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Myosin-induced Changes in F-Actin: Fluorescence Probing of
Subdomain 2 by Dansyl Ethylenediamine Attached to Gln-41
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ABSTRACT Actin labeled at Gln-41 with dansyl ethylenediamine (DED) via transglutaminase reaction was used for moni-
toring the interaction of myosin subfragment 1 (Si) with the His-40-Gly-42 site in the 38-52 loop on F-actin. Proteolytic
digestions of F-actin with subtilisin and trypsin, and acto-Sl ATPase measurements on heat-treated F-actin revealed that the
labeling of Gln-41 had a stabilizing effect on subdomain 2 and the actin filaments. DED on Gln-41 had no effect on the values
of Km and Vmax of the acto-Sl ATPase and the sliding velocities of actin filaments in the in vitro motility assays. This suggests
either that Si does not bind to the 40-42 site on actin or that such binding is not functionally important. The binding of
monoclonal antidansyl IgG to DED-F-actin did not affect acto-Si binding in the absence of nucleotides, indicating that the
40-42 site does not contribute much to rigor acto-Si binding. Myosin-induced changes in subdomain 2 on actin were
manifested through an increase in the fluorescence of DED-F-actin, a decrease in the accessibility of the probe to collisional
quenchers, and a partial displacement of antidansyl IgG from actin by Si. It is proposed that these changes in the 38-52 loop
on actin originate from S1 binding to other myosin recognition sites on actin.

INTRODUCTION

Biochemical and structural studies have suggested that actin
filaments can exist in different conformations depending on
the metal ions, nucleotides, and proteins bound to them
(Egelman and Orlova, 1995). Strong evidence implicates
the DNaseI-binding loop on actin i.e., residues 38-52 in
subdomain 2, in transitions between conformationally dis-
tinct states (Tirion et al., 1995; Schutt et al., 1993). In
particular, the work of Orlova and Egelman (1993) showed
that subdomain 2 and the 38-52 loop were rotated in
F-Mg2+-actin to a larger radial distance from the filament
axis than in F-Ca2+-actin and suggested that this rotation
was responsible for the greater structural flexibility of
F-Mg2+-actin filaments. The same authors also demon-
strated that the filament structure was considerably stabi-
lized by the binding of a phosphate analog, BeFx, to F-
MgADP-actin (Orlova and Egelman, 1992). BeFx shifts the
position of subdomain 2 in actin to a lower radius, similar to
that proposed in the Holmes et al. (1990) model of F-actin
structure. Importantly, biochemical studies also showed the
stabilization of F-MgADP-actin filaments by BeFx
(Combeau and Carlier, 1988), confirmed the analog-in-
duced changes in subdomain 2, and revealed a strong co-
operativity of these transitions (Muhlrad et al., 1994).
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Large internal structural cooperativity of F-actin has been
also detected upon the binding of phalloidin (Drewes and
Faulstich, 1993). This cooperativity was elegantly demon-
strated in a recent electron microscopy analysis of actin
complexes with gelsolin and phalloidin, and was linked to
conformational states of actin's C-terminus and subdomain
2 (Orlova et al., 1995). The subdomain 2-related structural
cooperativity of actin is of potential interest in actomyosin
interactions for several reasons. First, the structural model
of the actomyosin complex obtained by docking the atomic
structure of myosin subfragment 1 (S1) (Rayment et al.,
1993a) to the model of F-actin structure (Holmes et al.,
1990) predicts the binding of SI to several sites on actin,
among them residues 40-42 in the 38-52 loop (Rayment et
al., 1993b; Schroder et al., 1993). Second, the binding of S1
and heavy meromyosin to actin has been reported to cause
cooperative changes of actin-bound probes (Oosawa et al.,
1972), to influence the conformation of the 38-52 loop
(Fievez and Carlier, 1993), and to increase the radial coor-
dinate of Gln-41 by 4-sA (Kasprzak et al., 1988). Third,
subtilisin cleavage in the 38-52 loop results in a large
decrease in the in vitro motility of actin filaments (Schwyter
et al., 1990). These interconnections, as well as the coop-
erativity involved in the regulation of actomyosin interac-
tions (Butters et al., 1993), and the yet to be determined role
of structural changes in actin in actomyosin-based motility
merit closer scrutiny of the myosin binding to the 38-52
loop on actin.

In this work, we used a fluorescence probe, dansyl eth-
ylenediamine (DED), attached to Gln-41 via transglutami-
nase reaction to show myosin-induced changes in the 38-52
loop on F-actin. Previous work demonstrated that this label
is a sensitive probe of conformational changes in the 38-52
loop on G-actin (Kim et al., 1995).
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MATERIALS AND METHODS

Reagents

ATP, ADP, a-chymotrypsin, trypsin, and subtilisin Carlsberg were pur-
chased from Sigma Chemical Co. (St. Louis, MO). Bradford reagent was
obtained from Bio-Rad (Richmond, CA). DED was from Molecular Probes
(Eugene, OR). N-(4-azido-2-nitrophenyl)-putrescine (ANP) was a gener-
ous gift from Dr. G. Hegyi.

Preparations of proteins

Actin and myosin from rabbit back muscle were prepared according to
Spudich and Watt (1971) and Godfrey and Harrington (1970), respectively.
S1 was prepared as described by Weeds and Pope (1977). Microbial
transglutaminase was obtained and purified as previously described
(Huang et al., 1992). Monoclonal antidansyl antibodies (IgG) were a
generous gift from Dr. S. Morrison.

Labeling of actin

The labeling of Gln-41 on G-CaATP-actin (2.0 mg/ml) with DED (100
,uM) and ANP (100 ,uM; in dark) was carried out in the presence of 0.4
mM ATP, 0.2 mM CaCl2, 5.0 mM Tris-HCl at pH 7.7, and 0.5 unit/ml
microbial transglutaminase for 2 h at 23°C. Excess DED was removed
from the labeled actin on Sephadex G-50 spin columns equilibrated with
G-actin buffer (0.2 mM ATP, 0.2 mM CaCl2, 0.2 mM B-mercaptoethanol,
and 5.0 mM Tris-HCI at pH 7.7). Excess ANP was removed from the
labeled actin after its polymerization by 2.0 mM MgCl2 for 30 min at 23°C
(in the presence of 0.4 mM EGTA) and pelleting by ultracentrifugation at
40,000 rpm for 2 h. The actin pellet was rehomogenized in F-actin buffer
free of 13-mercaptoethanol to a final concentration of 1.0 mg/ml. The
amounts of DED and ANP bound to actin were determined by using their
respective extinction coefficients E334 = 4.8 X 103 M-l cm-' and E470 =
5.4 X 103 M-' cm-'. The concentration of the modified actin was
determined by Bradford assay. The stoichiometry of G-actin labeling with
DED and ANP ranged between 0.90 and 1.0 label per actin.

Photocrosslinking of ANP-F-actin

ANP-F-actin (12.0 ,uM) was photocrosslinked in the absence and presence

of SI (12.0 ,uM) as described by Hegyi et al. (1992). At different time
points the cross-linking was stopped in reaction aliquots by 1.0 mM
13-mercaptoethanol. S1 was removed from the photocrosslinked samples by
ultracentrifugation of the actin and S1 mixtures preincubated with 0.4 M
NaCl, 1 mM MgCl2, 1 mM ADP, 5 mM NaF, and 0.2 mM BeCl2. The
pelleted actin was analyzed by SDS PAGE.

Fluorescence measurements

All fluorescence measurements were carried out in a Spex Fluorolog
spectrofluorometer (Spex Industries, Inc., Edison, NJ) at 25°C. DED emis-
sion was monitored after excitation at A = 334 nm. The accessibility of
DED to a collisional quencher was examined by titrating the labeled
F-actin with acrylamide at 250C. The titration data were analyzed in terms

of Stern-Volmer plots to yield the Stem-Volmer constants.

Proteolytic digestions

Proteolytic digestions of F-actin (1.0 mg/ml) by subtilisin (0.04 mg/ml)
were carried out in F-actin buffer (0.2 mM ATP, 0.5 mM ,B-mercaptoetha-
nol, 0.2 mM EGTA, 2.0 mM MgCl2 and 5.0 mM Tris-HCl at pH 7.7) at

25°C. The reaction was stopped with 5.0 mM PMSF, and the rate of actin
cleavage was determined by densitometric analysis of reaction aliquots
displayed on SDS PAGE. The disappearance of the 42-kDa actin band on

SDS gels (due to actin cleavage) followed a first order process and yielded
a rate constant for the digestion reaction. Tryptic digestions of F-actin were
done as described by Muhlrad et al. (1994).

Acto-SI ATPase activity measurements

Actin-activated MgATPase activity of S1 was determined under steady-
state conditions at 25°C by a colorimetric assay in a solution containing 0.3
,uM SI, F-actin and F-DED-actin between 0 and 40 ,uM, 3.0 mM ATP, 3.0
mM MgCl2, 5.0 mM KCI, and 10mM imidazole, pH 7.0. ATPase activities
were calculated as micromoles of Pi released per micromole of S1/s and
fitted directly to the Michaelis-Menten equation to obtain Km and Vmax
values by using Sigma Plot 4.1

Thermostability experiments

The thermostabilities of DED-labeled and unlabeled actins were compared
by assaying their function, i.e., the activation of Sl-ATPase activity, after
heat treatment at 600C. F-actin solutions (18 ,uM) were incubated at 60°C
in the presence of 0.2 mM ATP, 2.0 mM MgCl2, 0.2 mM 13-mercapto-
ethanol, and 5 mM EPPS at pH 7.5. Aliquots of actin were removed at
different times from the 60°C bath, placed on ice, and then used in acto-S 1
ATPase measurements. ATPase measurements were carried out as de-
scribed above; the concentrations of S1 and F-actin in these assays were 0.3
and 9.0 ,.M, respectively.

Binding experiments

The molar ratios of antidansyl IgG and S1 bound to DED-F-actin (in
F-actin buffer, at 25°C) were determined by pelleting the mixtures of these
proteins in a Beckman airfuge for 20 min, then performing an SDS PAGE
analysis of the pelleted samples (Adams and Reisler, 1993). Free IgG and
S1 were not pelleted under these conditions. The proteins (at 1.0-,uM
concentration) were preincubated with each other for 20 min before the
ultracentrifugation.

In vitro motility assays

The motility assays were performed at 25°C as previously described
(Muhlrad et al., 1994).

RESULTS

Structural properties of DED-F-actin

The use of DED-Gln-41-labeled actin for examining the
effects of S 1 on the environment of the probe in F-actin has
been stimulated by the high sensitivity of this probe to
nucleotide and metal ion-dependent changes in the loop
38-52 on G-actin (Kim et al., 1995). In G-actin the modi-
fication of Gln-41 inhibited the rate of subtilisin cleavage of
this loop by 60%, but had only minor, if any, effect on
tryptic cleavage at Lys-61 and Lys-68 (Kim et al., 1995).
Thus, it appeared that the perturbation of the G-actin struc-
ture by DED on Gln-41 was either small and localized to the
38-52 loop or that the probe altered somewhat the subtilisin
docking to G-actin.

Similar proteolytic digestion experiments on DED-la-
beled F-actin revealed an increase in filament stability due
to Gln-41 modification. Subtilisin digestions of modified
and unmodified F-Mg2+-actin yielded the same products
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but at almost fivefold different rates (Fig. 1 a). The -80%
decrease in the rate constant of DED-F-actin cleavage,
relative to that of F-actin cleavage (from 0.19 +0.01 min'-
to 0.04±0.01 min-', Fig. 1 a), is almost twofold greater
than the inhibition of subtilisin cleavage in G-actin. This
suggests DED-related changes in the 38-52 loop environ-
ment in F-actin. Digestions of copolymers of labeled and
unlabeled F-actin with subtilisin for 10 min revealed little
change in the rates of their cleavage with up to 35% DED-
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actin in the filaments (Fig. 1 b). This is in contrast to the
strongly positive cooperativity of subdomain 2 stabilization
by BeF, (Muhlrad et al., 1994) and phalloidin (Drewes and
Faulstich, 1993), and suggests a smaller effect of DED on
filament structure.

Tryptic digestions of DED-F-actin confirmed this conclu-
sion. Unlabeled and labeled F-actin yielded the same tryptic
products with first order rate constants of 0.18±0.03 min- 1

and 0.11±0.01 min-', respectively (results not shown).
Because such differences in the rates of tryptic cleavage
were not detected for G-actin (Kim et al., 1995), the F-actin
digestions support the idea of subdomain 2 stabilization in
F-Mg2+-actin by DED on Gln-41. The stabilization of F-
actin by DED was confirmed also by monitoring the inhi-
bition of actin's ability to activate S1-ATPase activity be-
cause of heat treatment at 60°C. The thermal "inactivation"
of F-actin followed a first order process (Fig. 2) and oc-
curred at a ninefold slower rate in DED-F-actin (kDED =
0.034 min-') than in F-actin (kF = 0.31 min- ).

Functional properties of DED-F-actin

Earlier study on the labeling of Gln-41 on actin by dansyl
cadaverine reported that this modification had no effect on
acto-S1-ATPase activities of uncrosslinked and carbodiim-
ide cross-linked acto-S1 (Takashi, 1988). Because a shorter,
DED probe is attached to Gln-41 in this work, the acto-S 1-
ATPase activities were remeasured over a range of labeled
and unlabeled actin concentrations (up to 40 ,uM). At equal
actin concentrations the rates of ATP hydrolysis by acto-S 1
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FIGURE 1 Subtilisin cleavage of F-actin (0) and DED-F-actin (0).
Actin (1.0 mg/ml) was digested with subtilisin (0.04 mg/ml) in F-actin
buffer (0.2 mM ATP, 0.5 mM 3-mercaptoethanol, 0.2 mM EGTA, 2.0 mM
MgCl2, and 4.0 mM Tris-HCl pH 7.7) at 25°C. a) Semilogarithmic plot of
the time course of actin digestion by subtilisin. Reaction aliquots were

analyzed by densitometry of the 42-kDa band of uncleaved actin on SDS
PAGE. The first order rate constants were 0.19±0.01 min-' and
0.04±0.01 min-' for the cleavage of F-actin and DED-F-actin, respec-

tively. b) Percentage of undigested actin in copolymers of unlabeled and
DED-labeled actin after a 10 min cleavage with subtilisin.
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FIGURE 2 Semilogarithmic plot of the SI ATPase activation by actin as

a function of incubation time of F-actin (0) and DED-F-actin (0) at 60°C.
Actin concentration during the heating was 18 ,uM, the concentrations of
SI and actin in the ATPase assays (at 25C) were 0.3 and 9.0 ,uM,
respectively. The first order rates of ATPase activation loss obtained from
the slopes of the straight lines were 0.31 min-' and 0.034 min-m for
F-actin and DED-F-actin, respectively.
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TABLE I Kinetic parameters of acto-SI ATPase and the in
vitro motility of actin filaments

Actin Vm. (s l) Km (AM) Vf (nmi/s)

Unmodified 13.6 ± 0.4 21.6 ± 1.5 4.08 ± 0.36
DED-actin 14.0 ± 0.5 26.0 ± 5.0 3.88 ± 0.45

Vma, and Km values of acto-S1 ATPase and the mean sliding velocities of
actin filaments (Vf) were determined at 25°C. Vf was measured on three
different actin preparations; in each case the motion of at least 50 filaments
was monitored.

were indistinguishable between the DED-F-actin and F-
actin systems. Accordingly, the Km and Vm. values ob-
tained from fitting the kinetic data to the Michaelis-Menten
equation were virtually the same for the unlabeled and
labeled F-actin (Table 1).

Similarly, in vitro motility assays carried out with F-actin
and DED-F-actin did not reveal any difference between
these proteins. Both actins moved at similar mean velocities
(Table 1) and with similar distribution of velocities (not
shown) over a lawn of heavy meromyosin adsorbed to a
nitrocellulose-coated coverslip. Thus, in agreement with
Takashi's (1988) conclusion, the labeling of Gln-41 does
not have any effect on the functional interactions of actin
with S1.

SI -induced changes in the 40-42 site on F-actin

The binding of SI to DED-F-Mg2+-actin increased the
fluorescence emission of the probe by -20% (at Am. =
526 nm) without any detectable band shift (Fig. 3). Quench-
ing titrations with acrylamide (Fig. 4) yielded the Stem-
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FIGURE 3 Emission spectra of DED-F-actin in the presence (dashed
spectrum) and absence (solid spectrum) of S1. The emission was recorded
at 3.0-,uM concentrations of actin and SI in F-actin buffer with the
excitation wavelength set at 334 nm. Fluorescence intensities are reported
in arbitrary units (A.U.).
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FIGURE 4 Stem-Volmer plots for the quenching of DED-F-actin fluo-
rescence by acrylamide in the presence (0) and absence (0) of SI. Actin
and SI concentrations were 3.0 ,uM. F. and F correspond to the fluores-
cence of DED-F-actin in the absence and presence of acrylamide, respec-
tively. The Stem Volmer constants, KSV' obtained from the slopes of the
straight lines were 5.1±0.1 M-' and 3.8±0.1 M-' in the absence and
presence of SI, respectively.

Volmer constants for DED-F-actin in the absence and pres-
ence ofSl of 5.1±0.1 M-' and 3.8±0.1 M-1, respectively.
This indicates that the accessibility of DED on Gln-41 to
collisional quenchers is smaller on the S1-bound F-actin
than free F-actin.
To characterize the proposed motion of the 38-52 loop

due to SI binding to actin (Kasprzak et al., 1988), we
examined the time course of actin photocrosslinking from
Gln-41 to the adjacent monomer, within the same filament
strand. This reaction, described by Hegyi et al. (1992) for
the N-(4-azidobenzoyl)-putrescine attached to Gln-41 (via
transglutaminase), was carried out with N-(4-azido-2-nitro-
phenyl)-putrescine (ANP), a more reactive analog of the
original reagent. The UV irradiation of the ANP-labeled
actin was carried out in the presence and absence of S1.
Aliquots of both reactions were processed identically, in-
cluding the steps of S1 (or mock S 1) removal (see Materials
and Methods). SDS PAGE analysis of the isolated (pelleted)
actin revealed identical cross-linked products in both reac-
tions, including monomers, dimers, trimers, and higher or-
der species, but did not identify any cross-linked acto-S 1.
The rate of cross-linking was monitored by following the
time-dependent disappearance on SDS PAGE of the origi-
nal 42-kDa actin band (Fig. 5). The similar rates of F-actin
cross-linking in the presence and absence of S 1 suggest that
the mean distance between Gln-41 and the next actin does
not change significantly upon S1 binding to actin.
The effect of S1 on the 38-52 loop on F-actin can be also

probed by using monoclonal antidansyl IgG. The binding of
IgG to DED-F-actin causes about threefold increase in
fluorescence and a blue shift in Amax from 526 to 507 nm
(Fig. 6). Surprisingly, the binding of antidansyl IgG to
DED-F-actin is rather strong, as indicated by fluorescence
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FIGURE 5 Photocrosslinking of ANP-labeled actin in the presence (0)
and absence (0) of SI. ANP-F-actin (12 ALM) and SI (12 ,uM), when
present, were prepared, photocrosslinked, and separated for SDS PAGE
analysis of the cross-linked product as described in Materials and Methods.
The percentage of uncrosslinked actin was obtained from densitometric
analysis of actin bands on SDS gels.

titration of actin with the antibody (Fig. 7). The binding
saturates at equimolar ratios of IgG to actin and the data fit
well to a binding curve corresponding to Kd = 0.1 ,uM. The
pelleting and SDS PAGE analysis of the complex formed
between 1.1 ,uM IgG and 1.0 ,uM actin verified the 1:1
molar ratio of IgG bound to actin (Fig. 7, inset). Clearly the
dansyl moiety is not buried in F-actin; it is accessible to
IgG, and the binding of Ig to the probe does not depoly-
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FIGURE 6 Emission spectra of DED-F-actin. The spectra correspond to

DED-F-actin (dashed curve), and actin in the presence of: SI (curve A,
Amax = 526 nm), SI and monoclonal antidansyl IgG (curve B, Amax = 514
nm), and IgG (curve C, Amax = 507 nm). All protein concentrations were

1.0 ,uM and the excitation wavelength was set at 334 nm.

100

D

0)
u

:

a)
C,)

u1)
o

LL

75

50

25

0 L-
0.0 0.2 0.4 0.6 0.8 1.0 1.2

IgG (ItM)

FIGURE 7 Increase in DED-F-actin fluorescence in the presence of
monoclonal antidansyl IgG. The titration of DED-F-actin (1.0 ,M) in
F-actin buffer was recorded with excitation and emission wavelengths set
at 334 and 520 nm, respectively. Inset: Representative SDS PAGE pattern
of a pelleted 1.1:1.0 IgG and actin mixture. The molar ratio of IgG bound
to actin in the pellet was 1:1. HC and LC correspond to the heavy and light
chains of IgG.

merize actin. Yet, as expected, the environments of DED on

G- and F-actins are different. IgG causes a twofold greater
fluorescence increase of DED-G than of DED-F-actin (data
not shown). Moreover, the fluorescence change is com-

pleted within mixing time (.20 s) in G-actin whereas -100
s are required for this process in F-actin (at 1:1 IgG:actin).
These observations are consistent with transitions of loop
38-52 between two or more conformational states in F-
actin (Egelman and Orlova, 1995) that expose to different
degrees the DED moiety on Gln-41 to IgG.
The binding of Si to DED-F-actin-IgG complex causes

partial dissociation of the antibody (Figs. 7 and 8). The
fluorescence intensity changes, Am. shift, and the pelleting
of equimolar mixtures of F-actin, IgG, and S I reveal that the
stoichiometry of these proteins in the ternary complex is
1:0.5:1, respectively (Figs. 6 and 8, inset). Notably, whereas
S1 displaces -50% of the bound IgG, the latter has no

significant effect on the equilibrium binding of S I to F-actin
(Fig. 8, inset). The release of IgG from actin can be moni-
tored via a time-dependent decrease in DED fluorescence
(Fig. 8). The relatively slow rate of this process suggests
some reorganization of the IgG-bound DED-F-actin upon

binding of SI. The fact that a considerable fraction of the
actin filament (-"50%) can bind both SI and antidansyl IgG
excludes the 40-42 residues on actin from a class of sites
that are essential for the binding of myosin.

DISCUSSION

The main goal of this work was to examine the suggested
binding of residues Asn-552 to His-558 on Si to residues
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FIGURE 8 Displacement of IgG from DED-F-actin by SI as reported by
a decrease in fluorescence intensity. F-actin, antidansyl IgG, and SI con-

centrations were 1.0 ,uM. Arrowhead shows the fluorescence of DED-F-
actin-IgG complex (1: 1), the addition of SI to this complex is indicated by
an arrow. Dashed line represents a single exponential fit to the fluorescence
decay curve and yields the first order off rate of IgG from actin koff =
1.49±0.06 x 10-2 s-. Inset: SDS PAGE pattern of the pelleted DED-F-
acto-SI (lane a) and DED-F-acto-SI-IgG complexes (lane b). The pellet-
ing was done after a 20-min preincubation of the protein mixtures. All
proteins were at the concentration of 1.0 ,uM. The molar ratio of S 1 bound
to actin was 1:1 in both lanes, and that of IgG bound to actin was 0.5:1 (in
lane b). HC and LC correspond to the heavy and light chains of IgG,
respectively. Al and A2 correspond to the myosin light chains; Ac denotes
actin.

40-42 on actin (Rayment et al., 1993b) by using the DED
probe attached to Gln-41. To this end the effect of DED on

the properties of F-actin was examined in some detail.

Structural and functional properties of
DED-F-actin

The environment of subdomain 2 in F-actin and DED-F-
actin was compared in subtilisin and tryptic digestion ex-

periments. Because the inhibition of proteolysis was greater
in DED-F-actin than in DED-G-actin and the thermal "in-
activation" of F-actin was much faster than that of DED-F-
actin, our results indicate a stabilization of F-actin structure
by DED. The connection between subdomain 2 conforma-
tion and filament stability has been established by Orlova
and Egelman (1992, 1993).
The effect of DED on subdomain 2 and filament struc-

ture, although readily detected, is smaller than that produced
by the Pi analog, BeFx (Combeau and Carlier, 1988; Orlova
and Egelman, 1992; Muhlrad et al., 1994). In fact, DED-
stabilization of subdomain 2 was hardly different from that
observed in G-actin (Kim et al., 1995) in filaments contain-
ing up to 40% DED monomers. The effect of DED on

F-actin is consistent with the models of F-actin structure
(Lorenz et al., 1993; Tirion et al., 1995). According to these

models, residues 39-42 on one actin and residues between
Tyr-166 and Tyr-169 on the adjacent actin are in close
proximity to each other, allowing for the formation of
hydrogen bonds between them. DED on Gln-41 may con-
tribute to intermonomer contacts by interacting with the
tyrosine residues on the adjacent actin. In this scenario
filament stabilization would result from enhanced interac-
tions of subdomain 2 with the adjacent actin.
The binding of antidansyl IgG to DED-F-Mg2+-actin can

be viewed as showing that subdomain 2 on DED-F-actin
can still move out radially and thus, expose the probe to the
antibody. Alternatively, DED may never be completely
buried in the F-actin structure. The binding of IgG to
DED-F-actin neither depolymerizes actin nor leads to any
significant cross-linking of the filaments. The first conclu-
sion is supported by the results of actin pelleting in the
presence of IgG, whereas the second observation is based on
light scattering measurements of DED-F-actin and IgG mix-
tures. The antibodies increased the light scattering from
F-actin solutions somewhat less than Si (if added at equal
molar ratios). These results indicate that the IgG does not
have a major effect on F-actin structure.
The fact that Km and Vmax values of the acto-S1 ATPase

activity and the in vitro motility of actin are unchanged by
Gln-41 labeling is in agreement with earlier observations on
dansyl cadaverine-modified actin (Takashi, 1988). These
findings indicate that the Gln-41 probes do not significantly
change the actin filaments, as suggested above, and that
such changes are inconsequential to acto-S 1 interactions.
More importantly, functional assays on Gln-41-labeled ac-
tin suggest that either the 40-42 site is not directly bound
to SI or that such binding has little functional significance.

The binding of SI to F-actin changes the
conformation of the 38-52 loop

The conclusion about the 40-42 site is supported by the
binding of up to 0.5 IgG/actin in a 1:1 complex of actin and
SI and the observation that IgG has little or no effect on
equilibrium acto-S 1 binding under rigor conditions. Thus, if
SI binds to the 40-42 site on actin, such a binding does not
contribute much to the overall affinity of SI for actin. The
partial displacement of IgG from actin by SI may result
from both steric crowding and SI-driven, time-dependent
transitions in the 38-52 loop. It is possible that the partial
nature of this effect is the consequence of equilibrium
between different conformational states of acto-S1. The
crowding factor, if indeed significant, is not without some
steric specificity, perhaps related to the proposed proximity
of SI to Lys-S0 on actin (Bertrand et al., 1994). In earlier
studies S I binding to actin did not displace the antibodies to
sequence 18-28 (Adams and Reisler, 1993), and caused
only a limited release of antibodies to residues 1-7 on actin
(DasGupta and Reisler, 1991). Both epitopes are compo-
nents of the acto-S 1 interface in the presence ofATP (Miller
et al., 1995, Rayment et al., 1993b; Schroder et al., 1993)
and are not essential for rigor acto-S1 binding.
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The possibility that the release of antidansyl IgG from
DED-F-actin is affected by SI driven changes in subdomain
2 is supported by several lines of evidence. First, our fluo-
rescence and cross-linking experiments with DED-actin and
ANP-actin show that SI alters the environment of Gln-41
but not its mean distance from the next actin. Second,
Kasprzak et al. (1988) detected a change in the radial
position of the Gln-41 probe upon SI binding to actin.
Third, SI protects subdomain 2 in F-actin from proteolytic
digestions (Fievez and Carlier, 1993). In principle, the
above changes may be caused by direct binding of S 1 to the
40-42 site, a binding to an adjacent site, or via allosteric
changes due to the binding of SI at other sites. The last
possibility is favored because of the above discussed indi-
cations that SI does not bind to the 40-42 site on actin and
because of the proteolytic studies of Turk and Muhlrad
(1995). These authors have shown that the protection of
subdomain 2 from a-chymotrypsin by SI is highly cooper-
ative and that substoichiometric amounts of SI strongly
inhibit the cleavage of F-actin. This observation suggests
that the protection of subdomain 2 from proteolysis is
achieved via allosteric changes that propagate within the
filament, and does not involve an obligatory SI binding to
the protease-protected regions. It is also pertinent that
changes in the DED-actin fluorescence were observed upon
binding of IgG against residues 18-28 on actin (Adams and
Reisler, 1994) i.e., the site involved in SI binding. This
strengthens the possibility of signal transmission to the
40-42 site from other sites on actin but does not completely
rule out the possibility of SI binding to a site adjacent to
residues 40-42.

In conclusion, the results of this work show that the
environment of loop 38-52 on actin changes upon S1
binding to F-actin. This is manifested in fluorescence
changes in DED-F-actin, changes in the accessibility of the
probe to collisional quenchers, and in the displacement of
antidansyl IgG from actin by S1. From functional assays on
DED-F-actin and the binding of IgG and S1 to F-actin it is
concluded that S1 either does not bind to residues 40-42 or
that such binding is of little significance to acto-S1 interac-
tions. Consequently, it is proposed that S 1-induced changes
in the 38-52 loop originate from S1 binding to other myosin
recognition sites on actin. As suggested before (Egelman
and Orlova, 1995), such changes may be an important
element of the motile function of actin.
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