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A Conformational Change in F-Actin When Myosin Binds: Fluorescence
Resonance Energy Transfer Detects an Increase in the Radial Coordinate of
Cys-374
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ABSTRACT. Interactions of myosin with actin filaments probably induce conformational changes in actin
which are crucial for its function. Fluorescence resonance energy transfer spectroscopy can determine
changes in distance (range-1000 A) between two probes and therefore can sense conformational changes
in proteins. We have investigated changes in the radial coordinates of fluorescent probes bound to Cys-
374 of F-actin when either of the isozymes (S1A1 and S1A2) of myosin subfragment 1 (S-1) bind. Using
5-[[2-[(iodoacetyl)amino]ethyllamino]naphthalene-1-sulfonic acid &k(-dimethylamino-3,5-dinitro-
phenyl)maleimide as donor and acceptor probes, respectively, we calculated a radits4fA.3 This
distance increased by4.5 A upon addition of S-1. No differences were detected between the effects of
S1A1 and S1A2. This increase is reversed by MgATP. The average position of the probes on Cys-374
is closer to the filament axis than expected from the current models of F-actin. S-1 increases the radial
position of Cys-374 either by direct interaction or via an allosteric conformational change associated with
its binding.

In muscles, myosin interacts with actin filaments (F-aétin) stabilized F-actin. This model locates the large domain
to produce contractile force. Recently, the atomic structures (comprising subdomains 3 and 4) at a low radius from the
of both monomeric actin (Kabsch et al., 1990) and subfrag- filament axis and places the small domain (subdomains 1
ment 1 of myosin (S-1) (Rayment et al., 1993) have been and 2) closer to the periphery of the filament. The model
published. The structure of rabbit skeletal muscle actin was emphasizes the contact between monomers along the two-
solved at 2.8 A resolution by Kabsch et al. (1990) using start, long-pitch helices. Other models differ only subtly
crystals of actin complexed with DNase |. To facilitate the from the 1990 Holmes model with alterations in the DNase
crystallization, the C-terminal three residues (including Cys- I-binding loop, the hydrophobic loop (residues 26273),
374) were removed using mild tryptic digestion (Mannherz and/or in the region near residues-840 (Lorenz et al., 1993;
et al, 1977). In 1993, two other actin structures were Mendelson & Morris, 1994; Tirion et al., 1995).
published; one when undigested actin was complexed with  Actin filaments are flexible, and binding of S-1 increases
gelsolin segment 1 (McLaughlin et al., 1993) and the other their flexibility (Yanagida & Oosawa, 1978). This change
with profilin (Schutt et al.,, 1993). These structures are is probably essential for its function because chemical cross-
almost identical to that determined by Kabsch, and they leavelinking of F-actin with glutaraldehyde inhibits the sliding of
little doubt about the consensus structure [for a review, seefilaments in a motility assay (Prochniewicz-Nakayama &
dos Remedios and Moens (1995a)]. Yanagida, 1990).

F-Actin does not readily form crystals. Consequently, its  S-1 binding is known to modify actin structure. When
structure must be determined using other methods. Mono-actin is decorated with S-1, the radial coordinate of GIn-41
meric actin structure has been used to build models of F-actinin subdomain 2 of actin increases by8 A (Kasprzak et
(Holmes et al., 1990; Lorenz et al., 1993; Tirion et al., 1995). al., 1988). In a separate report, the distance between the
Holmes et al. (1990) completed the Kabsch atomic structure nucleotide locus and Tyr-69 in subdomain 2 also increases
by reconstructing the last three residues of the C-terminus,by approximatet 4 A (Miki & Kouyama, 1994). In three-
and the atomic map of the monomeric actin was fitted onto dimensional reconstructions from electron micrographs of
X-ray diffraction data of flow-oriented gels of phalloidin- actin filaments, Orlova and Egelman (1995) detected a bridge

of density which they believed arises from a major shift of
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S1A2, S-1 isomers carrying light chains Al or A2; FRET, fluorescence
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ethyllamino]naphthalene-1-sulfonic acid; DDPNH(4-dimethylamino-
3,5-dinitrophenyl)maleimide; DABMI, 4-[[[4-(dimethylamino)phenyl]-
azo]phenyl]maleimide; AMF, acceptor molar fraction.

the C-terminus. This bridge is present in’CaF-actin but
absent in Mg"—F-actin. They also proposed that the
conformational change when this bridge forms may be
induced by myosin binding. In the G-actiibNase | crystal
structure, the truncated C-terminus is highly mobile (Kabsch
et al., 1990). We recently determined the average position
of a fluorescent probe attached to Cys-374 to be at a radius
of 17—-18 A from the long axis of the filament (Moens et
al., 1994). This is somewhat smaller than the 26 A predicted
by the Lorenz filament model (Lorenz et al., 1993).
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Table 1: Examples of the Determination of Acceptor Molar Fracfions

concn of concn of concn of
A-labeled actin D-labeled actin DABMI-labeled DDPM-labeled IAEDANS-labeled D probe A probe total actin AMF A concn/-
vol (mL) vol (mL) actin M) actin (M) actin M) concn M) concn M) concn M) tot concn (mM)
1 0.9 0.1 42.2 - 4.9 4.3 24.4 47.1 0.52
2 0.7 0.3 32.8 - 14.8 12.8 19.0 47.6 0.40
3 0.5 0.5 23.4 - 24.7 21.4 13.6 48.1 0.28
4 0.9 0.1 - 48.5 4.9 43 28.7 53.4 0.54
5 0.7 0.3 - 37.7 14.8 12.8 22.3 52.5 0.42
6 0.5 0.5 - 26.9 24.7 21.4 15.9 51.6 0.31

a2 The final volume for each sample was 1 mL. The labeling ratios for DABMI, DDPM, and IAEDANS labeled actin were 0.58, 0.60, and 0.87,
respectively. The protein and probe concentrations were obtained as described under Materials and Methods. A, acceptor; D, donor; vol, volume;
concn, concentration; tot, total actin.

S-1 exists in two isoforms, S1A1 and S1A2, depending ficients ofe = 6.3 cn1? (0.1%, 290 nm) and = 7.5 cnT?!
on its associated essential light chain. Myosin light chain 1 (0.1%, 280 nm), respectively.
(LC1) in S1A1 has a 41 amino acid sequence extension Labeling of Actin. Cys-374 was labeled with 1,5-
[compared to myosin light chain 3 (LC3) in S1A2] which |AEDANS as described in dos Remedios and Cooke (1984).
allows it to associate with actin. Using proton NMR, Trayer The labeling of Cys-374 with the acceptor probes DDPM
et al. (1987) showed that the N-terminal region of myosin or DABMI was according to the methods of Miki and
light chain 1 interacts directly with the actin C-terminus. Mihashi (1978) and Barden and dos Remedios (1987),
However, recently, Xiao et al. (1996) found that SIA1 and respectively. To remove the unbound labels, actin was put
S1A2 had a different polarization when bound to unsaturated through a polymerizationdepolymerization cycle, dialyzed
filaments but had the same polarization when bound to in the presence of 1% dimethylformamide, clarified at
saturated filaments. They concluded that in S-1-saturated13000@ for 60 min at 4°C, and then passed through a G-25
F-actin neither LC1 nor LC3 light chain interacts with actin. Sephadex column (% 10 cm). The concentration of the

Fluorescence resonance energy transfer (FRET) spectrostabeled actin was determined from the absorbance at 595
copy has been used to measure radial coordinates of probeam using the Coomassie protein assay reagent (Bradford,
bound to F-actin (Kasprzak et al., 1988; Miki & dos 1976). A range of actin concentrations was used to construct
Remedios, 1990; Miki et al., 1986; Moens et al., 1994; Taylor a standard curve. The following extinction coefficients for
et al.,, 1981). The precision of these measurements isthe labeled proteins were used{hem=): 1,5-IAEDANS,
impaired by several factors: the unknown nature of the ez = 6.1 x 10° (Hudson & Weber, 1973); DDP Mg =
orientation factor, nonrandom polymerization of the labeled 3.0 x 10° (Miki & Mihashi, 1978); DABMI, €460 = 2.48 x
monomers, and the relatively large size of some probes. The10* (dos Remedios et al., 1987). Labeling efficiencies ranged
orientation factor problem has been discussed elsewhere androm 0.5to 1. 1,5-IAEDANS and DABMI were purchased
can be assumed to be equaftp(Censullo et al., 1992; dos  from Molecular Probes Inc., and DDPM was from Aldrich
Remedios & Moens, 1995b). In the worst case, the intramo- Chemical Co. The determination of Cys-374 as the uniquely
lecular distance error in F-actin will be less than 20% labeled cysteinyl has been described in Moens et al. (1994).
(Censullo et al., 1992). Labeling of actin monomers can  Determination of the Acceptor Molar FractionDonor-
result in nonrandom polymerization, but this can be avoided and acceptor-labeled actins were mixed to obtain multiple
by judicious selection of the probes and by the inclusion of acceptor molar fractions (AMF). This was achieved by
phalloidin during polymerization (Moens et al., 1994). Most mixing increasing amounts of acceptor-labeled actin with
of the probes used in FRET are sizable (with a maximum decreasing amounts of donor-labeled actin such that the
cord of up to 15 A) compared to the proteins to which they volume of each sample was 1 mL. Then, the AMF were
are attached. Thus, probe size has to be taken into accoungalculated from the concentration of acceptor and total actin
when interpreting the results. However, FRET makes up in each sample. Examples of the determination of the AMF
for this deficit by being very good at detecting structural are shown in Table 1.
changes in proteins (dos Remedios & Moens, 1995b) and  polymerization of Actin. Following the fluorescence

can resolve changes of aiduA in probe position. Inthis  measurements of the unpolymerized actin solutions, phal-
work, we show that the average radial coordinate of probes|gidin was addedri a 2 molar excess over actin and

covalgntly bound to Cys-374 in F-actin inpreases when eitherpolymerized by the addition of 20 mM phosphate buffer,
myosin S1A1 or S1A2 saturates actin filaments. pH 7.0, 50 mM KCI, and 2 mM MgGl After 1.5-2 h at
room temperature, the fluorescence of the polymerized actin
MATERIALS AND METHODS solution was recorded. After sedimentation experiments, less
Preparation of Actin and Myosin.Actin was prepared  than 1uM of probes were detected in the supernatant, and
from an acetone powder of rabbit skeletal muscle by the the actin concentrations were beyond the detection level of
method of Spudich and Watt (1971) with minor modifica- the Bradford assay (data not shown). Myosin was added to
tions (Barden & dos Remedios, 1984). Myosin was prepared obtain a 1.5 molar excess over actin. Myosin was mixed
using the method described by Tonomura et al. (1966), andwith actin solution and was allowed to stand for 30 min prior
the myosin S-1 isoforms (S1A1 and S1A2) were prepared to fluorescence measurements. In some samples, the fluo-
and separated according to Weeds and Taylor (1975). Therescence was recorded following the addition of 10 mM ATP.
concentrations of unlabeled G-actin and S-1 isoforms were Fluorescence Measurement®/e used both lifetime and
determined spectrophotometrically using extinction coef- steady-state measurements. The lifetimes of the donor probe



S-1 Increases Cys-374 Radial Coordinate in F-Actin

Biochemistry, Vol. 36, No. 24, 1997355

Table 2: Calculation of Transfer Efficiency in an Actin Filament

acceptor environment (n)

k -2 -1 0 1 2 probability 5 efficiency of transferEy
1 - - D - - (1-p)? 0

2 A - D - - p(1 — p)°® RR+ R} 1

3 - A D - - p(l—p)® RYR+ R}t

4 - - D A - p(1 - p)°® RY(RS+ R} !

5 - - D - A p(l—p)® RYRS+ Ryt

6 A A D - - P(L = py? RYRS + 1/[RS + R}

7 A - D A - P(L = py? RYRs+ VIR + R

8 A - D - A P —p)? R RS+ L[R5 + R}

9 - A D A - AL — p)? R RS+ L[RS + R}
10 - A D - A pA(1 — p)? RURS+ U[R S+ R}
11 - - D A A p(1—p)? RYRS+ 1/[R,®+ R} 2
12 A A D A - P(1—p R{RS+ U[R S+ RS+ R}
13 A A D - A pL—p) RYR+ /[RS+ RS+ R, )2
14 A - D A A p*(1 - p) RYRS+ 1[R5+ R+ R} 1
15 - A D A A p*(1 — p) RIS+ URS+RE+R 2
16 A A D A A p* RY RS+ [R5+ R+ R°+ R} 2

aFrom O’Donoghue et al. (1991). A donor attached atrttve 0 monomer can transfer to an acceptor group anthé=RET locus on the four
nearest monomers (= —2, —1, 1, 2). Each of these monomers may (A) or may ney e labeled with acceptors; thus, there are 16 different
possible acceptor environments. The probability for each arrangeteig,given as a function o, the acceptor molar fraction. The transfer
efficiency for each arrangemert, is a function of the intermonomer distand®s;, R-1, Ri, andR; (see eq 3).

were recorded using a photon counting EEY nanosecondof the kth arrangement, anBy is the efficiency of transfer

fluorometer. The excitation wavelength was selected using for that arrangement.

The probability and efficiency of

a band-pass filter centered at 350 nm with a band-pass oftransfer for each arrangement are given in Table 2.
80 nm, and the emission wavelength was selected using a The distanceR) between a donor prob@ & 0) and an

filter which transmits above 410 nm.

adjacent acceptor proba € —2, —1, 1, or 2) for a given

The steady-state measurements were recorded using af@dius () is given by

SLM-8000 photon-counting spectrofluorometer operated in

the ratio mode. 1,5-IAEDANS was excited at 336 nm, and
the emission spectra were recorded at4600 nm. Samples
were temperature-controlled at 6.

Theoretical Calculations.The radial coordinate of the

R, = [r?(1 — cos (*166°))* + r? sin (n*166°) +
(n*27.5/°1 (3)

From eqs 1 and 3, we can calculate theoretical FRET

probe bound to Cys-374 was determined using the methodefficiencies against AMF over a range of radi).(

described by Taylor et al. (1981). The FRET efficienEy (
depends on the distancB)(separating the dipole moments

Data Analysis. From Table 2, one can see that the transfer
efficiency will vary for each arrangement of acceptor around

of the donor and acceptor probes according to the equation:a donor. However, due to the helical symmetry of the actin

i
R+ R

)

whereR, is the Faster critical distance (the distance at which
the efficiency of energy transfer is 50%). For the 1,5-
IAEDANS—DDPM probe pair, we used tH&, value of 29

A published by Dalbey et al. (1984) and the value of 42.8 A
calculated by Kasprzak for the 1,5-IAEDAN®ABMI
probe pair (Kasprzak et al., 1988).

FRET efficiency in an actin filament is given by

K
E = gékEk (2

whereK is the number of possible arrangements of acceptor- curves.

filament, some acceptor environments will give the same
transfer efficiency; e.g., the efficiency of transfer between a
donor and an acceptor located on monome® will be the
same as the transfer efficiency between a donor and an
acceptor on monomen+2. Therefore, the 16 different
possible arrangements will reduce to 9 different efficiencies
of transfer and hence 9 different donor lifetimes. The
observed lifetime for a filament will then be a sum of 9
lifetimes where their proportions are a function of the AMF.
The theoretical calculation of the efficiency of transfer for
a given radius as a function of the AMF is obtained by
measuring the observed FRET efficiency of the solution. This
is valid when measuring the steady-state fluorescence
intensity, but what happens with the lifetime analysis? We
have computed theoretical lifetimes for various AMF for four
different radii using a donor-alone lifetime of 20 ns and
analyzed them with either one- or two-exponential decay
The FRET efficiency for the two-exponential

labeled monomers around a donor-labeled monomer and inanalysis is calculated using the shortest of the two lifetimes.
our case is equal to 16 because of the known symmetry of The results are shown in Figure 1: the open triangles are
the actin filament (Moens et al., 1994y is the probability the FRET efficiencies obtained assuming a single lifetime,
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FiGure 2: Fluorescence spectrum of 1,5-IAEDANS in the presence
0 T T T T and absence of DABMI. Each curve is the superimposition of three
0 0.2 04 0.6 0.8 1 measurements. Curve a is the emission spectrum from 400 to 600
Acceptor Molar Fraction nm of 1,5-IAEDANS in G-actin without acceptor (donor labels

concentration= 43 uM). Cuve b represents the fluorescence
intensity of 1,5-IAEDANS without acceptor after polymerization.
The emission scan of 1,5-IAEDANS in the presence of DABMI at

Ficure 1: Computed efficiencies of transfer in an actin filament
for radii ranging from 10 to 30 A. The lifetime data were calculated
using a donor probe lifetime of 20 ns, and the theoretical curves - .
for the different radii were obtained for the multiple AMF with an  @N acceptor molar fraction of 0.4 (donor labels concentration
R, value of 29 A. @) are the values obtained from the analysis of 1+2-84M) in G-actin is shown by curve c and in F-actin by curve
the lifetimes assuming a double-exponential decay curve, and the*-
FRET efficiencies were calculated using the shortest of the two ;000
lifetimes. (1) are the results obtained when the data were analyzed
assuming a single-exponential decay.

and the filled squares are obtained assuming two lifetimes. ~ '°°°]

For a small efficiency of transfer, the two methods give the
same results (Figure 1, curves 20 and 30 A) while for a
higher efficiency of transfer (curves 15 and 10 A) the fit is
much better when we assume two lifetimes. However, for
high efficiencies of transfer, this method of analysis will
result in a small overestimation of the radial coordinates of
the probes. At low AMF, the longer of the two lifetimes
approaches the value of the lifetime of the unperturbed donor

100 A

Counts

10+

(data not shown). However, as the lifetime curves are a sum 0 20 40 6 80 100
of nine exponentials, the components obtained with a two- Time (ns)
exponential analysis have no physical significance. FiGURE 3: Fluoresence lifetime data of 1,5-IAEDANS in the

Modifications of the fluorescence lifetimes and intensities absence and presence of DDPM in F-actin. Trace a is the lamp
of the samples were corrected for the effects of the signal obtained using a scattering solutior.) (Symbols are the

o - e B lifetime data of 1,5-IAEDANS without acceptor. A single-
polymerization of actin and/or the addition of S-1, or exponential decay curve has been fitted through these points with

MgATP, using solutions containing donor-labeled actin only. g fifetime of 20.1 ns (solid line b).<) symbols represent the
No differences in the lifetimes of the “donor only” solutions lifetime data from 1,5-IAEDANS in the presence of DDPM at an
could be detected between the different concentrations ofacceptor molar fraction of 0.55. Two-exponential decay curves have
donor in the solutions (data not shown); therefore, donor to been fitted (solid line p) with the following lifetime parameters:
donor transfer can be disregarded. These donor to donor®t = -4 71 = 164 ns; andx, = 0.6,7, = 17.6 ns.

transfers are also called homotransfer and cannot be deteCtePQESULTS

from the quenching of the donor fluorescence, from the

spectra, and from the time dependence of the intensity Changes in Fluorescence Due to Polymerizatiothe
(lifetime) because of the symmetry of the situation: If one fluorescence spectra from the steady-state measurements of
molecule gives its excitation energy to another of the same 1,5-IAEDANS-labeled G-actin without an acceptor are
species, the second will have the same fluorescence charillustrated by curve a in Figure 2. Upon polymerization, the
acteristic as the first and will merely reemit the energy or fluorescence intensity increases by 7% (curve b), which could
pass it on (or back), so that after a few transfers emissionresult from a small change in the environment of the probe,
will occur as if no transfer had taken place (Van Der Meer as Cys-374 is close to an actiactin binding site. The
etal., 1994). However, if these processes fail to be detected.emission peaks of both curves occur at 4882 nm. The

they nevertheless occur, and each homotransfer contributedifetime data of actin labeled with donor only are represented
to the broadening of the angular distribution of emission by trace b in Figure 3. As shown in Table 3, the lifetime of
dipoles (Van Der Meer et al., 1994) which is in favor of the 20.1 ns obtained for the F-actin sample containing only donor
assumption that? equals?; in actin filaments. (acceptor molar fraction: AMFE= 0.0) is not significantly
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Table 3: Lifetimes (ns) of 1,5-IAEDANS-Labeled Actin with 0.8 14 A
Different Concentrations of DDPM Lalsel

AMF  G-actin F-actin +S1A1 +S1A2 +MgATP 0.7+ 17 A

0.0 20.0 20.1 20.7 20.7 -

0.18 20.0 18.6 19.6 19.9 - 0.6+ 20 A

0.31 20.0 18.1 19.3 19.4 - L4

0.43 19.9 17.1 18.7 18.7 - 5 . 23 A

0.55 19.9 16.4 18.1 18.2 14.3 FosT

L 4
a AMF: acceptor molar fraction (concentration of acceptor-labeled % ¢
monomer versus actin concentration}.S1A1 indicates the presence ;0-4 T
of myosin subfragment 1 containing myosin light chaintiS1A2 is 5 .
similar except it contains myosin light chain 3. €034 y,
Eo.

Table 4: Transfer Efficiencies and Their Corresponding Radii for 0.2
1,5-IAEDANS-DABMI and 1,5-IAEDANS-DDPM Probe Pairs
Using Steady-State Measureménts o1 d
acceptor F-actin +5-1 +MgATP

probe AMF E radius(A) E radius(A) E radius (A) 0 ———
DABMI 0.40 0.46 15 0.23 24 0.29 21 0 01 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1
DDPM  0.42 0.17 12 0.08 17 0.19 11.3 Acceptor molar fraction

a AMF, acceptor molar fractionE, efficiency of transfer. +S-1 Ficure 4: Transfer efficiencies observed for various acceptor molar

indicates the presence of myosin subfragment 1. fractions using the 1,5-IAEDANSDABMI probe pair. The

theoretical curves calculated for some radii between 14 and 23 A

. . o are plotted (solid lines).€) represent the FRET data for various
d|fferent from those Of G—aCtIn (19‘%00 nS). A I|fet|me acceptor molar fractions.

of 20 ns agrees well with the lifetime of 1,5-IAEDANS (21.6
ns) determined in F-actin (Kasprzak et al., 1988). These o5 oA
data suggest there is no dramatic change in the environment '
of the 1,5-IAEDANS probe fixed to Cys-374 when actin 0.45+
polymerizes.
Radial Coordinate of Cys-374lncreasing concentrations 0.at
of acceptor in the actin solutions do not modify the lifetime
of the donor probe (Table 3). Indeed, with G-actin there is o35 T
no significant chance of an acceptor probe on one monomer
being within 100 A of a donor probe on another monomer,
and thus FRET efficiency will be zero. However, when actin
is polymerized, the lifetime of the donor decreased in
proportion to the increase in AMF. The data obtained from
the 1,5-IAEDANS-DDPM probe pair with an AMF of 0.55
are shown in Figure 3 (diamonds) and have been fitted with 0.15 T
two exponentials:oy; = 0.4, 71 = 16.4 ns;o, = 0.6, 7, = e
17.7 ns (curve ¢). The calculated transfer efficiency is 0.177, T L ’g) o
which corresponds to a radial coordinate for the probe pair | 8 o
of 13.5 A. Similar results were obtained with the steady- ' S
state measurements. The fluorescence intensity spectrum of 0 o
the 1,5-IAEDANS-DABMI probe pair with an AMF of 0.4 o 01 02 03 04 05 06 07 08 09 1
is shown in Figure 2. Curve c is the spectrum for G-actin, Acceptor molar fraction
and curve d is the spectrum following polymerization. The Ficure5: Transfer efficiencies observed for various acceptor molar
G-actin curve ¢ has a lower peak value of fluorescence fractions using the 1,5-IAEDANSDDPM probe pair. The theoreti-
intensity than expected from the ratios of the donor concen- ¢&l curves calculated for radii between 9 and 22.5 A are plotted
. . . (solid lines). @) symbols represent the FRET data for various
trf':ltlons when compared with the _dO”OV'P”'Y curve a. This acceptor molar fractions in F-actirD) symbols are the FRET data
difference could result from an inner filter effect of the in the presence of S-1.
DABMI probes. Such an effect is not seen in the DDPM
samples (data not shown). The inner filter effect can be calculated FRET efficiencies from steady-state and lifetime
ignored when comparing G- and F-actin fluorescence measurements were pooled. The data are plotted with the
intensities because they both have the same acceptotheoretical curves as shown in Figure 4 for the 1,5-
concentration. However, a correction for the inner filter IAEDANS—DABMI probe pair and in Figure 5 for the 1,5-
effect is needed when comparing the results obtained forIAEDANS—DDPM probe pair. FRET data obtained with
F-actin with and without S-1, as the acceptor concentrations DABMI as the acceptor gave a radial coordinate of12
are different due to the addition of S-1. After correction A (Figure 4) which agrees with our previous measurements
for the increase of fluorescence due to polymerization, we (Moens et al., 1994).
calculated a transfer efficiency of 0.46, corresponding to a As shown in Figure 5€), a smaller radial coordinate of
radial coordinate of 15 A (Table 4). We obtained a smaller 13.5+ 2 A is obtained for the dipole moment of the 1,5-
radius (12 A) using DDPM as the acceptor probe. The IAEDANS—DDPM probes. This difference in radius is

135 A

o

Y e

o ©w
"

Efficiency of transfer
<
Y
.

18 A

225 A
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5, showing an increase from 13.5 to-183 A. Addition of
excess ATP results in a decrease in the lifetime of the donor
to 14.3 ns which is close to but not equal to the value for
F-actin without S-1 (Table 3). This difference can result
from the dilution of the samples after addition of MgATP,
therefore reducing the donor concentration. In the samples
with high acceptor molar fraction, the donor concentration
is far less than in the control samples, and close to the
detection limit of our apparatus, resulting in a low signal to
noise ratio. The effect of light scattering will then be more
pronounced in the high AMF samples, resulting in an
apparent decrease of the fluorescence lifetime. An increase
of transfer efficiency was also observed for the steady-state
fluorescence intensity measurements (Table 4). These data
demonstrate that the changes in the radial coordinates of the
probe bound to Cys-374 when S-1 binds are reversible.

DISCUSSION
. > Validation of thex? Assumption in F-Actin.Censullo et
17 A al. (1992) employed a DaleEisinger analysis to obtain the

FiGURE 6: Representation of the structures of the probes used in limits on the average orientation factef required to

this study. (a) DABMI; (b) DDPM; and (c) 1,5-IAEDANS. The calculate molecular distances in F-actin using FRET mea-
left ends of the probes react with Cys-374. These structures havesurements. In their analysis, they used dipole cone half-
been obtained by energy minimization using Cétasftware and  gngles rather than depolarization factors, and the calculations
represent an extended configuration of these probes. assumed the restrictive condition of one electric dipole

moment per probe. They showed that, for multiple acceptors

in F-actin and without knowledge of the dipole orientations,

Change in Fluorescence Due to the Binding of Sthere K? = s, Dge to the multipl?city_ of acceptors in F-actin_
is a small increase in the lifetime of 1,5-IAEDANS with no FRET experiments, less motion is required of the probes in

acceptor from 20.1 to 20.7 ns when either S1A1 or S1A2 is order to applyx?® = ?s. _Thus, in our results, it seems
added to F-actin (Table 3). Also, when the steady-state data"€2S0nable to assume this value.
are corrected for the addition of S-1, the fluorescence Do Our FRET Data Agree with the Prediction from
intensity of the 1,5_|AEDANS F-actin solution increases by Models of F-Actin? In the Lorenz et al. refinement of the
14% with no shift of the emission peak (data not shown). Holmes model of F-actin (Lorenz et al., 1993), the&om
This Change in quantum y|e|d of the probe results in a small of CyS-374 is located at a radial coordinate of 27 A Given
increase of theR, value from 42.8 to 43.7 A for the 1,5- the size of the probe (Figure 6a), the radius obtained with

IAEDANS—DABMI probe pair and from 29.0 to 29.6 A  the 1,5-IAEDANS-DABMI probe pair (17 A) is compatible
for the 1,5-IAEDANS-DDPM pair. with the $ location in the Lorenz model. However, the

Radial Coordinate of Cys-374 upon S-1 Bindingimilar smaller radius obtained with the smaller DDPM probe does
FRET data were obtained for F-actin with both myosin S-1 not seem to support that model, even if we consider the worst
isoforms as illustrated in Table 3. The lifetimes for the case where the two probes 1,5-IAEDANS (Figure 6c) and
different AMF calculated for F-actin in the presence of S1A1 DDPM (Figure 6b) are fully extended and oriented toward
are not significantly different from those obtained in the the center of the filament. The maximum radius obtained
presence of S1A2. Therefore, data from both isoforms were Under these conditions would b4 A. Thus, Cys-374 may
pooled (S-1). In the presence of S-1, 1,5-IAEDANS be located closer to the filament axis than proposed in the
exhibited longer lifetimes (Table 3), reflecting smaller Lorenz model. However, we cannot rule out the possibility
transfer efficiencies. This was also found with the steady- that changes in the hydrophobicity in the C-terminus,
state measurements where the efficiency of transfer decrease&esulting from actin labeling, modify the position of the
by 23% with DABMI and by 9% with DDPM as acceptors C-terminus and could explain the differences between the
(Table 4). The calculated radii for DABMI (AME= 0.4) FRET results and the F-actin model.
and DDPM (AMF = 0.42) are 24 and 17 A, respectively. Can the S-1-Induced Change in the Cys-374 Radial
However, the increase in quantum yield of the donor probe Coordinate Be Due to a Reposition of the Probét?is
may have been slightly underestimated in the steady-stateunlikely that the change in radial coordinate of the probe
measurements due to the increase of scattering of the solutiomesults solely from a change in the probe position without
when S-1 binds to F-actin. This would result in an any changes in the structure of the C-terminus of actin.
underestimation oR, and consequently of their radii. In  Indeed, to accommodate a-8 A change in radial coordi-
all of these experiments, the effect of light scattering was nate, the two probes must reposition so that their dipole
reduced by using a cuvette with a short light path (2 mm). moments are located-6 A closer to the periphery of the
Moreover, similar results were obtained using lifetime filament. This could explain our data for a large probe like
measurements which are not as much affected by light DABMI but not for a small one (DDPM). We observed the
scattering. The change in the radial coordinates of the probessame change in radius for both acceptor probes, and,
bound to Cys-374 is illustrated by the open circles in Figure therefore, most if not all of the change in the average position

probably due to the difference in size and structure of the
two acceptor probes as illustrated in Figure 6a,b.
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(8—=10 A) must be attributed to the donor probe 1,5- perturbation of the C-terminus involving movement of Cys-
IAEDANS. The fluorescence lifetime and intensity of 374 may be an allosteric effect, reflecting a much larger
F-actin labeled only with the donor probe increase byl 4% conformational change. Movements of subdomain 1 have
when S-1 binds. Thus, the environment of the probe is not been inferred from X-ray diffraction data when tropomyosin
dramatically different in the presence or absence of S-1 Thisbinds to F-actin (AL-Khayat et al., 1995). Thus, our
is consistent with a small change in position but not with a observed changes may reflect a global change in actin
large reposition of the donor probe which would significantly subdomain 1 or in the so-called small domain of actin
alter its environment. Therefore, it is probable that the (comprising subdomains 1 and 2). This would be consistent
change of the average position of the dipole moment of the with the changes in the radial coordinate of GIn-41 and the
probe reflects a true change in the position of Cys-374. This increase in distance between the nucleotide site and Tyr-69.
agrees with the change in the position of the C-terminus upon

S-1 binding proposed by Orlova and Egelman (1995). ACKNOWLEDGMENT
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