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The excitation polarization spectrum of ¢-ADP bound to F-actin shows that two absorption dipoles at 260 nm
and 340 nm are oriented in different directions relative to the emission dipole. On the other hand, the linear dichroism
of F-actin—¢-ADP gives that the dichroic ratio of the bound e-ADP is approximately constant (@about —~0.5) in the
wavelength region from 250 to 350 nm. Furthermore, the fluorescence polarization of e-ADP bound to F-actin which
is oriented in the ficld of flow shows that the emission dipole is nearly perpendicular to the long axis of F-actin, From
these observations we conclude that the adenine plane of the bound nucleotide is almost perpendicular to the long

axis of F-actin.

1. Introduction

G-actin from skeletal muscle has one specific site
for binding of nucleotides per molecule [1]. Among
nucleotides so far investigated, ATP has the highest
affinity to this site. In the course of polymerization
of G-actin to F-actin, the bound ATP is hydrolysed
and the resultant ADP is tightly incorporated in the
structure of F-actin. Higashi et al. found that F-actin
oriented by flow shows a negative linear dichroism at
260 nm indicating a geometrically regular binding of
ADP to F-actin [2]. The negative dichroism gave in-
formation about the direction of the electric transi-
tion moment of the absorption of ADP at 260 nm.
However, the direction of the plane of adeniae was
not uniquely determined. Recently we have demon-
strated that e-ATP (1:N6 -ethenoadenosine-S'-triphos-
phate) replaces ATP in the binding site of G-actin and
the polymerization of G-actin having e-ATP occurs
in a way quite similar to G-actin—-ATP [3]. This af-
forded an opportunity for a further study on the
binding manner of nucleotide to F-actin; an advan-
tage of e-ADP lies in the fact that it has absorption
bands around 340 nm as well as at 260 nm, and emits
light centered at 410 nma. From the measurement of

fluorescence polarization of e-ADP, one can calculate
the angle between two transition moments at 260
am and 340 nm. On the other hand from the lincar
dichroism at 260 nm and at 340 nm of e-ADP bound
to F-actin oriented by flow, one can determine the
direction of two absorption dipoles relative to the
long axis of F-actin.

Also, from the fluorescence polarization of F-
actin—e-ADP which is oriented by flow, we can find
the direction of the emission dipole relative to the
long axis of F-actin. Then from these parameters. we
can determine the angle between the adenine plane
and the long axis of F-actin. The result of our study
along this line is presented in this paper.

2. Experimental

Actin of rabbit skeletal muscle was prepared from
acetone dried powder of minced muscle. Details of
the purification of actin has been described elsewhere
[4] . e-ATP was synthesized from ATP (Sigina) ac-
cording to the method of Secrist et al. {5]. The spec-
ttum of e-ATP obtained was in good agreement with
that reported by these authors. F-actin—e-ADP was
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Fig. 1. Schematic presentation of the flow~cell apparatus and
its optical system. Fy is UV-D25 and F; is UV-39 filter. Ex-
citation light is polarized horizontally,

obtained in the same way as described previously [3].
The apparatus for ultraviolet flow dichroism measure-
ments was the same one as used previously [2]. Cor-
rections to subtract the scattering anisotropy were
made by the method used in the previous paper [2].
Static fluorescence intensity and polarization were
measured with Hitachi MPF 2A. The direction of the
emission dipole was measured with a home-made
fluorometric flow cell attached to a Hitachi MPF 2A;
the optical system of this apparatus is shown in fig. 1.
F-actin—e-ADP was flowed ina 0.2 cm X 0.2 cm
quartz cell at a constant flow rate by using a4 micro-
tube pump (Tokyo Rikakiki Co Ltd.). The flow rate
was 7 ~ 25 mi/min which gave a constant value of
polarization of F-actin—e-ADP.

Both fluorescence and anisotropy decays were de-
terminad using nanosecond pulsefluorimetry (ORTEC
9200). All measurements were performed at room
temperature, unless stated otherwise.

3. Results and discussion
3.1, The excitation polarization spectrum of e-ATP

The excitation spectrum of e-ATP is composed of
a broad band above 300 nm and a few peaks at shorter
wavelength [5] (see also fig. 2). According to the
principle of fluorescence polarization, when excited
by linearly polarized light, the degree of polarization

of emitted light is related 1o the angle 8 between the
absorption and emission transition dipole moments.
If the fluorophore is fixed with random orientation,
the angle 8 is related to Fy as

cos?f=(1 +38)/(3 — £y), (1)

where Fy is the degree of polarization under the
limit where the brownian motion of the fluoro-
phore is absent. Therefore, to obtain Py, it is
desirable to measure the fluorescence in a highly vis-
cous solvent at a very low temperature. The degree
of polarization of emission P of e-ATP after excita-
tion at various wavelengths was already measured in
propylene glycol at —50°C {5], where it was found
that the polarization P was positive above 300 nm
and became negative below 275 nm. This suggested
that transition moments responsive to absorption at
long and short wavelengths form a large angle be-
tween them. The corresponding angle of e-ADP bound
to F-actin is determined as follows.

Actin-bound e-ADP shows an excitation spectrum
similar to that of free e-ATP except for an apparent
red shift of the broad band above 300 nm (fig. 2) [3}].
The fluorescence polarization of this broad band is
positive similar to free €-ATP in propylene glycal at
—50°C. However, the degree of polarization of actin-
bound e-ADP is apparently smaller than that of free
e-ATP; that is, after excitation at 340 nm, Pis G31
for actin-bound e-ADP in comparison with 0.42 of
free e-ATP in propylene glycot at ~50°C [S]. One
may consider that the low value of P of actin bound
€-ADP might result from the brownian motion of ¢~
ADP in the binding site of F-actin; but this is not the
case, because the anisotropy decay of actin-bound
e-ADP measured with nanosecond pulsefluorimetry
revealed no motional freedom in the binding site.
Furthermore, the rotational correlation time calcu-
lated from the anisotropy decay curve is larger than
5 us; these are already reported [6] and it is con-
firmed under the present experimental condition {11].
This implies that the static polarization P of actin-
bound e-ADP is approximately equal to Fy which in
turn corresponds to 7y, the fluorescence anisotropy
at zero time. As a matter of fact, the value P=031
which is obtained in the present study {fig. 2) is prac-
tically the same as £y calculated from the following
equation using 5y = 0.234 which is determined from
the anisotropy decay measurements [6,11].
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Fig. 2. The excitation spectra and the excitation polarization
spectra of (1] free e-ATP, and (2) F-uctin—e-ADP observed
at 440 nm.

(1) e-ATP 30 pM, dissolved in aqueous solution of 955
glycerol containing phosphate buifer 20 mM at pH 7.0;

(2) F-actin~e-ADP 1.0 mg/ml in aqueous solution con-
taining KCI 0.1 M, MgClz 2 mM and phosphate buffer 20 mM
at pt{ 7.0.

Excitation spectra; (~~—~) e-ATP, (——) F-actin—e-ADP.
Excitation polarization spectra; (a) ¢-ATP, (o) F-actin—e-
ADP. Measurements were made at 20°C. To exclude the seat-
tered light from the emission Hght, filters UVD 25 and UV 39
were used and fluorescence cell of 3 mm was used.

By =30, (2 +1y). )

We also found that the fluorescence decay of e-ATP
in 95% glyceral (at 5°C) gave ry which is indistinguish-
able from that of actin-bound €-ADP. Therefore it
seems likely that the large value of =042 in propyl-
ene glycol (—50°C) obtained by Secrist et af. [5] is
an indication of temperature dependent electronic
configuration of e-ATP at the energy level of the near-
ultraviolet region {6,7]. From above considerations,
we conclude that Py at 340 nm of F-actin-bound e-
ADP is 0.314. We then have 8; = 32° using eq. (1) for
the angle between the emission and the absorption
dipole moments at 340 nm.

Below 300 nm, the excitation polarization of F-
actin-bound &-ADP decreases drastically, and after a

little plateau at 290 nm it reaches a level of P = —~0.08.

This multiple change in the polarization may be ex-
plained by a complex electronic structure of e-ATP
which is already suggested by Secrist et al. [5]. In
addition to this, the fluorescence of F-actin—e-ADP
solution after the excitation at 250~300 nm includes
the contribution from tryptophan and tyvosine resi-
dues of F-actin. This contribution is not only due to

a strong fluorescence of tryptophan whaose tail at the
emission wavelength (440 nm) is still not negligibie
in comparison with ihe fluorescence of e-ADP but al-
so comes from an excitation energy transfer from the
aromatic group of F-actin to the bound e-ADP. We
do not know the proportion of these contributions,
Furthermore at these wavelengths, optical density is
very large, so that it is difficult to determine the exact
value of the fluorescence polarization of bound ¢-
ADP alone at the wavelength between 300 nm and
250 nm.

Apart from this difficulty, if we look at the polari-
vation at 260 nm where the absorption of protein
aromatic groups is weak in comparison with that of
the bound ¢-ADP, we find that the degree of polariza-
tion of actin-bound e-ADP is close to that of {ree e-
ATP in 95% glycerol solution (fig. 2). The polariza-
tion of e-ATP in propyrenglycol at —50°C is also of
the same order of magnitude [5}. Then we approxi-
mate £ = —0.10 for the actin-bound e-ADP at 260
nm. On this basis, we obtain 5 = 62° which deter-
mines the angle between the emission and the absorp-
tion {at 260 nm) dipole moments using eq. (1). Final-
ly we obtain the angle « between absorption dipole
moments at 340 nm and 260 nm ol actin-bound e-
ADP using equation w = 5 = ;. In this calculation,
we assume that the emission and the absorption di-
poles are in a single plane of adenine group. In the
above equation, the positive or negative sign corre-
sponds to the case where two absorption dipoles are
placed on the opposite or the same side of the emis-
sion dipole in the adenine plane respectively. The
calculated value is 86° or 30° according 1o the sign.
We have no principle to choose any one of these un-
equivocally.

3.2, Flow dichroism of Factin—e-ADP

The absorption spectrum of F-actin—e-ADP is
shown in fig. 3. The long tail of the spectrum above
300 nm is due to bound -ADP (fig. 2). The linear
dichroism of F-actin—e-ADP oriented by flow was
measured in the range of 250-360 nm wavelength.
As shown in fig. 3, the dichroism was negative from
310 am to 340 nm where only e-ADP contributes.
The dichroic ratio Ag¢fe averaged in this range was
—0.52 £ .07 (1able 1). The dichroism was more neg-
ative at 295 nm and then reversed to a positive value
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Fig. 3. The gbsorption spectrum (w) and the fTow dichroism
spectrum (o) of F-actin--e-ADP. F-actin—e-ADP 3.5 mg/ml.
The solution contained 0.1 M KCI, £ mM MgCl and 20 mM
phosphate buffer (pH 7.0). The spectra were measured at
room temperature.

at 290 nm with a peak at about 280 nm. It became
negative again at 277 nm and had a negative trough
at 260 nm. This dichroism spectrum of F-actin—e-
ADP below 300 nm is very similar to that of F-actin—
ADP previously obtained {2]. That is, F-actin—ADP
gave a small negative trough at 295 nm, a positive
peak at 280 nm and a large negative trough at 260
nm. The first and the second were attrbuted to trip-
tophan and/or tyrosine residues in F-actin and the
third was attributed to bound ADP. The value of
dichroism of F-actin—e-ADP between 300 nm and
270 nm where amino acid residues have main con-
tribution was smaller at 280 nm and more negative
at 295 nm than that of F-actin—-ADP. However, the
profile of the dichroic spectra of these two F-actin
are very similar and the height of the positive peak at
280 nm, when measured from the negative trough at
295 nm, is nearly equal. If the contribution of bound
e-ADP to the dichroism is subtracted from the total

Table 1
Flow dichroism (Ae/e) of Feactin-—-e-ADP and Faactin—ADP

dichroism, the spectra of two F-actins are expected
to become identical.

Let us assume that the dichroism below 300 nm
is expressed as the sum

Ae = Ael + AEZ,

where Ag; comes {from bound e-ADP and Ae, comes
from tryptophan and/or tyrosin residues. If the di-
chroism at 260 nm is assumed to be wholly due to
the bound e-ADP, its dichroic ratio Aefe is —0.55 %
0.09. If the same value of the dichroic ratio of e-ADP
is taken in the range from 295 nm to 260 nm, then
the dichroic ratio of tryptophan and/or tyrosine resi-
dues at 295 nm and 280 nm is found tobe —0.14 %
0.02 and +0.08 £ 0.01, respectively. Thus, as shown
in table I, the dichroic ratios of F-actin—e-ADP at
260 nm, at 280 nm and at 295 nm are almost equal
to those of F-actin—ADP. This means that between
two F-actins, the structure of the protein moiety is
not significantly different which was already suggested
in a previous study [3].

The most important finding is that the dichroic
ratios of e-ADP in 260290 nm and in 300-340 nm
both have large negative values, around —0.5; in spite
of the different direction of the corresponding transt-
tion moments in the adenine plane, there is no remark-
able difference in the dichroic ratio. In the following
section, this will be interpreted in terms of the direc-
tion of the adenine plane of e-ADP relative to the
long axis of F-actin.

3.3. Direction of transition moments and the adenine
plane of the bound ¢ ADP with respect to the long

axis of F-actin

When F-actin filaments are completely oriented

A F-actin—e-ADF F-actin—~ADP
(nm)
«-ADP protein ADP protein
~ 260 -~0.55 = 0.09 — —0.52 008 —
~ 280 — +0.08 = 0.01 — +0.08 = 0.01
29s — —0.14 = 0.02 - -0.i4 = 0.02
~ 3400 —0.52 = 0.07 - - -

a) Averaged between 305 ~ 335 nm (at each S am).
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in parallel, the dichroic ratio is given by
Aefe =33 cosfa — 1)/2, (3)

where « describes the angle between the transition
moment of absorption and the long axis of F-actin.
In this equation, the helical symmetry of F-actin was
taken into consideration. In the case of the apparatus
used here, F-actin is aligned in the gap between two
concentric cylinders and the extinction angle of F-
actin solution is very small (about 3°) [9]. This indi-
cates that F-actin filaments are well oriented in the
plane parallel to the cylinder surface. However, it
should be noted that within this plane, the filaments
are not completely oricnted parallel to the flow. In
such a case, the dichroic ratio is given by

Aefe = 3(2sin20 — 1) (3 cosZa — 1)/2, )

where (/2—8) is the angle between the long axis of
F-actin and the direction of flow in the plane parallel
to the cylinder surface. (The formula for Ae/e which
can be applied to the case of larger values of the ex-
tinction angle can be found in ref. [8}.) The average
of sin2 @ is called the orientation factor and can be
related to the degree of flow birefringence. In the
case of independent rigid filaments, the orientation
factor was calculated as a function of the ratio of the
rotary diffusion constant and the shear rate [10]. If
we approximate F-actin as a rigid rod whose diameter
is 80 A and the length is 1.0 um, the rotary diffusion

Fig. 4. The schematic presantation of the relation of angles
a, 8,¢ and x used in the text. The long axis of F-actin is
oriented in the direction of the major axis shown in this
figure.

X

Fig. 5. The schematic presentation of the relation between
the adenine plane and the long axis of IF-actin. The adenine
ring is placed in the X~Y planc. A, Aa are the absorption
dipoles around 340 am and 260 nm. o, a3 are the angles
between each absorption dipole and the long axis of F-actin.
w is the angle between two absorption dipoles. In the text,
By = f2) is w.

constant becomes 20 s~ 1. This is very much smaller
than the shear rate of the order of 103 51, where

the dichroism was measured. Under such a condition,
the orientation factor becomes insensitive to the shear
rate. Using the result of a calculation made by Kasai
and Oosawa {2}, the value of the orientation factor
or sin? @ is estimated to be 0.70. Inserting this value
and the observed value of Ae¢/e into eq. (4), we ob-
tain o) = 78° % 5° for the absorption around 340 nm
and &5 = 80° = 6° around 260 nm.

From the geometrical relation of ), &5 with ¢,
we obtain finally the angle K which is determined by
the direction normal to the adenine plane of the
bound ¢-ADP and by the long axis of F-actin. The
relation of these angles «; , @y, o is illustrated in fig.
5 where the adenine ring is placed in the XY plane
and the long axis of F-actin has the azimuthal angle
(K, ©). We obtain the relations

cosey =sinK sing,
cost, = sin K sin ¢ cosw + sin K cos ¢ sin w.

From these equations, we obtain

sin

—1
sin K =( =~ = ) .
Veos® o, £ COSTay — 2 COSl; COS, COSC
(5}
As was stated, w is not chosen uniquely. It should be
noted that we have to consider the angle &' =7 — w
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as well as ¢, because of the geometrical relation of

the angles between absorptxon dipoles relative to the

long axis of F-actin. Then all possible values of K cor-
.responding to four cases of «w and ' are calculated

using eq. (5). The results obtained are

(1) w =86°, K =15° 32,
{(2) w' =86°, K=16°

(3)w =30°, K=12°x6°,
@w'=30° K=90°z1°.

Apparently the first three cases give approximately
the same vaiue of K, whiie the lasi differs. Without
any other parameter, it is difficult to decide between
them. However, this could be done, if we know the
direction of emission dipole relatxve to the long axis
of F-actin. Let us consider the fluorescence polariza-
tion of e-ADP bound to F-actin which is oriented by
flow. We excite the oriented F-actin—e-ADP with
light polarized perpendicularly to the long axis of
F-actin (fig. 1). If the emission dipole lies perpendic-
ular to the long axis of F-actin, fi;y will be lower
than the fluorescence intensity perpendicular to the
F-actin fygy . This corresponds to the cases 1,2,3.0On
the other hand, in case 4, we can see from geometrical
consideration that the emission dipole lies at an angle
fess than cos™! £/1/3 with the long axis of F-actin and
it will give fyyyy > Jgyq - It is also apparent that if the
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Fig. 6. The fluorescence intensity (fyyyy. fyyy) of Fractin-—-e-
ADP. Curve (1), F-actin—e-ADP is oriented by the flow. Curve
(2), the orientation of F-actin—e-ADP is randomised after
stopping the flow. The concentration of F-actin—e-ADP is 0.2
mg/ml; 0.1 M KCl, 20 mM phosphate buffer (pH 7.0), 2 mM
MgCly. The flow rate is 20 mi/min. Excitation is at 320 nm
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orientation of F-actin is randomised after stopping
the flow, £y and [y will relax to the same value.
The experimental results are shown in fig. 6. It is evi-
dent that Iy <[y when Feactin is oriented and
they become essentially identical after stopping the
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to choose among cases 1,2, 3 bacause of the limita-~
tion of the experimental precision. Therefore we con-
clude that the nucleotide is bound to F-actin with its
adenine plane lying almost perpendicularly to the long
axis of F-actin. The details of the analysis of the emis-
sion dipole will be given elsewhere by us and Drs.
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