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Domain Motion in Actin Observed by Fluorescence Resonance Energy Transfer’
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ABSTRACT: Actin is composed of two well-separated globular domains which are further subdivided into
two subdomains [Kabsch, W., Mannherz, H. G., Suck, D., Pai, E. F., & Holmes, K. C. (1990) Nature 347,
37-44]. Subdomains 1 and 2 constitute the small domain, and subdomains 3 and 4 comprise the large
domain. Inordertotesta hinge bending domain motionin actinsuch as observed in many kinases, fluorescence
resonance energy transfer between two probes attached to each of the two domains was measured by
steady-state and time-resolved fluorometers. The adenine base is bound in a hydrophobic pocket between
subdomains 3 and 4, and Tyr-69 is located at subdomain 2. In the present study, the adenine moiety was
labeled with a fluorescence donor, ¢ATP, and tyrosine-69 was labeled with the energy acceptor, dansyl
chloride. Assuming the random orientation factor «? = 2/, the distance between e-adenine moiety and
dansyl chloride attached to Tyr-69 in G-actin was determined to be 2.46 nm from steady-state fluorescence
measurements. The addition of DNase I did not appreciably change the distance (less than 0.1 nm). The
distance decreased to 2.27 nm during polymerization by the addition of phalloidin under physiological salt
conditions. On the other hand, time-resolved fluorescence energy transfer measurements have been used
to investigate a distribution of distances for a donor—acceptor pair. In G-actin, the mean distance between
probes was 2.79 nm with a full width at half-maximum of 3.91 nm, indicating a large number of conformational
substates in solution. Upon polymerization, the mean distance decreased to 2.22 nm, but the width of the
distribution did not change. Further addition of tropomyosin and troponin in the presence and absence of
Ca?* did not significantly change the mean distance but decreased the width of the distribution appreciably.
Upon addition of S1, the mean distance increased by 0.38 nm, and the width of the distribution decreased

substantially.

Actin interacts with many other proteins and plays essential
roles in eucaryotic cells. Invitro, actin exists in 2 monomeric
form (G-actin) at low ionic strength and in a filamentous
form (F-actin) under physiological conditions. Most of the
actin functions are exhibited in its filamentous state. It is
reported that actin changes its conformation during polym-
erization or interaction with other actin binding proteins [for
areview, see Oosawa (1983)]. Recently, the atomicstructure
of actin has been revealed by X-ray crystallography (Kabsch
et al., 1990). It consists of two well-separated domains.
Subdomains 1 and 2 constitute the small domain, whereas
subdomains 3 and 4 comprise the large domain. Based onthe
atomicstructure, a normal mode analysis of G-actin describes
the computed conformational changes in detail (Tirion, &
Ben-Avraham, 1993). Onthe other hand, structures of several
enzymes consist of two distinct domains separated by a wide
cleft. In these enzymes, a hinge bending domain movement
may play an important role in their catalytic activity (Haran
et al.,, 1992; Holland et al., 1992; Sharff et al., 1992). By
analogy to this, a domain movement in actin may play an
important role in its physiological activity.

Fluorescence resonance energy transfer has been extensively
used for studying the spatial relationships between residues
on muscle proteins [for reviews, see Botts et al. (1984), dos
Remedios et al. (1987), and Miki et al. (1992)]. This method
is especially valuable for detecting a small conformational
change, since the transfer efficiency is a function of the inverse

of the sixth power of the distance between probes (Forster,
1948; Stryer & Haugland, 1967). Ina previous report (Miki,
1991), two specific sites on actin, Tyr-69 and Cys-374, were
labeled with fluorescence resonance energy donor and acceptor
molecules, and the interprobe distance was measured under
various conditions. No significant change in the distance in
various states of actin (i.e., in complex with DNase I, in G-actin,
in F-actin, etc.) was detected. The atomic model of actin
locates Tyr-69 and Cys-374 in the same small domain but in
different subdomains. It was concluded that the region
involving Tyr-69 and Cys-374 is substantially rigid, and that
a large deformation within the region does not occur.

According to the atomic structure of actin (Kabsch et al.,
1990), the nucleotide is located at the cleft region with a
calcium ion bound to the 3-phosphate. The adenine base fits
into a pocket formed by residues Lys-213, Glu-214, Thr-303,
Met-305, Tyr-306, and Lys-336 which are located in the large
domain, but there is no specific interaction between these
amino acids and the adenine base. In the present paper, in
order to test hinge bending domain movement in actin, the
adenine base (on the large domain) is replaced with 1-N®-
ethenoadenosine (¢ATP)! as the resonance energy donor while
Tyr-69 (on the small domain) is labeled with DNS-CI as the
energy acceptor. Then the distance between two probes is
measured from fluorescence resonance energy transfer, and
also changes in the distance are studied when G-actin forms
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a complex with DNasel, when it assembles into polymers (F-
actin), and when F-actin interacts with myosin subfragment
1 or tropomyosin-troponin. In this report, we also measure
fluorescence lifetimes of eATP or eADP bound to actin in the
presence and absence of acceptor. Inthe absence of acceptor,
the fluorescence decay of eATP or eADP can be described by
a single decay constant, but in the presence of acceptor, the
decay cannot be fitted with a single exponential decay curve,
thus indicating a distribution of donor-acceptor distances. In
the present report, fluorescence decay curves were analyzed
by assuming a Gaussian distribution of donor-acceptor
distances (Haas et al., 1975; Haran et al., 1992; James et al.,
1992; Eis & Lakowicz, 1993). Theresultsshow thatthe mean
distances are consistent with the values obtained from the
steady-state measurements, and that the distribution of
distances is very broad.

MATERIALS AND METHODS

Reagents. Phalloidin from Amanita phalloides was pur-
chased from Boehringer Mannheim Biochemica. DNase I
from bovine pancreas was from Worthington Biochemical
Co. DNS-CI was from Sigma Chemical Co. BCA protein
assay reagent was from Pierce Chemicals. Tetranitromethane
was synthesized according to the method of Liang (1941).
¢ATP was synthesized according to the method of Secrist et
al. (1972). All other chemicals were analytical grade.

Protein Preparations. Actin,S1,tropomyosin, and troponin
were prepared as described in a previous report (Miki, 1990).
Protein concentrations were determined from absorbance
measurements, using absorption coefficients of Aygonm = 0.63
(mg/mL)~! cm! for G-actin (Lehrer & Kerwar, 1973) and
Asgonm = 0.75 for S1 (Weeds & Pope, 1977), 0.33 for
tropomyosin (Cummins & Perry, 1973),and 0.45 (mg/mL)!
cm! for troponin (Ishiwata & Fujime, 1972). Concentrations
of DNase I and labeled actin were measured with the Pierce
BCA protein assay reagent, using unlabeled actin as the
standard. Relative molecular masses of 42 000 for actin,
115 000 for S1, 66 000 for tropomyosin, 69 000 for troponin,
and 31 000 for DNase I were used.

Labeling of Actinat Tyr-69with DNS-CI. Tyr-69inactin
was nitrated with tetranitromethane, and then DNS-CI was
introduced in to this residue according to the method of
Chantler and Gratzer (1975) with a slight modification (Miki
et al.,, 1987). The labeling ratio of DNS-CI to actin was
determined to be 1.0, using an absorption coefficient for dansyl
of 4600 M~! cm™! at 335 nm (Kenner & Neurath, 1971).
Labeled actin was lyophilized in the presence of 0.1 M sucrose
and kept at -20 °C.,

Double Labeling of Tyr-69 and of the Nucleotide Binding
Site. Actinlabeled at Tyr-69 with DNS-CI (DNS-actin) was
further modified with eATP. DNS-actin (about 1.5 mg/mL)
in 1 mM Tris-HCI (pH 8.0), 0.1 mM ATP, and 0.1 mM
CaCl, was mixed with a ! /1o volume of Dowex-I on ice. After
5 min, Dowex-I was removed by passing through a filter
syringe,and 1 mM eATP was added immediately. Thesample
was dialyzed exhaustively against 1 mM Tris-HC! (pH 8.0),
0.1 mM CaCl,, and 0.2 mM ¢ATP. Then the solution was
clarified by ultracentrifugation at 100000g for 2 h. Just prior
to fluorescence measurements of G-actin, free eATP was
removed by the treatment with Dowex-I as described above.
For preparation of DNS-F-actin-eADP, DNS-G-actin-eATP
(2 mg/mL) was treated with Dowex-I and was immediately
polymerized in 4 mM MgCl,, 20 mM Tris-HCI (pH 7.6), 30
mM KC]J, and 2 mM NaN;j (buffer F) in the presence of a
2-fold molar excess of phalloidin (Miki et al., 1987).
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Spectroscopic Measurements. Absorption was measured
with a Hitachi U2000 spectrophotometer. Steady-state
fluorescence was measured with a Hitachi 850 fluorometer.
Sample cells were placed in a thermostated cell holder. For
fluorescence intensity measurements, the exciting light was
polarized at 35° in order to compensate for the effect of
rotational motion of chromophores. Fluorescence lifetime
and anisotropy decay measurements were carried out with a
single photon counting apparatus as described previously
(Kouyama et al., 1989). For each experiment, we measured
the following three experimental curves: the response function
g(?) obtained with a dilute Ludox (Du Pont) suspension in
place of sample, the parallel i,(¢#) and perpendicular in(¢)
components of the polarized fluorescence. Fluorescence decay
and anisotropy decay curves were analyzed by the moments
method (Small & Isenberg, 1976) and an iterative least-square
method. Excitation wavelength for eATP was at about 320
nm, using a monochromator and a UV 340 broad band pass
filter, and emission from 400 to 450 nm was collected by use
of a broad band cut filter (Asahi Bunko Co.) and an SC39
cutoff filter (Fuji film). Inorder toeliminate the contribution
of the acceptor (DNS-CI) fluorescence, we prepared the same
concentration of DNS-actin without eATP/ADP as a reference
sample. The transient fluorescence emission of the reference
sample observed under the same experimental conditions was
subtracted from the fluorescence of the studied solution. The
fluorescence intensity of the reference solution was usually
less than 6% of the intensity of the sample solution.

Fluorescence Resonance Energy Transfer. The efficiency,
E, of resonance energy transfer between probes was determined
by measuring the fluorescence intensity of the donor both in
the presence (Fpa) and absence (Fpg) of the acceptor as given
by

E=1-Fp,/Fp, (1)

According to Forster’s theory [for reviews, see Fairclough
and Cantor (1978), Stryer (1978), and Lakowicz (1980)],
the efficiency is related to the distance (R) between probes
and Forster’s critical distance (Rp) at which the transfer
efficiency is equal to 50% by

E =R}/(RS + R (2)
Ry can be obtained (in nm) by
Ry = (8.79 X 107"Yn Qe (3)

where n is the refractive index of the medium taken to be 1.4,
2 is the orientation factor, Qpp is the quantum yield of the
donor in the absence of the acceptor, and J is the spectral
overlapintegral (in M~! cm~! nm*) between the donor emission
Fp(A) and acceptor absorption ea(A) spectra defined by

J= [Fo(Mean* dr/ [ Fp(h) dn (4)

The quantum yield of free eATP in 10 mM phosphate buffer
at pH 7.0 was found to be 0.45, taking the quantum yield of
quinine sulfate of 0.53 as the standard (Kouyama et al., 1985).
Quantum yields of bound eATP/ADP in actin were determined
by assuming that the quantum yield is proportional to the
fluorescence lifetime. The fluorescence lifetime of free eATP
was 25.6 ns at 23 °C in 10 mM phosphate buffer at pH 7.0.
x? was taken as 2/; for calculation of distances, and the
maximum and minimum values of k2 were estimated according
to the method of Dale et al. (1979).
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o = (/N +d, +dpy+3d, dp) 5)

i = (2/3)[1 - (d, + dp)/2] (6)

where da = (rao/raf)'/?, dp = (rpo/rpn)'/?, rapand rpg are the
limiting anisotropies of the donor and acceptor, respectively,
and rasand rps are the fundamental anisotropies of the donor
and acceptor, respectively. Using these values for the
orientation factor instead of 2/;, the maximum (Rpmax) and
minimum (Rp;,) distances between probes are calculated.

Time-resolved fluorescence decay curves in the presence of
acceptor were analyzed by assuming a Gaussian distribution
of donor-acceptor distances (Eis & Lakowicz, 1993; Haran
etal., 1992). Usingthedistance probability distribution P(r),
the fluorescence decay curve can be written as

£y = { dr P(r) expl-[1 + (Ry/NNt/7e]  (7)
Here P(r) can be written as
P(r) = a exp[(r - R,,)?/25%) (8)

where « is the normalizing factor, R,y is the average distance
(most probable distance), and ¢ is the standard deviation of
the untruncated Gaussian function. The half-width of the
distribution (FWHM, full width at half-maximum probability)
is 2.355¢ in the Gaussian model. The fluorescence decay
function f(¢) was then convoluted with the measured response
function of the apparatus to get the calculated intensity decay
i(t), which was compared with the measured decay data i.-
(t). The goodness of the fit was judged by the reduced x2,
which is defined as (1/N) ¥, (I; — L)%/ I, where I ; and
I.; are calculated and experimental intensities in the ith
channel, respectively, and N is the number of channels. The
x? value should be close to 1.0 for a good fit.

RESULTS

Spectral Relation of Donor and Acceptor. Figure 1 shows
the emission spectrum of eATP-G-actin and the absorption
spectrum of DNS-CI bound to actin. The overlap integral
was calculated according to eq 4. J was calculated to be
1.278 X 101* M~! cm™! nm#. By takingn =1.4,x?=2/3,and
the quantum yields of 0.60, 0.60, 0.56, 0.53, 0.56, 0.55 for
bound eATP/ADP in G-actin, G-actin/DNase I complex,
F-actin, F-actin/S1 complex, F-actin/Tm/Tn/+Ca, and
F-actin/Tm/Tn/-Ca, Férster’s critical distances Ry were
calculated to be 2.21, 2.21, 2.19, 2.17, 2.19, and 2.18 nm,
respectively.

Steady-State Fluorescence Measurements of Transfer
Efficiency. Inorder to obtain the transfer efficiency between
¢ATP and DNS-CI in G-actin, the fluorescence intensity of
DNS-G-actin-eATP was compared with that of G-actin-eATP.
Just before fluorescence measurements, free ¢ATP was
removed from the sample solution by Dowex-I treatment as
indicated under Materials and Methods. The emission of
G-actin-eATP and DNS-G-actin-eATP excited at 330 nm
was measured at 15 °C. Actin concentration was 0.2 mg/
mL. Although the protein concentrations in samples were
adjusted to be the same, the concentrations of fluorophore
were not exactly the same because the preparation procedure
was not exactly the same between G-actin-cATP and DNS-
G-actin-eATP. The ratio of these fluorescence intensities is
proportional to (Fpa X C;)/(Fpo X Ci), where Cj and Cjp are
the concentrations of eATP in DNS-G-actin-eATP and
G-actin-eATP, and Fpa and Fpoare the fluorescence intensities
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FIGURE 1: Spectral overlap of the absorption spectrum of DNS-CI
attached to Tyr-69 on actin (1) and the fluorescence spectrum of

¢ATP bound to G-actin excited at 330 nm (2). Spectra were measured
in 2 mM Tris-HCI (pH 8.0) and 0.1 mM CaCl, at 15 °C.

of DNS-G-actin-eATP (in the presence of acceptor) and
G-actin-eATP (in the absence of acceptor), respectively. Since
the fluorescence intensity depends on the concentration of the
fluorophore in the sample solution, the reference fluorescence
intensity must be measured in order to normalize it by the
fluorophore concentration. Moreover, the existence of the
acceptor molecule may decrease the fluorescence intensity
not only through resonance energy transfer but also through
inner filter effects. From the absorptions at the excitation
(Aex) and emission (A4en,) wavelengths, the decrease of the
fluorescence intensity due to inner filter effects can be
estimated by use of the following equation, whena 1 X 1-cm?
cuvette is illuminated centrally and observed at a right angle
(Lakowicz, 1983; Miki, 1990, 1991).

Fobs = Fcorr X 10_(AH+AM)/2 (9)
where Fops and Feopr are the observed and correct fluorescence
intensities, respectively. In the present case (DNS-¢ATP-
actin), inner filter effects decrease the fluorescence intensity
by about 2.5% when excited at 330 nm and measured at 410
nm. These factors should be taken into account when the
transfer efficiency is calculated. For this purpose,2 mM ATP
was added to the sample solution after the fluorescence
measurements. Under these conditions, eATPis released from
G-actin and the donor and the acceptor are separated, and
then resonance energy transfer no longer occurs. One can
expect that the fluorescence intensity is now directly pro-
portional to the concentration of eATP in the sample solution
(Ci/ Cyo) with a small modification by the inner filter effects,
since eATP is now free in the solution and both Fpu and Fpy
are changed to Fpgree, Where Fpyree is the fluorescence intensity
of free eATP in the solution. By the addition of ATP, the
contribution of the inner filter effects does not change, since
the absorptions at 330 and 410 nm remain unchanged. Taking
this correction factor into account, the inner filter effects are
canceled out, and the ratio of the fluorescence intensity of
DNS-G-actin-eATP to that of G-actin-eATP (Fpa/Fpo) can
be determined, and finally the transfer efficiency is obtained
as 0.343 £ 0.03. This value corresponds to the distance of
2.46 = 0.06 nm.

The effect of DNase 1 on the transfer efficiency was
measured. The fluorescence intensities of DNS-G-actin-¢eATP
and G-actin-eATP were compared in the presence of 0.2 mg/
mL DNase I as described above. The transfer efficiency was
determined to be 0.330 % 0.03, which corresponds to the
distance of 2.48 £ 0.07 nm.

The effect of polymerization on the transfer efficiency was
measured. After removing free ¢ATP by treatment with
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Table 1: Distances between ¢ATP (the Adenine Binding Site) and
Dansyl Chloride (Tyr-69) in Actin®

transfer distance (nm) limiting

sample efficiency Rmin R(2/3) Rmax anisotropy ro
G-actin 0343 1.82 246 3.19 0.242
G-actin/DNase I 0330 1.65 248 3.28 0.290
F-actin 0.444 1.68 227 294 0.207

F-actin/Tm/Tn/+Ca 0433 1.69 229 297 0.193
F-actin/Tm/Tn/-Ca 0.437 168 227 294 0.190
F-actin/S! 0381 169 235 3.07 0.231

@ The experimental errors in the transfer efficiency were £0.04, which
corresponds to the error less than 0.1 nm in calculation of R(2/3).

Dowex I, DNS-G-actin-eATP and G-actin-eATP were po-
lymerized in buffer F by the addition of a 2-fold molar excess
of phalloidin. A part of these G-actin samples was used for
determination of the ratio of bound ¢eATP of DNS-G-actin-
¢ATP to that of G-actin-eATP. This ratio was used as the
correction factor for fluorophore concentration (including the
inner filter effects) on determination of the transfer efficiency
as above mentioned. The emission spectra of DNS-F-actin-
¢ADP and F-actin-eADP were measured in buffer F at 410
nm and 15 °C. The concentration of actin was 0.1 mg/mL.
The emission peak of G-actin-¢ATP did not change during
polymerization, but the fluorescence intensity decreased
slightly (7%). This decrease in the fluorescence intensity can
be attributed to the decrease of the quantum efficiency, since
the fluorescence lifetime of F-actin-eADP is 6% smaller than
that of G-actin-eATP (Table 2). By comparing the fluores-
cence intensities of F-actin-eADP and DNS-F-actin-¢ADP,
the transfer efficiency was determined to be 0.444 £ 0.04,
which corresponds to the distance of 2.27 £ 0.06 nm.

The effects of S1 binding on the transfer efficiency was
measured. Highly concentrated S1(10.4 mg/mL) was added
into the above samples (the final concentrations of actin and
S1 were 0.1 and 0.26 mg/mL, respectively). The addition of
S1 decreased the fluorescence intensity of F-actin-eADP by
9%. On the other hand, the fluorescence lifetime of F-actin-
e-ADP decreased by 6% by the addition of S1 (Table 2). The
difference (3%) could be attributed to the increase of the
scattering light in the presence of S1. In order to cancel out
these effects, the emission spectrum of the F-actin-eADP/S1
complex was taken as the reference which is compared with
that of the DNS-F-actin-eADP/S1 complex. Thusthetransfer
efficiency in the presence of S1 was calculated to be 0.382 %
0.04, which corresponds to the distance of 2.35 £ 0.07 nm.

The effects of tropomyosin—troponin in the presence and
absence of Ca?* on the transfer efficiency was measured at
15°C. Theconcentrations of actin, tropomyosin and troponin
were 0.1, 0.025, and 0.025 mg/mL, respectively. The
fluorescence intensities of F-actin-eADP/tropomyosin/tropo-
nin were compared with those of DNS-F-actin-eADP/
tropomyosin/troponin in buffer F and 0.1 mM CaCl; (in the
presence of Ca2*) or 1 mM EGTA (in the absence of Ca2*),
and the transfer efficiencies were determined to be 0.433 £
0.04 in the presence of Ca?* and 0.437 £ 0.04 in the absence
of Ca?*, which correspond to the distances of 2.29 £ 0.06 and
2.27 £ 0.07 nm, respectively. Transfer efficiencies and
distances of each samples are summarized in Table 1. The
maximum and minimum distances are also calculated by use
of eqs 5 and 6 and summarized in Table 1.

Time- Resolved Fluorescence Measurements of Transfer
Efficiency. Fluorescence lifetimes of eATP/ADP bound to
actin were measured under the same solvent conditions as
steady-state fluorescence measurements by a single photon
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FIGURE 2: Fluorescence spectra of F-actin-eADP (1 and 3) and
DNS-F-actin-¢ADP (2 and 4). Excitation wavelength was 330 nm.
Protein concentrations were 0.1 mg/mL actin (1 and 2, solid lines)
and 0.26 mg/mL S1 (3 and 4, broken lines) in 30 mM KCl, 4 mM
MgCl,, 20 mM Tris-HCI (pH 7.6), and 2 mM NaNj at 15 °C.
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FIGURE 3: Fluorescence decay curves of G-actin-eATP (1) and DNS-
G-actin-¢ATP (2), and the response function of the apparatus (3).
Notched lines are experimental curves, and smooth lines are calculated
fits. (1) Decay was fitted to a single-exponential function (7 = 34.2
ns). (2) Fit is from a detailed energy transfer analysis. The curve at
the bottom (4) shows the difference function, D for the DNS-G-
actin-eATP data. D is defined as (Z;; — L;)/(Z.)'/2, where I.;and I
are calculated and experimental fluorescence intensities, respectively,
in the ith channel.

counting method. In the presence of a sufficient amount of
Ca?*, ATP binds tightly to G-actin with the affinity of 1010
M-! (Engel et al., 1977). The affinity of eATP is one-fifth
that of ATP (Neidl & Engel, 1979). Under our experimental
conditions, G-actin-eATP samples were stable within the period
of measurement as previously reported (Miki & Wahl, 1984).
The fluorescence decay curve of eéATP/ADP bound to actin
in the absence of acceptor can be analyzed with a single
exponential lifetime (Figure 3 and Table 2). On the other
hand, the fluorescence decay curve of eATP/ADP bound to
actin in the presence of acceptor (DNS-Cl) cannot be fitted
satisfactorily with a single lifetime, since the x2 values
(goodness of the fit) were very large (5.2 for G-actin, 6.6 for
G-actin/DNase I, 7.5 for F-actin). The results suggest a
distribution of donor-acceptor distances (Haas et al., 1975).
Therefore, the fluorescence decay curves in the presence of
acceptor were analyzed by use of eq 7, assuming a Gaussian
distribution of the donor-acceptor distances as eq 8. Fluo-
rescence decay and distance distribution parameters are
summarized in Table 2. Typical fluorescence decay curves
of G-actin-eATP and DNS-G-actin-¢eATP in 1 mM Tris-HCI
(pH 8.0) and 0.1 mM CacCl; at 15 °C are shown in Figure
3. The x2? value and weighted deviation function showed that
the curve fitting is satisfactory. The calculated interprobe
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Table 2: Distance Distribution Parameters?

mean
distance = FWHM
sample 7o (ns) (nm) (nm) x?
G-actin 3420 2.79(2.4) 391(3.2) 1.21(1.19)
G-actin/DNase I 3449 286(24) 391(3.0) 1.65(1.93)
F-actin 32,11 2.22(1.9) 3.99(3.0) 1.08(1.08)
F-actin/Tm/Tn/+Ca 3211 237(2.1) 3.33(24) 1.78(L.73)
F-actin/Tm/Tn/~Ca  31.34 2.37(2.0) 3.00(2.3) 1.31(1.26)
F-actin/S1 30.27 2.60(2.2) 3.00(2.0) 1.25(1.25)

4 74 is the fluorescence lifetime of eATP/ADP bound to actin in the
absence of acceptor. The SD error levelsin themeandistanceand FWHM
are £0.1 nm and *0.2 nm, respectively. Values in parentheses are
calculated assuming that the labeling ratio of acceptor is 0.8 in order to
estimate the effect of labeling heterogeneity.

distance distributions are plotted in Figure 4. The mean
interprobe distance in G-actin, 2.79 £ 0.1 nm, is slightly longer
than the value of 2.46 nm determined from steady-state
fluorescence measurements. The distribution is very broad,
with a FWHM = 3.91 = 0.2 nm, suggesting considerable
flexibility in the structure of actin. Similar sets of measure-
ments were carried out for G-actin/DNase I, F-actin, F-actin/
S1, and F-actin/Tm/Tn in the presence and absence of Ca?*
(Table 2). Polymerization caused a decrease of the mean
interprobe distance by 0.5 nm but no appreciable change in
FWHM. The addition of S1 to F-actin increased the mean
interprobe distance by 0.3 nm and also narrowed the width
of the distance distribution significantly. The addition of
tropomyosin and troponin did not change the mean interprobe
distance appreciably but decreased FWHM significantly both
in the presence and absence of Ca?*,

Anisotropy decay measurements of eATP bound to G-actin
gave a single rotational correlation time of 34.1 ns at 15 °C,
suggesting that eATP binds tightly to G-actin. The zero-time
value of the anisotropy decay (the limiting anisotropy rg) was
0.242. These values are in good accordance with the values
reported previously (Mihashi & Wahl, 1975). Therotational
correlation time and the limiting anisotropy of eATP bound
to G-actin increased to 89.1 ns at 15 °C and to 0.290,
respectively, by the addition of DNase I, suggesting that eATP
binds tightly to the actin-DNase I complex. Anisotropy decay
measurements of eéADP bound to F-actin gave the rotational
correlation time longer than 1 us as previously reported
(Mihashi & Wahl, 1975). The addition of tropomyosin and
troponin or S1 did not change the anisotropy decay. The rq
values are summarized in Table 1. These anisotropy decay
measurements indicate that the rotational freedom of eATP/
ADP at the nucleotide binding site of actin is strongly depressed
in the nanosecond time scale except for a subnanosecond time
scale hindered rotational motion (Kinosita et al., 1977) or a
much slower motion in a millisecond time scale.

DISCUSSION

Domain Motion. The polymerization of G-actin induces
a large decrease of 0.5 nm in the average distance between
the probes attached to the two domains but not a substantial
change in the distribution of distances. In order to avoid
effects of the neighboring acceptors in the F-actin filament
on the fluorescence resonance energy transfer, we used a donor—
acceptor pair which has a short critical distance R of 2.2 nm.
According to an F-actin model based on the crystal structure
by Holmes et al. (1990), the intramonomer distance of N° of
adenine and C, of Tyr-69 is 2.15 nm, while the nearest and
the second nearest neighboring intermonomer distances are
3.99 and 4.00 nm, respectively. Because the transfer efficiency
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FIGURE 4: (a and b) Interprobe equilibrium distance distribution
function of G-actin (a-1), F-actin (a-2 and b-1), F-actin/S1 (a-3),
F-actin/Tm/Tn/-Ca (b-2), and F-actin/Tm/Tn/+Ca (b-3).

depends on the sixth power of the distance between the donor
and acceptor molecules, the effect of the neighboring acceptor
by a filament formation on the energy transfer efficiency is
negligibly small (only 3.6%). Inthe presentstudy, the transfer
efficiency between eATP and DNS-CIl on actin changed 30%
during polymerization. It was therefore concluded that the
change of the transfer efficiency by polymerization is mainly
due to a change of the distance between probes in the actin
protomer in an F-actin filament.

Tirion and ben-Avraham (1993) analyzed the vibrational
modes of G-actin to yield a complete description of the motion
in vacua in the 0.1-17.0-ps time scale. The normal mode
analysis demonstrated domain and subdomain motions of
G-actin: a propeller-like twisting of the large and small
domains and a scissor-type opening and closing of the cleft
between two domains. It also showed very flexible regions in
subdomains 2 (residues 34-55) and 4 (residues 230-250),
and fixed regions or hinges. Fluorescence resonance energy
transfer measurements showed that the polymerization of
G-actininduces a significant decrease in the distance between
Tyr-69 and the adenine binding site but no substantial decrease
in the distance between Tyr-69 and Cys-374 (Miki, 1991).
The results suggest that a domain motion of actin occurs during
polymerization without a large deformation of the small
domain (at least the region including Tyr-69 and Cys-374).
Recently, Lorenz et al. (1993) have carried out a refinement
of the F-actin model against X-ray diffraction data on oriented
F-actin gels, by permitting structural changes of smaller parts
of the actin monomer as well as domain motions. They
reported that the cleft between subdomains 2 and 4 becomes
smaller upon polymerization in accordance with the present
results.

Effects of DNase I, S1, or Tropomyosin-Troponin Binding.
Anisotropy decay measurements showed that DNase I forms
a complex with DNS-G-actin. However, DNase I binding to
actin did not change appreciably the average interprobe
distance or the width of the distribution. This is rather
surprising since DNase I inhibits the exchange of bound
nucleotide (¢ATP) in actin (Mannherz et al., 1980) and also
protects DNS-G-actin from denaturation (Miki, 1991). On
the other hand, the limiting anisotropy of ¢eATP bound to
G-actin is substantially larger in the presence of DNase [
than that in the absence of DNase I. This suggests that the
pocket for the adenine base in G-actin became narrow by the
addition of DNase I and consequently that the wobbling motion
of the adenine base in the nucleotide binding site was
suppressed, resulting in reduction of the nucleotide exchange
rate. The addition of S1 increases the average distance by 0.3
nm and also decreases the width of the distance distribution
substantially. An opening of the domains may increase an
exchange rate of the bound nucleotide in F-actin.
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The interaction of actin with myosin is regulated by
tropomyosin and troponin in response to a change of Ca?*
concentration. The regulation mechanism is still not clear.
On the other hand, there are a number of examples indicating
that a hinge bending domain motion is an essential component
of catalytic activity in enzymes which are composed of two
globular domains separated by a wide cleft (Bennett & Huber,
1984; Ringe & Petsko, 1985; Holland et al., 1992; Sharff et
al., 1992). In analogy to this, a movement of two domains
of actin may be essential to the regulation mechanism; i.c.,
on-state and off-state of the thin filament. In previous papers
(Miki, 1990; Miki & Tio, 1992), we reported that the distance
between Lys-61 on actin and Cys-133 on Tnl in reconstituted
filaments changed by 0.5-0.6 nm in response to a change of
Ca?* concentration. We suggested that this change in the
distance could be attributed to a movement of Tnl on the thin
filament or else a distortion of actin protomers (including a
relative movement of two domains) in the thin filament. Lys-
61 is located on the same subdomain as Tyr-69. The present
results showed no substantial movement of domains of actin
protomers on the reconstituted thin filament in response to a
change of Ca?* concentration. Therefore, the change in the
distance between Lys-61 on actin and Cys-133 on Tnl in the
reconstituted thin filament can be attributed mainly to a
movement of Tnl on the thin filament. This movement of
Tnlisatriggering step for the regulation mechanism of skeletal
muscle thin filaments by troponin-tropomyosin. However,
we do not rule out any other conformational change of actin
protomers on thin filaments induced by tropomyosin—troponin
[for a review, see Oosawa (1983)]. The addition of tro-
pomyosin—troponin appreciably narrowed the width of the
distribution but did not change the interprobe distance (Figure
4). The width of the distribution did not change significantly
in response to a change in Ca?* concentration.

Distance Distribution. Time-resolved fluorescence mea-
surements indicate the wide distribution of distance between
the two labeled sites (the adenine portion and Tyr-69). The
standard deviation of the distribution is 1.66 nm in the case
of G-actin, corresponding to a full width at half-maximum
height of 3.91 nm. This value was obtained on the assumption
of the complete labeling of Tyr-69 with DNS-CI. A smaller
value is calculated if a fraction of the actin molecule is not
labeled with DNS-CI. The labeling ratio of the acceptor was
determined from the absorbance measurements, assuming that
the extinction coefficient of DNS attached to actin is the
same as ethyl a-N-acetyl-3-(1’-dimethylaminonaphthalene-
5’-sulfonamido)tyrosinate (Kenner & Neurath, 1971). Due
to a difference of the extinction coefficient and also to some
extent the heterogeneity of the labeling sites, the real ratio of
acceptor to donor may be slightly different from 1.0. Inorder
to estimate the effect of the labeling ratio of the acceptor on
the mean distance and FWHM, we examined an extreme
case in which the labeling ratio was assumed to be 0.8. Table
2 shows the calculated mean distances and FWHM. Both
the values of mean distances and FWHM decreased consider-
ably, but these calculation still gave very broad distributions
and did not dramatically affect the differences observed
between G-actin, G-actin/DNase I, F-actin, F-actin/Tm/
Tn/+Ca, F-actin/Tm/Tn/-Ca, and F-actin/S1. A more
extreme case may be excluded because the fitting of fluo-
rescence decay curves became worse when a further lower
labeling ratio was assumed.

The rms deviation from the crystallographic coordinates
derived from normal mode analysis is at least one order
magnitude smaller than that of the present distribution of

Miki and Kouyama

distances. Itshould be noted here that the distance distribution
derived from the present analysis is an apparent one (James
et al., 1992). Real distance heterogeneity, orientational
disorder, and the length of the linker arms of probes all may
contribute to the apparent distribution of distances. Here the
potential contribution of the orientational factor to the width
of a distance distribution was estimated. In the present
calculation of distances, a random orientation factor k2 = 2/
was used. The anisotropy decay measurements showed that
the donor molecule is rigidly confined in actin, indicating that
the random orientation factor is not the case. However the
limiting anisotropy o of eATP/eADP bound to actin (Table
1) is considerably lower than its fundamental anisotropy of
0.33 (P = 0.42 at =50 °C; Secrist et al., 1972), suggesting a
limited rapid rotation of the adenine moiety in actin. The
limiting anisotropy of DNS attached to Tyr-69 was 0.280
(Miki & dos Remedios, 1990), while the fundamental
anisotropy of the DNS-moiety was reported to be 0.352
(Kasprzak et al., 1988). From these data, the minimum and
maximum values of x? were determined according to the
method of Dale et al. (1979). For an average distance of 2.79
nm in the case of G-actin, an upper limit of 1.6 nm in the
distribution width could be due to orientation.

DNS-CI was conjugated to the amino group joined to the
C-3 atom (Ce) of the phenol ring of Tyr-69. There are five
single bonds and one phenol ring between the a-carbon of
Tyr-69 and the DNS fluorophore. For a linker arm of this
length, several angstroms in FWHM could be accounted for
by its flexibility, although the exact contribution of this factor
is difficult to estimate. According to the atomic structure of
actin, the distances between the Ca or the Ce of Tyr-69 and
the N9 of adenine are 2.2 and 1.9 nm (Ce;) or 1.7 nm (Cey),
respectively. The distance determined from fluorescence
resonance energy transfer is significantly longer than the above
values, but this difference can be explained when the linker
arm of fluorophoreis taken into consideration. The possibility
may not be excluded that the introduction of the fluorophore
distorts the native structure of actin. But this distortion may
not be significant because the labeled actin retains its activity;
i.e.,itinteracts with DNase I and it polymerizes upon addition
of salts in the presence of phalloidin (Miki, 1991).

The contributions of the orientation factor and the linker
arm flexibility are not enough to explain the large FWHM
in the present analysis. A broad distance distribution has
also been observed in fluorescence resonance energy transfer
measurements of 3-phosphoglycerate kinase which consists
of two globular domains. Haran et al. (1992) showed a wide
distribution of distances (FWHM < 3.1 £ 0.2 nm) between
probes attached to two globular domains of the protein. On
the other hand, the crystallographic analysis of D-maltodextrin
binding protein (MBP) has revealed two stable forms: (1)
the two domains become closer and the cleft between two
domains is relatively narrowed (the closed form), and (2) the
two domains are farther apart and the cleft is wide open (the
open form). The open and closed forms are interconverted
by bending around a hinge between the two domains. The
overall motion in this protein is such that residues at opposite
ends of the face have moved by up to 2.0 nm (Sharff et al,,
1992). It is further proposed that the open and closed forms
exist in an equilibrium, where ligand binding stabilizes the
closed form. Insolution, actin may take several stable forms
and exist in a dynamic equilibrium between these states in a
physiological time scale. Several physical methods that
measure rotational relaxation indicate motions in actin in the
time region from nanoseconds to milliseconds. Fluorescence
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anisotropy decay measurements of eATP/ADP bound toactin
showed no segmental mobility of this site in the nanosecond
time scale, but measurements of transient absorption and
phosphorescence anisotropy (Yosimura et al., 1984) or
saturation transfer electron paramagnetic resonance spectra
(Thomas et al., 1979) indicate internal motions within the
actin molecule in the microseconds to millisecond time region.
Although a conformational change from one substate to
another is slow on the nanosecond time scale, flexibility on a
long time scale can lead to heterogeneity in conformation and
consequently distance distributions as determined on the
nanosecond time scale. The distance distribution from
fluorescence resonance energy transfer may be regarded as
the instantaneous static picture of the actin molecule in
solution. It should be noted here that the binding of
tropomyosin/troponin or S1 induces a significant immobiliza-
tion of internal motions within F-actin in the microsecond to
millisecond time region (Thomas et al., 1979; Mihashi et al.,
1983; Yoshimura et al., 1984). This immobilization reduces
the extent of heterogeneity in the actin structure and
consequently results in decrease of FWHM in accordance
with the present results (Table 2). Further study of the
resonance energy transfer measurements is necessary for better
understanding about the dynamicstructure of actin in solution.
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