1.4b) + 2.5

0.86 + 3.0

0.011 + 3.0

0.003 十 3.0

0.96 3.0

nSeC nSeC

172 89

173 86

175 89

151 75

150 75

0.67 1.13

0.469 0.94

0.351 1.50
■

0.256 1.21

0.242 1.07

a) (+) indicates that the solution contained O･1 M KC1, i mM MgC12･

200 lJM ATP, and 10 m凹phosphate buffer (pH 7.0),･ and 卜) indicates

100 uM MgC12･ 50岬EGTA, 200 uM ATP and 2 mM =midazole-HC1 (pH 7･0)･

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

em土ss土on above 370 nm was collected altogether.
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･でable Vト2･ The wavelength of the absorption maximu皿Of PM=A

conコugate With actin or 2-mercaptoethanol in various･

solvent cond土t土ons.

conコugate Solvent concentration 入m (孤)

G-actin-pM=A

F-actin-PM=A

actin-pM=A

2-SHOHIPM=A

TI

II

II

o.2 mM ATP a) 0.5
mg/ml

a)
347.2

o.i MKCl
b)

0.i %- SDS

methanol

ethano 1

c)

cyc lobexane

d土○Ⅹane

347.9

34､5.1

342.6

_ 342.5

343.6

344.5

a) o･2 mM ATP･ 0･1 mM CaC12, 2 mM =midazole-HC1 (p= 7･0) and i mM NaN3･

b) 0･1 M KCl′ i mM MgC12, OIL mM CaC12･ 10 mM phosphate buffer (pH 7･0)∫

0･2 mM ATP and i rnM NaN3･ C) 0･1 % SDS, 0･1 M phosphate buffer (pH 7.0).

d) the concentration of protein. e) the concentration of dye.

J
.

I

Table V=-3 Double-exponential analysis of fluorescenとe decay

of PM=A-labelled actin (o.5 mg/mL).

solvent temp TI T
2 AI A2

0oC 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

o.1%SDSa) 25.0 47 110 0.144 0.856 l.76

(a) 0･1% SDS, 0.i M phosphate bぜfer (pH 7.0)
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Table VZ-4 Fluorescence decay parameters of P=AA-labelled

actin (at 13oC). .

G-act土n ど-act土n

土
丁土(ns) C土.(×100) T土(ns) C土(×100)

1 1.78 64.0

2
-

7.0

3 18.4

4 55

5 154

29.2

6.0

0.74

0.042

2.80 31.2

ヽ

ll.0 52.1

19.0 15.7

1.0

0.026

<T> 3.99 10.0

Table V=-5 Anisotropy decay parameters of P=AA-labelled actin

(at 13oC)

(i) ど-act土n

+

■ 号
rao rbO OF (ns) xD

o･238 0.125 5 × 103 1.46

(土工) G-act土n

rGO 6f ef(ns) eG(ns) xD

0.235 0.19 1.5 38 1.08
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V== CONFORMAT=ONAL CHANGE OF F-ACT=N UNDER =NFLUENCE OF

B=ND=NG OF HEAVY MEROMYOS=N OR SUBFRAGMENT-i.

.

Fluorescence behaviours of PM- and P=AA labelled F-

actln were exam土ned 土n the presence of heavy meromyos土n

or sub fragment-i. From the results obtained,･

i) it is strongly suggested that binding of myosin head

to F-actin alters the conformation of the each protomer

towards that of G-act土n.

2) no evidence was obtained for the presence o王 the co一

■

operative nature between the protomers in the act土n filament

on the binding of myosin head (in the system without ATP).

- 142 -
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Ⅴ工エー1 ‡ntroduct土on

F-actin activate.s the MgJATPase activity of myosin

by a factor of several hundreds. Tb土s act土vat土on 土s

believed to be related to the molecular process of the force

genera七土on of muscle contraction. offer et al. 【66】 have

shown that the ability of G-actin to- activate the ATPase
ヽ

activity of myosin sub fragment-i is cosiderably less than

the act土vat土on obtained with F-act土n under 土dent土cal

cond土七土ons･ 工n order to explain tb土s super土or土ty of ど-act土n

compared with G-actin, they con岳idered 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

bydrolys土s by myos土n. 工f so. the problem would be raised

as to what kind of conformational change is induced in

F-actin during the interaction with myosin･ Although

several reports 【72-79.194,195] have been published about

the conformational change in actin filament induced by

binding of heavy meromyosin or sub fragment-1t there have

been controversies among their results and interpretations.

Therefore a systematic study of actin-myosin interaction

will be des土red 七o clear up the s土tuat土on.

工n the present work, the fluorescence behaviours o王

PM- and P=AA-labelled F-actin were investigated in the

presence of heavy meromyosin or sub fragment-i. The 'results

obtained using PM and P=AA will be presented in'Section

V==-2 and V==-3, respectively.
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V==-2 Binding of lleavy Meromyosin to PM-Labelled F-actin

Ⅴ工エー2-1
l

Steady-excit串tion fluorometry of the complex of

PM-labelled F-actin with heavy meromyosin or

subfragmenセー1

To a concentrated solution of PM-labelled G-actin (about

ヽ

2
mg/m1) containing O･2 mM ATP･ salts (0･1 M KC1･ i rnM MgC12･

10 mM phosphate buffer, pH.7.0) were added. Theh the solution

was left standing at 5 oC for 5 to 8 hours so that PM-labelled

G-actin polymerized completely. This mother 畠olution of

PM-labelled F-actin was mixed with various amounts of heavy

meromyosin or

･subfragment-1･
After the ATP being hydrolysed,

fluorescence measurements were done. 工n the steady
fluorescence

measurement. exc土tation and em土ss土on were f土Ⅹed 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.

Ⅴ==-2-i-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 tryptic digestion.

At low saturation of binding of heavy meromyosin(TR) to

ど-actin′ anomalous phenomena of the solution were found;

when the solution was poured 土nto the sample cuve上土e (1 ×

i x4 cm3) , the fluorescence intensity began to decrease

and settled to a level土n a 壬ew minutes;七hen′ 土f the solution

-
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was agitated mecban土cally′ the 王1uorescence 土ntens土ty

increased abruptly,･ and after the mechanical agitation
l

being ceased, the fluorescence in･tensity began to dec.rease

again (Fig. V==-i). The magnitude of the fluctuation in

the fluorescence intensity was dependent on the d･egree of

bi'nding saturation of heavy meromyosin(TR) to F-actin.

The large fluctuation as shown in Fig v==-i was not observed

in the absence of heavy me.romyosin(TR) or in th早PreSeIICe

of the excess amount of heavy meromyosin(TR) ,･ it occured

only at low saturation of binding of heavy meromyosih(TR-)I

to ど-act土n. On the other hand. the fluctuatlon 土n the

polarized fluorescence 土n七ens土ty was found to result 王rom

both fluctua七土ons 土n the fluorescence an土sotropy and 土n

the total fluorescence intensity･ Fig v==-2 shows the

fluorescence
an土sotropy and the total flu?rescence･土ntens土ty

as a function of the amoun七of heavy meromyos土n(でR) added.

When the polarized fluorescence 土ntens土t土es were observed

at 8 -10 min after the solution being poured into the

sample cuvetter the biphasic changes with increasing

amount of heavy meromyos土n(TR) were found 土n both the

fluorescence
an土sotropy and the total fluorescence 土ntens土ty

(open c土rcles 土n F土g. Ⅴ工エー2); while, when the solution o王

acto-heavy meromyosin(TR)I was
agitated mechanically, these

b土phas土c chang･es were d土m土n土shed or disappeared (closed

circles in Fig. v==-2).

V==-2-i-2 Binding of heavy meromyosin(cT)

Heavy meromyosin(CT) , Which was prepared by chymotryptic
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digesti.on, was added to PM-labelled F-actin (0.2 mg/m1).

The complex of PM-labelled F-actin and heavy mer?myo芦in(CT)

did not exhibited the large fludtuations in the polarized

fluorescence 土ntens土ty as observed ユn the presence o王heavy

meromyos土n(でR). Althoug.h change 土n the total fluorescence

intensity of the complex was observed after the mechanical

agitation' the magnitude of the cha.nge was very small (Fig･

Ⅴ=ト3) ･ As for the fluor?scence anisotropy of P上卜1abe11ed

F-actin, no large dependence on the molar ratio of h白avy

meromyosin to F-actin Was detected even without the mechanical

ag.土ta七土on. 一

Ⅴ==-2-i-3 Binding of sub fragment-i

Subfragment-i prepared by
chyrn_otryptic digestion

was added to PM-labelled F-actin (0.5 mg/m1), and the

polarized fluorescence 土ntens土ty of the complex was

measured at 8 -10 min after the solution being poured.

When the amount of sub fragment-i added Was increased, the

biphasic changes as shown in Fig･ v==-2 Were ofte'n observed

土n the fluorescence and土n the total fluorescence一土ntens土ty･

But the magnitude of fluctuation varied between
preparations

of subfrag･menト1; and′ some七土mes. no large fluctua七土on was

detected in the fluoresc弓nCe intensity･ one may consider

the poss土b土1土七y tha七var土at土on 土n the results ob七a土ned 土s

related to heterogeneity of sub fragment-1t since there

have been known to exist two species of subfrag･menト1; the

one with A1-light chain and the one
with A2-light chain

(SトAl and SトA2′ respect土vely) 【146】. For exam土nat土on
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i

of this.possibilityr subfragmentLl was fractionated into

s1-Al and S1-A2. However, the result obtained using the

fractionated subfragm.ent-i wa旨the same a~s the one obtained

using the 畠ubfragemnt-i before fractionation. Therefore'

another explan､at土on was needed･ On the course of the study,

we･found that the varlat土on of the result occured.ノeVen∴☆hen

the same･ sample was used,I that is, after the acto-S1-A1ヽ

solution was left standing at 5 oC for 2 days, fluctuation

in the polarized fluorescence intensity became larger than

tha七 observed be宕ore the store (F土g. Ⅴ工エー4). 工t 土s therefore

suggested that the aging Of proteins is at least one of

orlg･1nS Of the anomalous fluctuation observed･

v==-2-2 Pulse-excitation fluorometry of the complex of PM-

1abelled F-ac七土n and myos土n head

工n the pulse-exc土tatlon fluorometry, exc土tat土on was

at 337 nm and emission above 370 m was collected altogether.

Meas.urements of fluorescence decay were started at 10
- 20

min after the solution being poured into the sample cuvette,

and done without mechanical agitation.

v==-2-2-1 Total fluorescence decay of PM-labelled F-actin

in the presence of heavy meromyosin or subfragrn･ent-i

TyplCal experimental decay curves of total fluorescence

of PM-labelled F-actin (0.2 mg/m1)
in the presence of heavy

meromyosin(cT) are shown in Fig. Ⅴ==-5. The average

fluorescence l土fetlme decreased monoton土cally
on 土ncreas土ng･

amount of heavy meromyosin(CT) , and showed a saturation at
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a molar ratio approximately equal to 0.5. でhe s土m土1ar

behavio･ur in the average lifetime was observed when heavy

meromyosin(TR) was added to PM-labelled F--actin. The

decrease in the average lifetime does not indicate depoly-

mer土za七土on of ど-act土n by the presence o王heavy meromyos土n′

since heavy meromyosin has an effect to shift the G-F

equilibrium of actin towards F-stat.e [196] ,･ actually, in

the presence of heavy meromyoβ土n. the supernatant after

centrifugation of P_M-labelled F-actin solution contained

less
act土n than土n the absence of heavy meromyos土n.

Therefore the occurence of some conformati･on･al change in

act土n protomer 土s b土ghly probable. 工n order to examine

the change of lifetime in detail. Data shown in Fig. v==-5

were早nalysed on the basis of assumption that each fluorescence

decay consists of a sum of two exponen七土al funct土ons (Eqn

(VZ-2))･ Fig･ v==-6 shows the result of this analysis.

A decrease in the relative amplitude BI Of the long decay

component is an apparent determining factor of the decrease

in the average lifetime.

The temperature depedence of the decay times Tl,2 and

the ratio of ampl土tudes B2/Bl土n the presence of heavy

meromyosin(cT) is included in Fig vト8･ One may note that

the change in the ratio B2/BI Was more
remarkable at higher

temperature′ the reason of whlch 土s no七 clear a七 the

Present stage.

When sub fragment-i was added to PM-lab.elled F-actin

(0･5 mg/ml) ′ decrease土n the average fluorescence l土fet土me

was also found,･ the average lifetime decrease monotonically
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with increasing amount of sub fragment-i added. and the

decrease appeared to saturate at the molar ratio of .

1

sub fragment-i to actin approximately equal to 1･0･ The

behaviou羊r Of the average fluorescence lifetime observed

on the binding of heavy meromyosin or of sub fragment-i was

in'dependent of preparations of proteins.

Ⅴ==-2-2-2 Fluorescence anisotropy decay of PiT･1-labelled

F-ac七土n 土n the ･presence of heavy meromyos土n
,

工n contrast to the total fluorescence decay′ the

behaviour of the fluorescence anisotropy decay of PP･1_-labelled

F-actin observed on the binding of heavy meromyosin was

found to depend on the prepara七土on method of heavy meromyos土n

tlSed･･ Examples of the experimental fluorescence anisotropy

decays in the presence of heavy meronyosin(TR and CT) were

shown in Fig. Ⅴ==-7 and 8, respectively: The curves

represented with closed circles were obtained when the

molar ratio of he.avy meromyosin(TR or CT) to actin wag
i:8.

As expected from the result o王 steady ~ fluores?ence an土sotropy′

no significant change in the anisotropy decay of PM-labelled

F-actin was 10bserved on the binding of heavy meromyosin(CT)

to F-actin･ while, on the binding of heavy･meromyosin(TR).

a remarkable decrease 土n.the fundamental an土sotropy was

observed. The biphasic change With increasing amount of

heavy meromyosin(TR) was observed in the value of the

fundamental anisotropy. The biphasic change observ'ed in

the steady fluorescence an土sotropy was almost explained by

this behaviour of the fundamental an土sotropy.
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Ⅴ==-2-3 Discussion

.V==-2-3-1 Biphasic changes in the fluorescence interisity
l

and anisotropy with increasing ar?ount of heavy

meromyos土n

I
i

_
J

▲ ヽ

工n the presence of heavy meromyos土n (TR). the fluorescence

intensity of PM-1abe11dd F-actin wa_s. found to fluctuate
ヽ

remarkably after the solution of acto-heavy meromyosin being

poured into the sample cuvette and being agitated mechanica11y･

The maximum fluctuation of the fluorescence intensity appeared

at low saturation of b土nd土ng of heavy meromyos土n(TR) to

F-actin (i/10
-

i/4). under the stationary condition (i.e.,

at 8-10 min 'after the solution being poured), the total

fluorescence 土ntens土ty observed at the low saturation of

binding of heavy meromyosin(TR) was 70
-80

% of the intensity

observed 土h the absence of heavy meromyos土n(TR). Ⅵ止1e.

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 畠uggested

from the bebav土our of fluorescence an土sotropy decay; tba七

isr a large change Was observed only in the fundamental

an土sotropy bu七 not 土n the rota七土onal correlation times.

On the other hand, in the presence of the low amount of

heavy

-meromyosin(TR)
, the sca.ttered intensity
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of the ･excitation
light by the solution also fluc･tuated I

?s well as the flurescence intensity･ Fig･ vz=-9 shows

l

an example of the七土me course of the fluctuation of the

scattered intensity after the solution being poured into

the sample cuvette･工n this measuremen七′ the same optical

apparatus was used as 土n the measurement of fluorescence

intensity except that the both exciTtation land emission
Wavelengths

were set at 355 nm. =t can be seen from Fig. Ⅴ‡=-i and

-9
that the fluctuation of the scattered intens土七y correlated

strongly to the one of the fluorescence interlSity･ This

result may suggest that the fluctuation. in the fluorescence

intenstiy is related to formation of some m畠croscopIC

structure of the complex of F-a'ctin and heavy meromyosin(TR) ･

N-ow we shall consider the problem as to what kind of

macroscopic structure of acto-heavy meromyosin(TR) can

cause the decrease 土n the probab土1土ty o王 absorpt土on of

the polarized exciting light by the actin-bound probe･

The following po-ssibilities may be considered,･

i) On partially saturation of act土n f土1amen七w土th heavy

meromyosin(TR) , the actin filaments vhi'ch exist on the

optical path of the exciting light begln･ tO Orient in

some part土cualr d土rec土ton; the d土rectlon of ､七he absorption

oscillator of the actin-bound probe will distribute-

an土sotroplCally so七bat the effec七土ve concentration o至

absorber 土s 工･educed.

ii) The actin filaments form large clusters or aggregates

in the sample cuvette･ Then the effective condentration
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of abso.rbers･ is reduced due to th占 so-called absorption

flattening effect [197],･ that is, when high dense regions

of absorbers are forゃed here`and therei the probability that

an absorb畠r exists in the shadow of the other absorbers

from the exciting light畠wi11 increase as compared with

the case of uniform d土s七rlbu七土on of absorber. The forma七土on

of such ･a macroscopIC Structure tA,Till also cause the decrease
ヽ

土n the experimental fluorescence an土sotropy. =f七he

absorption flattening effect is slgnifica_nt,the orientation
●

d土str土bu七土on of the exc土七ed molecule (at the 土ns七ance
′oモ

excitation will be no longer expressed by Eq･n (Ill-18).

=nstead･ f(0, 0) -首COS28 -ist be replaced-with the
3

following function,･

3
f･(0,0) -すCOS2o･∈(o) (Ⅴ工エー1)

where ∈(o)土s a function wh土ch 土s close to 1 at 0 -T/2 but

hag･ the smaller value when 0 becomes smaller than 7T/2.

Thus the apparent fundamental anisotropy has a smaller

(absolute) value than the one
observed under the u'niform

distribution of absorber,･ that is, Eqn (Ill-24) maybe

replaced with the following value:

r｡-言(喜cos2β-喜)･y
(Ⅴ==-2)

where y 土s a pos土t土ve value less than 1.

工n order to examine these poss土b土1土t土es′ we prepared

the conjugate of actin with N- (i-Anilinonaphthy1-4)rnaleimide.

(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｣ =n fact, ANN-labelled F-actin .

exh土b土ted the exc土tat土on polar土zat土on spectrum 土n which

the anisotropy varied from O†26･to O･32 in this region Of

wave1占ngth (Fig. Ⅴ==-10). =t is therefore probable that

the two absorption oscillators orient in the different

directions with refere事-Ce Of the axis of
･the

actin filament･

工f a particular an土sotropユC d土str土but土on of the or土entat土on
ヽ

of the actin filament Was induced on the binding of heavy

meromyosin(TR) ′
the behaviour of the changes in､the fluorescence

土ntens土ty and an土so七ropy would be dependen七on 七be exc土tat土on

wavelength. Decrease in these quantities may be observed
■

土n some case. but 土ncrease may be also observed 土n another

particular case. =n Fig. v==-10, 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 i.･8. =t can be seen that the

fluorescence anlsotropy of the complex of acto-heavy

meromyos土n had the smaller values at any exc土ta七i.on.

wavelengths than those of F-actin alone. Furthemore, with

increasing saturation of ANN-labelled F-actin With heavy

meromyosin(TR) ,
biphasic changes both in the fluorescenc白

土n七ens土ty and an土so七ropy we工･e Observed′ wbose manners were

very similar to those observed for 即トIabe11ed F-actin,

工t seems therefore d土ff土cult to explain the decreases 土n

the fluorescence 土ntens土ty and an土sotropy 土n 七erms.of

d土str土butlon of the some selected or土entat土on of act土n

f土1ament 土n 七he sample cuve七te. On the other hand′ these
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behaviour can be explained well ･by considering the absorption

flatten土ng･ effect (Eqn V=ト2). It appears probable that

the binding of heavy.meromyo去in -to
F-actin promotes the

formation of large clusters or aggregates of the actin

filaments･ =n any.caset such macroscopIC Structures Of

act土n f土1amets may be so weak as to be broken by the

mechanical agitation of the sample芦01ution･

There are several reports of ob･servation of biphasic

response of physical parameters of acto-heavy meromyos土n

complex at low saturation of heavy meromyos土n to ac七土n.

The first one was found in a measurement of ･flow birefringence

by Tawada[51]. The present observation of fluorescence

土ntens土ty and an土sotropy would be related to七he b土phas土c

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 of the complex of

F-actin and heavy meromyosin or not, because ther占 have

been also reports wb土ch throw doubt on these observations

【76-78. 195]･ We found that with d土fferen七proteblyt土c

preparation of heavy meromyos土n′ fluorescence 土ntens土ty

and an土sotropy of the complex responded d土fferen七1y to

mechanical agitation･ Discrepancy between the -reports from

Several laboratories may have resulted from d土fferen七

preparation of heavy meromyos土n･ =n the presen七s七udy.

土t was also found that′ after the solution of acto-subfragmenト1

be土ng･ stored at 5 oC for 2 days′ a typlCal biphas土c

response Was Observed 土n the fluorescence an土sotropy; this

behaviour had been obscure before the store I(Fig. v==-4).
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This is.suggesting that a kind of aging Of the proteins is

related to appearance o王 the b土phas土c behaviour. 工t has

been known that heavy. merornyo畠in(TR) contains many regions

proteolytitally digested in its heavy chains as compared

with heavy meromyos土n(Cで) (F土g.工Ⅴ-7). エt seems probable

that these regions are Susceptible to aging Of the protein.-

工n tb土s respect,土t was found that the heavy meromyos土n
ヽ

which was obtained by tryptic digestion of myosin in the

presence of divalent cation (i･e.′ i mM MgC1っ
上一

, in which the number of regions Of proteolytic digestion

is smaller than those prepared in the absence of MgC12 [40])

scarcely ･土nduced b土phas土c response of fluorescence an土sotropy･

V==-2-3-2 Conformational change of actin protomer on the

b土nd土ng of myos土n 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 wer占 added

to F-actin,･ i.e･, heavy meromyosin(TR or CT) , sub fragment-i,

Sl-Al and Sl-A2. Fur七hermore the extent of the decrease

which was observed a七 the complete saturation of b土nd土ng

of myos土n head to ど-ac亡土n.was almost.independent of the kind

of myosin head used. These results may be explained as

follows= 工n contras七 to the fluorescence ln七ens土ty observed

after steady-excltat土on, which was shown to be sens土t土ve

to the macroscopIC COnfiguration of actin. filaments, the

fluorescence decay is sensitve only to the microenvironment
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of the a_ctin-bound probe･ Thereforet information about the

･1ocal
conformation of the labelling site of the actin. protomer

l

may be obtained from the behaviour of the fluorescence decay･

sinc声the heavy meromyosin prepared according to Weeds

and Pope [41] gave the best reproducibility
so far as ve

studied. the data of the fluorescence decays which were

obtained･on
the addition of this heaNY merOmYOSin(CT)

were

mainly analysed with double-exponential functions (Eqn (Ⅴ=-2) )･･

=t was then王ound that the rela七土ve amplitude BI Of the long

decay component decreased remarkably on the binding of heavy

meromyosin(CT) to F-actin. =n Section V=-2, Lit
was shown

that the polymerization of PM-labelled G-actin accompanies

a increase in the relative amplitude of the long d･ecay

component. One may note 七hat the decay pa工■ameterS′ e･9･'

the decay constants and the relative ampl土tudes, of fluorescence

of PM-labelled F-actin under the influence of heavy meromyosin

have intermediate values between those of G-,actin all_a F-actin.

This may indicate that the binding of heavy meromyosin breaks

(or at least loosens) the bonding between actin protorn-ers

of F-actin. Zn this respectt we note the hypothesis proposed

by Oosawa et a1. [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 土mpor七ant role 土n muscle con七ract土on･
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v==-3 Binding of Myosin Head to Pl九a-Labelled F-Actin

V=ト3-1 Absorption and fluorescence
spectra of P=AA-labelled

F-act土n 土n the presence of heavy meromyos土n

:■

p=AA-labelled G-actin (2
- 4
mg/m1)

Was polymerized

by addition of 0.i M KC1, and ATP in the solution was removed

by dialysis against the solution containing 0.i MI KC1, i mM

MgC12 (or O･05 M KC1･ 2 mf^: FlgC12)･ 10 mM phosphate buffer

(pE 7.0)′ i mM 2-mercaptoethanol and i mDJl_ sodium azide･

To this solution of P=AA-labelled F-actin, various amounts

of heavy meromyos土n(Cワ) were added= でhe final concen七ra七土on

of P=AA-labelled F-actin was 0.2 mg/m1. Under this solvent

cond土t土on, the fluorescence 土ntens土ty o王 七he complex o王

P工AA-labelled ど-ac七土n and heavy
meromyos土n

was found to be

stable (no sj-gnifican上fluctuation was obsertved) ･

Fig. Ⅴ==-ll shows the excitation spectra of Pla且-labelled

F-actin in the presence of various amounts oll;E heavy meromyosinこ

The fluorescence emission was observed at 4r)6 nm. With

increasing of the concentration of heavy meromysoin 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 exc土tat土on at 365 nm was almost

independent of the amount of heavy meromyosin addedr though

the fluorescence intensity integrated over emission was

reduced largely. A striking change in the absorption

spectrum of P=AA-labelled F-actin was observed on addition
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of heavy meromyosin･ The open circles in Fig V==-12 showJ･･

the absdrption spectrum obtained when excess amount of

heavy meromyosin (3.0 mg/m1) 1WaS added. Then the absorption

peak at 365 nm disappeared. which was obtTious in the

absorption spectrum of P=AA-labelled F-actin_ alone. =t

should be noted that the absorption spectrum obtained at

the complete saturation of b土nd土ng. of heavy meromyos土n was

ヽ

very s土m土1ar to that of P工AA-labelled G-act土n (continuous

line in Fig. v==-12).

Fig. v=ト13 shows the fluorescence intensity of P=AA-

labelled F-actin as a function of the molar ratio of heavy

meromyosin to actin protomer･ The fluoresc弓nCe intensity

was observed at 407 m after excitat土on at 365 nm. でhe

manner of the change in the fluorescence intensity on

increasing amount of heavy meroTn.YOSin was found to depend

on the labellln9 rat土o of P工AÅ to act土n molecule. The

closed circles in Fig v==-13 were the data obtained when

the labelling ratio was 95 %. The fluorescence intensity

decreased linearly on increasing amouht of heavy meromyosin

added, and showed a sa七urat土on at the molar ratio approximately

equal to 0.5. While, the open circles in Fig. v==-13 were

the data obtained when the labelling ratio was 24 %,･ that

is, P=AA-l早belled G-actin (labelling ratio equal to 95 %)

was d土1uted 4-fold with unlabelled G-act土n and the m土Ⅹture

was polymer土zed. 工n this case′ the 王1uorescence 土ntens土ty

d土d not decrease l土nearly; the slow decrease was found a七

the molar ratio of heavy meromyosin to F-actin.between 0

and O･3 and the rapid decrea-se was found at the molar rat土○

-
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between 0.3 and 0.5. The rate of decrease of the

fluorescence intensity on increasing of the mola土ratio

of heavy meromyosin to actin (at the low saturation of the

binding of heavy meromyos土n) was decreased monotonically

as the labell土n9 ratio of p工AA to act土n was decreased

(でable V工エー1) ･ However′ the molar ratio of heavy meromyosin
l

to actin at which th■e saturation of the decrease of the

fluorescence土ntensity
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土ntens土ty observed at the complete saturation

of binding■ of heavy meromyos土n to that observed 土n the

absence of heavy meromyos土n was also 土ndependent of the

labelling ratio,･ it was always between 0.24 to 0.27.

These behaviours can be explained by difference

between the bind土ng･ aff土n土t土es of heavy meromyos土n to

p工AA-labelled and unlabelled act土n protomers.

Ⅴ==-3-2 Binding of sub fragment-i to P=AA-labelled F-actin

Bind土n9 0f subfra9ment-1 to P工AA-labelled ど-actin

brought about the similar changes in the absorption and

fluorescence spectra as observed on the bind土n9 0f heavy

meromysoin･ Fig･ v==-14 shows the fluorescence intensity

observed at 407 nm after excitat土on at 365 nm and the

absorbances at 345 m and at 365 nm as a function of

the concentration of subfra9ment-1 added. Actin concentration

was 0.2 mg/ml and the labelling ratio of P=AA to actin
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molecule was 80 %. The absorba占ce at 365 nm decreased･

remarkably on
addition of sub fragment-1･ Corresponding to

this, the fluorescence inten占ity decreased largely with

increasing concentration of sub fragment-i. The fluorescence

intensity at complete saturation of F-actin With sub fragment-i

wds 25 % of that observed in the absence of subfragemnt-i.

When ATP was added to the solu､tion of acto-sub fragment-i

at the final concentration of i mM, the fluorescence

intensity increased to about 90 % of the intenstiy observed

in the absence of subfragemnt-i (the closed triangle in Fig･

Ⅴ工エー14). 工t 土s therefore 土nd土cated that the change 土n the

fluorescence 土ntens土ty was reversible.

Ⅴ工エー3-3 D土scuss土on

ミ

､.
/

=t is interesting to note that the binding of sub fragment-i

to p工AA-labelled ど-act土n was accompanied with a decrease 土n

the fluorescence 土ntens土ty by almost the same extent as

observed on the binding of heavy meromyosin,･ that is. the

fluorescence 土ntens土ty observed at the complete saturation

of myosin head (both heavy meromyosin and sub fragment-i)

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 FTaCtin does not make the actin-

conforma七土on change different from the one wb土ch 土s 土nduced

on the binding of monovalent myosin (or sub fragment-i) (Fig･

工エー7).

工t was 王ound that when p工AA-labelled F-act土n was

satur畠ted with myosin
head, the absorption spectrum becomes
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very similar to that of P王AA-1abe11､ed G-actin. One may

conside土 the possibility that, on the binding of myosin

headl the pyrene moiety which may be buried between neibouring

actin protomers is displaced onto the su土fate of actin

filament and becomes to contact with the solvent. On the

Other hand′ the fluorescence quantum yield or the shape

of emiss.ion spectrum (observed after excitation at 365 nm)
ヽ

of P=AA-labelled F-actin scarecely changed on the binding

of myosin head, although conspICious change was found on

the G-F transformation of P=AA-labelled actin (Section V=-4).

Therefore' it appears unlikely that the chan9e in the

absorption spectrum is simply due to the dis.placement of

the pyrene moiety from the buried region tO the surface of

the protein. Another explana七土on must be needed. 工t has

been shown 土n the section vエー4 that P工AA labelled to act土n

has heterogeneity of local conformation in its ground state

and the change in the absorption spectrum induced on the

polymer土zation of actln is due to a sh土ft 土n the equ土1土br土um

between the ~poss土ble local conformations of the labell土ng･

s土te･ 工七 土s probable that this equil土brium 土s also shifted

on the binding of myosin head to F-actin and it becomes

very similar to the equilibriu血attained in G-state of actin_

工n this respect,土t has been shown 土n the section V工エー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 beco･1TLeS

close to the value obtained in G-state of actin. This result

is
compatible With the preseht resultt since the multiplicity
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of lifetime of fluorescence from PM-labelled F-actin can be

be also explained if the heterogeneity of local environment

J

is pre-existing in the ground state of-the dye (Eqn (Ill-6))･

These two results suggest thatr on the binding of myosin

head′ the conformation of act土n protomer 土n F-act土n becomes

similar to the one of G-actin. Such a conformational change

of actin must be considered in elucidation of the molecular

mechanism of force generation o王muscle contract土on･

v==-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 b土ndlng of heavy meromyos土n and 土t levelled-

off around the molar ratio of heavy meromyos土n to act土n

equal to O･5･ Decay parameters under the 土nfluence of heavy

meromyos土n had values 土ntermed土a七e between those of G-ac七土n

and of ど-act土n alone.

ii) When heavy meromyosin was bound to P=AA-labelled F-actin,

consplC土ous changes 土n the absorption and
fluorescence

spectra were observed. These changes are saturated at

the molar ratio of heavy meromyos土n to ac七土n approximately

equal to O･5･ The absorption spectrum at the complete

saturation of P工AA-labelled ど-act土n with heavy meromyos土n
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was very similar to that of P=AA-labelled G-actin: The

strong 畠bsorption band at 365 nm, which is characteristic

to F-actin alone, disappeared on the binding of heavy

meromyosin･ Binding of sub fragment-i to P='AA-labelled

ど-act土n accompanied the same changes 土n the fluorescence

and absorption spectra as those observed on the binding

of heavy meromyos土n.

∫
I

･ヽ
/

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-actln. Such a

conforma土tonal chang･e should be taken 土nto.account when

considering the superiority of F-actin to activate the

myosin ATPase activity as compared to G-actin. =t appears

that the transformation of the structure of the protomer

towards the one of G-act土n 土s related to the molecular

mechan土sm 土n which myos土n ATPase 土s accelerated by ど-act土n.

From the results obta土ned 土n the present study, no

ev土dance was obtained for the presenc? of the co-operative

nature between the protomers 土n the act土n filament on the

b土nd土ng of myos土n head. Furthermore. essential difference

between heavy meromyosin and sub fragment-i was not obtained

in the action to the actin conformation. Eowever, the

present results, Which ve-reobtained 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･P･ corD･Plex, which is
l

a reaction intermediat.e with excess energy, affects on the

act土n filament with a manner different from the action of

-
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myos土n without the nucleot土de. 甘ormat土on o至 a transient

conform畠tion of the actin molecule immediately after the

binding of myosin･ADP･P･ complexl to F-actin appears to be
1

necessary for actomyos土n to undergo a cyclic reaction of

AでP spl土t七土ng. up to date′ no evidence of existence of

such a 七rans土ent conformation has been ob七a土ned′ only because

of lacki.ng of a probe sensitive to actin conformation. =t
ヽ

may be expected that p工AA 土s used as a probe suitable to

study of the transient confo工･ma七土on of act土n, since the

fluorescence 土ntens土ty of P工AA-1abelledモー-ac七土n responds

much remarkably to the binding of (nucleotid声-free) myosin.
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Fig･ Ⅴ=z-1･ Fluctuation in the fluorescence intensity of the complex

of PM-labelled F-actin and heavy meromyosin (TR). The solution of

acto-heavy meromyos土n was poured土nto the sample cuvette (4 × 1 ×1 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 i : 8. Solvent condition= KC1,

0･1 M,･ MgC12, i mM,･ phosphate buffer, 10 mM (pH 7.0),･ ATP (F-actin

only) or ADP,･ about 20岬,･ at 200c. The fluorescence intensity was

observed at 396 nm after exc土tat土on at 344 nm. Dasbed line shows the

fluorescence lntens土ty observed土n the absence of'heavy meromyosin.
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F⊥g･ V工ト2･ Total fluorescence lntens土ty (lower) and fluorescence

anisotropy (upper) as a function of the saturation of PM-labelled F-

actin with heavy
meromyosin(TR). The data shown by opeムcircles were

obtained at 8 -10 min after the solution being poured into the sample

cuvette; wb土1e, the data showrl by closed circles were obtained after

the solution being agitated mechanically- Experirnental condition was

identical to that in Fi匂･. v=ト1.
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Fig. v==-3. Total fluorescence intensity and fluorescence anisotropy

as a function of the saturation of PM-labelled F-actin with heavy

meromyos土n(cで). Exper土men七al detail was the same as tba七 sbown土n

F土g. Ⅴ工Ⅰ-2.
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Fig. V==-4･ Fluorescence anisotropy as a function of the saturation

of PM-labelled F-actin with Sl-A1. 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-S1-Al being left standing at
5oC for 2 days･ The

fluorescence intensity Was observed at 8
- 10 min after the solution

being poured into the sample cuvette･ Experimental condition was

土den七ical to that ln Fig. Ⅴ工エー2･
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Fig. v==-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 meromyos土n to actユn was 0 (open circle)′ 1/4 (cross)′ 1/2

(dot). Exc土tat土on was at 337 nm and em土ss土on.above 370 m vas collected･

Solvent cond土t土on was 土dent土cal to that shown 土n F土g. Ⅴ工エー2.
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Fig･ v==-6･ Decay parameters as a function･ of the saturation of PM-

1abe11ed 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 value of
2

xs was less than l･005 times of the minim- of xs2
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act土n was 1 : 8･ Expe工･i皿ental co･nd土t土on was土dentical to that in

Fig. v==-5.
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Fig･ Ⅴ=ト8･ Fluorescence anisotropy decays of PM-labelled F-actin

土n the absence (closed circle) and土n the presence (closed circle)

of heavy meromyosin(cT) ,･ the molar ratio of heavy meromyosin(CT)

to act土n was 1 : 8. Experimental cond土tlo11 WaS ユdent土cal to that

in Fig. v==-5.
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Fig･ Ⅴ==-9･ Fluctuation in the scatter･ed'intensity of the excitation

light by the solution of acto-heavy meromyosin(TR) after being poured

into the sample cuvette. The concentration of PM-labelled actin was

0.2 mg/ml and the molar ratio of heavy meromyosin to actin was i I 8.

Scattered l土gbt was viewed at right angle w土七h the exc土tat土on beam.

Both the excltat土on and em土ss土on wavelengths were set at 355 nm.

Solvent condition was identical to that in Fig. Ⅴ==T1.

ー･･'AVELENGTH (NM)

Fig. v==-10. Excitation polarization spectra of ANN-labelled F-actin

in the absence (open circle) and 土n the presence (closed circle) of

heavy rneromyosin(TR) ,･ the molar ratio of heavy meromyosin to actin was

i = 8. The slit width was 6 r皿 and emission was observed at 440 nm.

Absorption spectrum of ANN-1abel土ed actin is shown in the upper figure･

Solvent condition was土den七土cal to that 土n F土g･ Ⅴ工エー1･
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-
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The molar ratio of

heavy meromyosin
-to actin

was. 0ー(T) ′ 0･125(---) , 0･25卜･T) ,

o.5 (1一---). 2.2(-･丁-). The slit width was 3 nm and emission was

observed a七407 nm; an optical cuセーOff filter was set in the em土ss土on

side in order to eliminate scattered l土9h七s･ The concentration of

p=AA-labelled actin was 0.2 mg/ml and the degree of labelling of

actin血th P=AA was 95%･ Solvent condition: KC1, 50 ntM, MgC12, 2 m的･･

cac12･ 0･1 mH･･ phosphate buffer, 10 mM (pH 7･0)･･ NaN3･ i mM･･ 2-mercapto-

ethano1, i m的,･ at 140c.
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(added) to actin was 2.2:i.0. The concentration of P=AA-labelled actin
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mg/ml and the

degree of labelling was 95 %･ A sample cuvette With

o.5 cm length was used･ Solvent condition was identi･cal to that in Fig･

Ⅴ工ト11. Dotted line shows the absorption spectrum of P=AA-labelled ど-act土n

alone; smooth line shows the one of PIAA-labelled G-actin･
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Fig. 11V==-13･ Fluorescence intensity as a function of the saturation of

p=AA-labelled F-actin with heavy
meromyosin(CT)

･ The data shown by closed

circle were obtained when the degree of labelling of actin with P=AA 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-

1abelled act土n. The fluorescence 土ntens土ty was measured at 407 nm after

exc土tat土on at 365 nm. Solvent condlt土on was 土dent土cal to that sbown 土n

Fig. VZ=-11･
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Fig. Ⅴ==-14･ Fluorescence intensity and absorbance as a function of

the saturation of P工AA-labelled F-actin with sub fragment-i. Fluorescence

土ntens土ty was observed at
407 Ⅰ皿after exc土tat土on at 365 nm (○) ;

absorbance was observed at 345 nm (ロ) or at 365 nm (I). The concentration

of P=AA-labelled actin was 0.2 mg/ml and the degree of labelling was

80%. The turbidity of the solution increased on addition of sub fragment-1･･

optical density at 400 rm increased from 0.02 to O･07･ =ts effect on

the absorption spectrum was corrected by assum土ng･ that the turb土d土七y

increases with fourth. power of the inverse of wavelength･ The fluorescence.

土ntens土ty wh土cb would be observed at complete saturation- of ど-act土n w土tb

sub fragment-i was estimated by plotting the fluorescence intensity as

a function of the inverse of the concentration of sub
fragment-i added.

The fluorescence intensity observed at i-2 min after ATP (i mM) being

added to the solution of acto- sub
fragment-i is shown by closed~-t土iangle.
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Table V==-l･ Dependence of (d△/da)-i and ･Fco/Fo on the degree

of labelling.

y (d△/dα)-i
(atα-o)

iJさo

0.95

0.75

o.46(a)

o.46(b)

0.24

0.5

0.6

1.32

1.17

2.08

0.27

0.25

0.26

0.24

0.26

Here Y is the degree of labelling of actin with P=AA,･ α is the molar

ratio of heavy meromyosin(cT)
to actin,･ A is the magnitude of

decrease

in the fluorescence intensity with reference of the maximumdecreaser

that is, A - (Fo-F)/(Fo-F∞),I F, Fo′ Fcoare the fluorescence intensities

observed at a f土n土te value of α′ at α-0 and at α-∞′ respect土vely.

The fluorescence intensity was observed at 407 r皿after excitation at

365 nm. The total concentration of actin was 0.18-0.20
mg/m1.

solvent condition: KCl, 0･05 M (or O･l M(a), 0･03(b))･･ MgC12･ 2 mM

(or i rnM(a･b))I phosphate buffer, 10 ntM (pH 7･0),･ NaN3, i rnM･･ 2-

mercaptoethano1, i mM,･ at 140c (or 20Oc(a･b)).
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