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Cofilin and DNase | Affect the Conformation of the Small Domain of Actin
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ABSTRACT Cofilin binding induces an allosteric conformational change in subdomain 2 of actin, reducing the distance
between probes attached to Gin-41 (subdomain 2) and Cys-374 (subdomain 1) from 34.4 to 31.4 A (pH 6.8) as demonstrated
by fluorescence energy transfer spectroscopy. This effect was slightly less pronounced at pH 8.0. In contrast, binding of
DNase | increased this distance (35.5 A), a change that was not pH-sensitive. Although DNase I-induced changes in the
distance along the small domain of actin were modest, a significantly larger change (38.2 A) was observed when the ternary
complex of cofilin-actin-DNase | was formed. Saturation binding of cofilin prevents pyrene fluorescence enhancement
normally associated with actin polymerization. Changes in the emission and excitation spectra of pyrene-F actin in the
presence of cofilin indicate that subdomain 1 (near Cys-374) assumes a G-like conformation. Thus, the enhancement of
pyrene fluorescence does not correspond to the extent of actin polymerization in the presence of cofilin. The structural
changes in G and F actin induced by these actin-binding proteins may be important for understanding the mechanism

regulating the G-actin pool in cells.

INTRODUCTION

Changing dynamics of actin cytoskeleton assembly play an
important role in a variety of eukaryotic cell functions such
as division, differentiation, and particularly in cell motility
driven by actin assembly. Populations of actin filaments in
vivo turn over approximately two orders of magnitude more
rapidly than is observed in vitro (Zigmond, 1993).

A number of small actin-binding proteins (ABPs) appear
to control actin assembly and disassembly. They do this by
altering the critical concentration of actin (the unpolymer-
ized actin concentration present when F actin is formed)
and/or by changing the kinetics of polymerization (Weber,
1999).

Monomeric or G actin has been the subject of intensive
investigations and represents a substantial body of literature
(Sheterline et al., 1999). It has a molecular mass of 43 kDa
and dimensions of 67 X 40 X 37 A. The structure is divided
into two major domains by a cleft containing a bound
nucleotide and divalent cation (Fig. 1). Even though there is
only a small difference in size in these domains, they are
generally referred to as the large and small domains. This
distinction is based on an early reconstruction of actin
monomers (dos Remedios and Dickens, 1978). Several
atomic structures (Kabsch et al., 1990; McLaughlin et al.,
1993; Schutt et al., 1993) have revealed that the small and
large domains each comprise two subdomains. Our interest
is in subdomains 1 and 2 of the small domain.
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Cofilin belongs to the actin depolymerizing factor (ADF)/
cofilin family of ubiquitous, essential proteins that control
actin assembly and the turnover rate of actin filaments
(Lappalainen and Drubin, 1997; Rosenblatt et al., 1997;
Bamburg, 1999; Carlier et al., 1999; McGough et al., 2001).
Cofilin binds stoichiometrically to both monomeric and
polymeric actin (Nishida et al., 1984). The interaction of
cofilin with actin is pH dependent, suggesting that actin
dynamics may be regulated by intracellular pH in vivo
(Yonezawa et al., 1985; Hawkins et al., 1993; Hayden et al.,
1993; Du and Frieden, 1998). The effects of cofilin in
promoting actin assembly and disassembly can be explained
by an acceleration of the turnover rate of actin (treadmilling
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FIGURE 1 Ribbon representation of the actin monomer structure (Kab-
sch et al., 1990). The columns represent a-helices and arrows are 3-sheets.
Actin can be divided into the large and small domains, each of which is
further divided into the subdomains 1 and 2 (within the small domain) and
3 and 4 (within the large domain). Black spheres indicate sites where
fluorescent labels are attached to GIn-41 at the DNase I-binding loop in
subdomain 2, and Cys-374 at the C-terminus in subdomain 1.
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or head-to-tail assembly) (Carlier et al., 1997; Didry et al.,
1998; McGough et al., 2001). Others have suggested that
cofilin depolymerizes by severing filaments and capping
their barbed ends (Theriot, 1997; Bonet et al., 2000; Ichet-
ovkin et al., 2000). Cofilin can also bind G actin at equimo-
lar ratios, forming a nonpolymerizable complex (Du and
Frieden, 1998). The G actin pool in embryonic skeletal
muscle is controlled by ADF/cofilin as well as by profilin
and thymosin (Nagaoka et al., 1996; Obinata et al., 1997).

The binding site for cofilin on F actin lies between two
longitudinal actin subunits. It makes contact with subdo-
mains 1 and 3 of the upper actin and subdomains 1 and 2 of
the lower monomer. Cofilin changes the twist of F actin
resulting in much shorter actin crossovers and loss of the
phalloidin-binding site (McGough et al., 1997).

The precise binding location of cofilin on G actin is
currently unknown because there is no crystal structure of
an actin-cofilin complex. Cofilin competes with gelsolin
segment-1 and profilin, both of which bind between actin
subdomains 1 and 3 although to slightly different positions
(McLaughlin et al., 1993; Schutt et al., 1993; McGough et
al., 2001). Chemical cross-linking (Muneyuki et al., 1985),
mutagenesis (Moriyama et al., 1992), and competitive bind-
ing by myosin and tropomyosin (Nishida et al., 1984) also
suggest subdomain 1 as the most probable site for cofilin
binding. Cofilin does not appear to undergo conformational
changes when it binds to G or F actin (McGough et al.,
2001). Nevertheless, the impact of cofilin on actin filament
dynamics and structure suggests it induces a conformational
change in actin.

Lazarides and Lindberg (1974) were the first to suggest
that DNase I may be a cytoskeletal protein, whose primary
function is related to the formation and function of actin
filaments rather than to the degradation of DNA.

Stoichiometric interaction of DNase I with monomeric
actin prevents actin polymerization and inhibits DNase I
activity by binding to subdomains 2 and 4 (Mannherz et al.,
1980; Kabsch et al., 1990). DNase I binds to residues 38 to
52 in subdomain 2 and may alter the structure of this region
(Sheterline et al., 1999). Previous crystallographic, bio-
chemical, and spectroscopic investigations suggest that G
actin can alter its conformation due to interaction with
actin-binding proteins (Page et al., 1998). Actin domains
can still rotate relative to each other when certain ABPs
bind (Schutt et al., 1993; Chik et al., 1996).

Intramolecular changes in the G actin structure induced
by DNase I have been investigated previously by fluores-
cence resonance energy transfer spectroscopy (FRET).
However, these data are controversial. The distance be-
tween the C-terminal Cys-374 (subdomain 1) and GIn-41
(subdomain 2) was reported to increase by 3 A when DNase
I binds (dos Remedios et al., 1994). However, Moraczewska
et al. (1996) reported a smaller (1 A) change in this distance
when DNase I was bound. The probable explanation for this
difference is in the high purity (protease-free) DNase I in
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the later report. Actin can form a ternary complex with
DNase I and cofilin that is more stable than either binary
complex (Kekic et al., 2001).

Here we use fluorescence spectroscopy to probe changes
in the actin monomer when binary or ternary complexes are
formed. Our results suggest that actin-binding proteins, such
as cofilin and DNase I, induce dynamic and allosteric con-
formational changes in the small domain of actin.

MATERIALS AND METHODS
Reagents

Dansyl cadaverine (DC) and N-(1-pyrenyl)iodoacetamide (pyrene) were
purchased from Molecular Probes Inc (Eugene, OR) N-{4-(dimethyl-
amino)-3,5-dinitrophenyl }-maleimide (DDPM) was from Aldrich Chemi-
cal Co. (Milwaukee, WI). All other chemicals were purchased from Sigma
(St. Louis, MO).

Proteins

Rabbit skeletal muscle actin was prepared according to the method de-
scribed by Spudich and Watt (1971) with slight modification (Barden and
dos Remedios, 1984) and used (unless otherwise stated) in G buffer (2 mM
Tris-Cl, pH 8.0, 0.2 mM ATP, 0.2 mM dithiothreitol (DDT), 0.2 mM
CaCl,). Sephadex G-200 was used for the final step of purification. Before
use, actin was clarified by centrifugation for 60 min at 100,000 X g. The
concentration of actin was determined spectrophotometrically using an
extinction coefficient of 0.63 cm ™' (0.1%, 290 nm). ATP-G-actin concen-
trations used for FRET experiments were 2 to 5 uM.

Cofilin was prepared as a recombinant protein using a cDNA sequence
derived from chick embryo and kindly supplied by Dr. Takashi Obinata
(Chiba, Japan). The protein was expressed in Escherichia coli using a
pGEX plasmid and isolated by affinity chromatography. The resulting
cofilin was obtained with a purity of >95% and its concentration was
determined using an extinction coefficient of 0.98 cm ™" (0.1%, 280 nm).
Bovine pancreatic DNase I (DPRF grade) was obtained from Worthington
Biochemical Corporation (Lakewood, NJ). DNase I concentrations were
determined using an extinction coefficient of 1.1 cm™ ' (0.1%, 280 nm). All
the actin, cofilin and DNase I samples were dialyzed against appropriate
buffer overnight and centrifuged before the protein concentrations were
obtained and fluorescence experiments were performed.

Gel electrophoresis

The native polyacrylamide gel electrophoresis (PAGE) gels comprised a
10% polyacrylamide running gel with a 4% stacking gel prepared accord-
ing to (Laemmli, 1970) without addition of sodium dodecyl sulfate (SDS).
The running buffer contained 0.2 mM ATP and 0.2 mM CaCl,. Protein
samples were mixed with an equal volume of loading buffer (62.5 mM
Tris-Cl, pH 6.8, 10% glycerol, and 0.1% bromophenol blue) and run at low
voltage packed on ice.

Labeling of actin with fluorescent probes

A donor probe, DC, was enzymatically bound to Gln-41 (Takashi, 1988;
Moraczewska et al., 1996). G actin (2.5 mg/mL) was incubated with
microbial transglutaminase at 1:50 molar ratio (actin:transglutaminase) and
10-fold molar excess of the DC probe over actin in a buffer containing 5
mM Tris-Cl, pH 7.7, 0.4 mM ATP, 0.5 mM CacCl,, and | mM DDT. After
overnight incubation on ice, the mixture was brought to room temperature,
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and EGTA was added to a final concentration of 1 mM. Actin was
polymerized by addition of 50 mM KCl and 2 mM MgCl, and collected by
centrifugation at 100,000 X g for 90 min. F actin was exhaustively
dialyzed against G buffer. Unbound label was removed by passing actin
though Sephadex G-50 spin columns. The concentration of the covalently
attached DC dye was calculated using an extinction coefficient of 4600
M~' em ' at 330 nm (Molecular Probes). The labeling ratio of six
different preparations was between 0.63 and 0.9.

DC-G-actin was further labeled at Cys-374 with a nonfluorescent ac-
ceptor, DDPM, according to (Miki, 1991). The labeling buffer contained
2 mM Tris-Cl, pH 8.0, 0.5 mM ATP, and 0.1 mM CacCl,. After incubation
with fivefold molar excess of the label overnight on ice, the reaction was
terminated by addition of 1 mM B-mercaptoethanol. Actin was passed
through a polymerization-depolymerization cycle with a final step of
gel filtration though Sephadex G-50. The labeling ratio was calculated
using an extinction coefficient of DDPM of 3050 M~ ' cm ™' at 440 nm
(Molecular Probes). The labeling ratio was 0.5 to 0.85 in six indepen-
dent preparations.

Concentrations of labeled samples were determined by the Bradford
assay. To determine the degree of DC labeling in the double-labeled actin,
it was digested by trypsin. The procedures for tryptic digest and normal-
ization of the spectra are described by Moraczewska et al. (1996). Actin
was mixed with trypsin at 1:10 molar ratio and left overnight at 4°C.
Digestion was stopped by 4 M excess of soybean trypsin inhibitor. As the
result of fragmentation by trypsinolysis, donor and acceptor were sepa-
rated, and fluorescence intensity was measured again in the presence of 1%
sodium dodecyl sulfate.

Actin was labeled with N-(1-pyrenyl)iodoacetamide (pyrene) according
to the method described by Kouyama and Mihashi (1981) with modifica-
tions. A 1.2-M excess of pyrene was added to G actin (3—4 mg/mL) in the
presence of 0.5 mM ATP. It was immediately polymerized with 100 mM
KCI and 2 mM MgCl, and incubated for 2 h at room temperature in the
dark. Pellets were collected by centrifugation at 100,000 X g for 90 min.
After depolymerizing against G buffer, actin was passed though Sephadex
G-25 column. The extent of pyrene labeling was determined using the
extinction coefficient of 26,000 M~ ' cm ™! at 344 nm (Molecular Probes).
The concentration of actin was determined by Bradford assay using bovine
serum albumin as the standard. The labeling ratio was 0.6 to 0.9 for eight
independent preparations.

Actin polymerization and pelleting assay

Actin was polymerized in the presence of various ratios of cofilin by the
addition at time zero of 50 mM KCI and 2 mM MgCl,. Binding of cofilin
to F actin was examined by a pelleting assay. Samples were centrifuged at
100,000 X g for 90 min. 12% SDS PAGE gels were performed on pellets,
supernatants, and samples before spinning. Gels were stained with Coo-
massie blue, and the intensities of the stained bands were determined by
scanning gels with a densitometer. The absorption at 290 and 344 nm was
also taken to compare the label content in the samples before and after the
spin.

Fluorescence spectroscopy

Fluorescence measurements were carried out on an SLM 48000™S Mul-
tiple Frequency Lifetime Spectrofluorometer operating on xenon arc lamp
at constant temperature (22°C). FRET experiments were carried out essen-
tially as described previously by Moraczewska et al. (1996). Briefly, DC-
and DC/DDPM-labeled G actin was excited at 332 nm in a temperature-
controlled cuvette. Emission spectra, both in the presence and in the
absence of the acceptor, were recorded over the range 440 to 750 nm. The
efficiency of FRET (E) was determined by measuring the fluorescence
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intensity of the donor (DC) in both the presence (F},,) and the absence
(Fp) of the acceptor (DDPM), according to Eq. 1

E=1— (Fps/Fp)la, (D

in which « is the degree of labeling with the acceptor in the double-labeled
actin.

Energy transfer from donor to acceptor is reciprocally related to the
sixth power of the distance separating the probes given by Eq. 2

E = R%(RS + R°), (2)

in which R is the Forster critical distance at which transfer efficiency is
equal to 50%, and R is the distance between the donor and acceptor probes.
The R, distance for DC and DDPM as a donor-acceptor pair was calculated
to be 29 A for ATP-G actin. All experiments were at least performed in
triplicate and presented as mean = SD.

Actin polymerization was followed by an increase of pyrene-labeled
actin fluorescence (excitation and emission wavelengths were 365 and 386
nm, respectively) at constant temperature as described elsewhere (Nishida
et al., 1984; Du and Frieden, 1998). Additionally, polymerization was
followed using a light scattering assay (Nishida et al., 1984). Both the
excitation and emission wavelengths were set at 500 nm.

Fluorescence quenching measurements were carried out at 22°C by
adding aliquots of a concentrated solution of acrylamide to DC-G actin.
The excitation wavelength was 332 nm, and the emission intensity was
measured at 512 nm. The data were analyzed using Stern-Volmer plots
according to equation Eq. 3

FO/F = (1 + KSV[Q]eV[Q] (3)

in which F, and F are the fluorescence intensities in the absence and
presence of quencher, respectively. K, is the quenching constant and is
denoted by k7, in which k_ is the rate constant for quenching and 7, is the
fluorescence lifetime of the fluorophore in the absence of quencher. In the
limit of low quencher concentration, the data can be analyzed by Eq. 4

FO/F: 1+ st’[Q] (4)

in which K, is the apparent Stern-Volmer constant obtained experimen-
tally from a plot of F/F versus [Q].

RESULTS

Cofilin induces an allosteric conformational
change in actin that is reversed by
DNase | binding

Fig. 2 A shows the corrected and averaged (n = 5) fluores-
cence emission spectra for DC-G-actin alone (black), for the
cofilin-actin complex (blue), and after binding of DNase I to
form a ternary complex with cofilin-actin (red). When sat-
urating cofilin binds to DC-G actin (2.5 cofilin:1 actin) at
pH 6.8 we observe a large increase (46.7 £ 3.7%; p =
0.004; n = 5) in fluorescence intensity together with a
substantial blue shift (5-7 nm) of the emission maximum
(blue curve in Fig. 2 4). Binding of DNase I to cofilin actin
(molar ratio of cofilin:actin:DNase I is 2.5:1:1.5) to form the
ternary cofilin-actin-DNase I complex (red curve in Fig. 2
A) essentially reverses the effects of cofilin alone causing a
significant decrease in enhanced fluorescence intensity
(31.5 = 5.0%; p = 0.006; n = 5). Addition of saturating
levels of cofilin (2.5 M excess of cofilin over actin) at pH
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FIGURE 2 (A) Fluorescence emission spectra of DC-G-actin: in the
absence of ABPs (black curve), in the binary cofilin-actin complex (blue
curve), and in the ternary cofilin-actin-DNase I complex (red curve).
Rabbit actin (2-5 uM) was dissolved in G buffer (2 mM Pipes, pH 6.8, 0.2
mM CaCl,, 0.2 mM ATP, 0.2 mM DDT) in a temperature-controled
cuvette at 22°C. The excitation wavelength was 332 nm. Cofilin and
DNase I were added in 2.5 and 1.5 M excess over actin, respectively.
Samples brought to the room temperature, mixed, and incubated for 10 min
before spectra were taken and normalized (a.u., arbitrary units). (B) Flu-
orescence emission spectra of DC-G actin with the reverse sequence of
ABPs addition: actin alone (black curve), DNase I-actin binary complex
(red curve), and ternary DNase I-actin-cofilin complex (blue curve). Con-
ditions were the same as described above.

8.0 induced changes in fluorescence intensity of DC actin
that were less pronounced than at pH 6.8. The average
increase in fluorescence intensity was 28.1 £ 4.8% (p =
0.01; » = 5) with a 4- to 7-nm blue shift of the emission
maximum. DNase I binding to cofilin actin had essentially
the same effect as observed at pH 6.8, largely reversing
cofilin-induced changes of DC spectrum (data not shown).

Fig. 2 B illustrates the fluorescence emission spectra of
DC-G actin at pH 6.8 with the order of ABPs addition
reversed. DNase I causes a small decrease in fluorescence
intensity (11 = 1.9%; p = 0.008; n = 3) of the DC label
(red curve in Fig. 2 B) and a slight red shift of the emission
maximum. Binding of cofilin to the DNase [-actin-complex
induces no further changes in this spectrum except for an
insignificant blue shift (blue curve in Fig. 2 B). At pH 8.0,
we observed the same changes (data not shown).

In the DNase I actin crystal complex GIn-41 makes
intimate contact with DNase I (Kabsch et al., 1990). Cofilin
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FIGURE 3 Stern-Volmer plots of acrylamide quenching data from: DC-
G-actin (G curve, W), F-actin (F curve, A), binary cofilin-actin complex
(CG curve, ), binary DNase I-actin complex (DG curve, O), ternary
cofilin-actin-DNase 1 (CGD curve, @), and ternary DNase [-actin-cofilin
complex with the reverse order of ABPs addition (DGC curve, #). Actin,
cofilin, and DNase I concentrations were 5, 12.5, and 7.5 uM, respectively.

is believed to bind subdomains 1 and 3 of G actin but does
not bind subdomain 2 (Wriggers et al., 1998). Therefore,
changes in fluorescent properties of the DC label attached to
GIn-41 in subdomain 2 strongly suggest an allosteric mod-
ulation of actin structure. The augmentation of fluorescence
intensity of the label suggests there is a cofilin-induced
increase in hydrophobicity of the environment of GIn-41.
However, if DNase I binds first, the spectral changes in-
duced by cofilin are abolished, probably due to stabilizing
effect of DNase I on the loop containing GIn-41.

Acrylamide quenching of DC-G actin in binary
and ternary complexes with cofilin and DNase |

Quenching experiments were undertaken to confirm the
relative inaccessibility of the DC probe in binary and ter-
nary complexes. Acrylamide, an uncharged quencher, was
incrementally (0—0.5 M) added to DC-G actin (Fig. 3) and
Stern-Volmer plots generated (the ratio of initial and
quenched fluorescence intensities, Fy/F versus quencher
concentration). Quenching was linear, consistent with col-
lisional quenching. The G-F transformation of actin is ac-
companied by a reduction (of ~50%) in quenching effi-
ciency. This is consistent with GIn-41 residue being
involved into actin-actin contacts in the filaments (Holmes
et al., 1990). The DC probe was similarly inaccessible in all
other binary and ternary complexes. The inaccessibility of
GIn-41 in the DC-G-actin-cofilin complex is probably a
consequence of an allosteric conformational change altering
the Gln-41-containing loop, whereas the inaccessibility of
the DC-G-actin-DNase I complex is probably due to the
binding of DNase I directly to the loop containing GIn-41.
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TABLE 1 Summary of changes in FRET between GIn-41 and Cys-374 of actin due to cofilin and/or DNase | binding
Sample pH Efficiency of FRET R, (A) R (A) AR (A)

ATP-G actin 6.8 and 8.0 0.264 + 0.04 29 344+ 13 -

Cofilin actin 6.8 0.484 = 0.038 31.03 314+ 0.8 -3.0
8.0 0.374 = 0.05 30.3 33.0*0.9 -1.4

DNase I actin 6.8 0.198 £ 0.021 28.13 35.5 £ 0.65 +1.1
8.0 0.211 = 0.028 28.4 354 +0.9 +1

Cofilin actin DNase 1 6.8 0.161 = 0.01 29 382+ 0.5 +3.8
8.0 0.193 = 0.038 29.46 374+13 +3.0

DNase I actin cofilin 6.8 0.137 = 0.02 28.13 382+ 1.1 +3.8
8.0 0.158 = 0.012 28.4 37.5+0.7 +3.1

The procedures for FRET measurements and calculations are described in the Materials and Methods. Each type of the measurements has been performed
at least five times using different preparations of proteins (see Results). The data are means = SE (where appropriate). R, and R are the Foster critical
distance and calculated interprobe distance, respectively; AR is the change in the distance due to ABPs binding at pH 6.8 and 8.0 compared with the distance

in the actin alone.

Quantification of conformational changes
using FRET

Using FRET spectroscopy we can determine both the direc-
tion and magnitude of a conformational change along the
subdomain 1-subdomain 2 axis of the small domain (dos
Remedios et al., 1994). We used the DC label on GIn-41 as
a donor probe and placed a nonfluorescent acceptor
(DDPM) at the single, highly reactive cysteine (Cys-374).
The space-filled residues in Fig. 1 illustrate the locations of
these sites. The R, (the Forster distance where transfer
efficiency is 50%) for the donor (dansyl) and acceptor
(DDPM) pair varies from 31.0 * 0.3 A (where the quantum
yield of the donor is enhanced by cofilin binding) through to
28.1 + 0.2 A in the actin-DNase I complex (where the
quantum yield is least). These data are summarized in the
Table 1.

Fig. 4 demonstrates the emission spectra of the donor-
labeled ATP-G actin in the presence of the acceptor (DC/
DDPM actin) at pH 6.8. Fig. 4 4 shows the spectrum when
cofilin is added (cofilin:actin = 2.5:1) to form a binary
complex (blue), and the spectrum when DNase I is subse-
quently added (red) to form the ternary complex (cofilin:
actin:DNase I = 2.5:1:1.5). Fig. 4 B illustrates the formation
of the ternary complex using the reverse order of ABPs
addition (DNase I:actin:cofilin = 1.5:1:2.5). At first glance,
these FRET spectra appear unremarkable in that none of the
spectra are substantially different from each other. How-
ever, the blue and red spectral shifts reported for the donor
only experiments are preserved. When measuring the fluo-
rescence intensities to calculate the energy transfer efficien-
cies, a comparison was made between the donor intensity in
the absence (Fig. 2) and in the presence of the acceptor (Fig.
4). For example, in the absence of acceptor, cofilin induces
a large increase in fluorescence intensity and a blue shift
(blue curve in Fig. 2 4), whereas in the presence of acceptor
it causes no change in fluorescence intensity but a signifi-
cant blue shift of emission spectrum (blue curve in Fig. 4 4).
The differences in fluorescence intensities are due to
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changes in FRET efficiency between the donor and the
acceptor.

At pH 6.8, the calculated FRET efficiency for the DC/
DDPM probes pair for actin alone (black curves in Figs. 2
Aand4 A4)is 0.264 = 0.04, yielding a distance of 34.4 = 1.3
A between Gln-41 and Cys-374. This value is the same at
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FIGURE 4 (A4) Corrected fluorescence emission spectra of: DC-DDPM-
G-actin (donor-acceptor labeled) in the absence of ABPs (black curve), the
binary cofilin-actin (blue curve), and the ternary cofilin-actin-DNase I
complexes (red curve). (B) Corrected fluorescence emission spectra of
DC-DDPM-G actin when the order of ABPs addition is reversed: actin
alone (black curve), DNase I-actin (red curve), and DNase I-actin-cofilin
(blue curve). Protein concentrations and conditions are as described in Fig.
2. (a.u., arbitrary units).
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pH 6.8 and 8.0 and is in good agreement with the recent
distance reported for Ca-ATP-G actin (Moraczewska et al.,
1996). Note that the fluorescence intensity of DC-DDPM-G
actin (Fig. 4) is less than observed in Fig. 2 due to the
transfer of energy between the donor and acceptor probes.

The difference in the fluorescence intensities in the pres-
ence and absence of acceptor when cofilin binds, corre-
sponds to an increase in efficiency and a decrease of ~3 A
in the distance between the two probes (Table 1). Binding of
DNase I to the cofilin-actin complex in the presence of
acceptor results in a relatively large increase (8.8 = 0.8%;
p = 0.001; n = 3) in fluorescence intensity (red curve, Fig.
4 A). This is contrary to the significant 31.5% decrease seen
in the absence of acceptor (red curve, Fig. 2 A). This
decrease in FRET efficiency corresponds to a donor-accep-
tor distance of 38.2 = 0.3 A, corresponding to an increase
of ~3.8 A compared with the distance in actin alone (34.4
A). Thus, cofilin decreases and DNase I increases the dis-
tance across the small domain of actin.

When the order of addition of cofilin and DNase I to G
actin is reversed (Fig. 4 B), there are also corresponding
changes in these donor-acceptor distances. In the presence
of the acceptor, DNase I has almost no effect on the emis-
sion spectrum of DC-DDPM-actin (red curve, Fig. 4 B), but
it causes a relatively large decrease in intensity in the
absence of acceptor (red curve, Fig. 2 B). Thus, DNase |
binding to G actin in the absence of cofilin results in a small
increase in the distance between the probes (from 34.4-35.5
A), consistent with our earlier observation using the same
probe pair (Moraczewska et al., 1996). Cofilin binding (blue
curve in Fig. 4 B) produces a further increase of 2.7 A,
yielding a final donor-acceptor distance for the ternary
complex of ~38.2 A. The final distance achieved in the
ternary complex therefore remains unchanged (38.2 = 0.6
A) from the value obtained when cofilin was added first. We
conclude that although the conformational changes in actin
induced by DNase I alone are modest, they are significantly
larger in the ternary complex. The order of ABPs addition
does not affect the final distance.

Effects of pH on the magnitude of
conformational change

The effects of cofilin on actin assembly are known to be pH
dependent. The foregoing descriptions concern the effects
of cofilin and DNase I on monomeric actin at pH 6.8.
However, an equivalent set of experiments was also per-
formed at pH 8.0 (Table 1). FRET data clearly indicate that
the extent of the conformational changes in actin at basic pH
is consistently smaller than observed at pH 6.8. The de-
crease in the distance induced by cofilin binding to actin is
only ~1.4 A compared with 3 A at pH 6.8. In the presence
of DNase I at pH 8.0 cofilin increases the distance by 2.1 A,
bringing the final value in the ternary complex to 37.5 A.
This distance is 0.7 to 0.8 A (p = 0.008) shorter than at pH
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FIGURE 5 Native PAGE gel (10%) of DC-DDPM actin and its binary
and ternary complexes with cofilin and DNase 1. After performing FRET
measurements experimental samples were mixed with the same volume of
loading buffer containing no SDS. Mixtures were immediately electropho-
resed on native gels as described in Materials and Methods. Contents of
these gel lanes are: monomeric actin (lane 1), cofilin (lane 2), DNase I
(lane 3), cofilin-actin (lane 4), ternary complex formed in order of addition
cofilin, actin, then DNase I, where the ratio is 2.5:1:1.5 (lane 5); ternary
complex formed in order of addition DNase I, actin, then cofilin, where the
ratio is 1.5:1:2.5 (lane 6); ternary complex as described in lane 5 except
molar ratio is now 10:1:5.5 (lane 7); and DNase I-actin (lane 8). The gel
was stained with Coomassie blue.

6.8. Therefore, the effect of cofilin on actin structure is
pH-sensitive with larger changes seen at lower pH. How-
ever, the effect of DNase [ on the measured distance is
modest (~1 A) and does not depend on pH.

Labeled actin forms a ternary complex with
cofilin and DNase |

The ability of labeled actin to form binary and ternary
complexes with ABPs can be demonstrated using native
PAGE gels. The 10% native PAGE gel shown in Fig. 5
demonstrates that labeled actin alone forms a single band
(lane 1), indicating an absence of oligomers. Cofilin and
DNase I also form distinctive single bands seen in lanes 2
and 3, respectively. Binary complexes of cofilin-actin and
DNase I actin are shown in lanes 4 and 8, respectively.
Cofilin binds to monomeric actin without causing oligomer-
ization (lane 4). Cofilin, DNase I, and actin are incorporated
into the ternary complex with a 1:1:1 molar ratio in lanes 5,
6, and 7. In these lanes, we see no free actin monomer,
indicating it has been entirely incorporated into the ternary
complex regardless of the order of addition (compare lanes
5 and 6). The density of the band in the ternary complex is
not altered by a large excess of cofilin and DNase I (lane 7).
Therefore, the molar ratios of proteins used for FRET ex-
periments are sufficient to achieve binary and ternary com-
plexes in the absence of free actin. These data demonstrate
that ternary complex formation reported elsewhere (Kekic
et al., 2001) using unlabeled actin is unaffected by the
presence of labels at Gln-41 and Cys-374.
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FIGURE 6 (A) Effect of cofilin on the time course of actin polymerization as measured by enhancement of pyrene fluorescence at pH 6.8. Actin was
incubated with incremental molar ratios of cofilin prior to polymerization, which was initiated at zero time by addition of 50 mM KCI and 2 mM MgCl,.
The final actin concentrations remained constant (5 uM). The excitation and emission wavelengths were set at 365 and 386 nm, respectively. Temperature
was kept constant (22°C). The molar ratios of actin to cofilin are shown next to the each curve. The inset figure shows effect of 1.5-fold excess of cofilin
on actin polymerization measured by light-scattering. Unlabeled actin in G buffer (5 uM) was polymerized by addition of 50 mM KCl and 2 mM MgCl,
in the absence (“no cofilin” curve) and presence of 7.5 uM cofilin (curve labeled 1.5:1). (B) Effect of cofilin on the time course of actin polymerization
measured by pyrene fluorescence at pH 8.0. Molar ratios of actin to cofilin are shown next to the each curve. Experimental conditions are described in the
legend of Fig. 6 4. F actin was centrifuged, and pellets and supernatants were analyzed by polyacrylamide gel electrophoresis (see Materials and Methods).
The inset figure shows a 12% SDS PAGE gel of samples marked “no cofilin” and “0.7:1” after performing a pelleting assay: F actin in the absence of cofilin
before the spin (lane 1), supernatant (lane 2) and pellet (lane 3) after the spin; F actin polymerized in the presence of 1.5 molar excess of cofilin before

the spin (lane 4), and its supernatant (lane 5) and pellet (lane 6) after the spin.

Cofilin alters the conformation of the actin
C terminus

We planned to monitor the assembly of labeled actin using
fluorescence enhancement of the pyrene label bound to
actin (Cys-374). However, at pH 6.8, stoichiometric cofilin
binding abolished the fluorescence enhancement of pyrene
actin monomers under conditions that induced actin poly-
merization. In the absence of cofilin, actin assembly follows
the expected time course (see “no cofilin” curve, Fig. 6 4).
Upon addition of cofilin, two effects were observed. First, at
substoichiometric concentrations of cofilin, the rate of as-
sembly is accelerated. Second, as the ratio of actin:cofilin is
reduced from 10:1 to 1:1, the fluorescence enhancement
declines until no change is observed at an equimolar ratio.
A qualitatively similar effect is observed at pH 8.0 (Fig. 6
B) except there is an accentuated lag in the rise of fluores-
cence intensity.

Others have observed these effects (Du and Frieden,
1998) but have attributed the loss of pyrene fluorescence to
the failure of actin to polymerize. However, we confirmed
the polymerization of actin by monitoring light scattering
(Fig. 6 A, inset), which compares the assembly of actin in
the presence and absence of 1.5 M excess of cofilin over
actin. The extent of polymerization is the same, but the rate
is slightly faster. This result was also confirmed by sedi-
menting each sample in an Airfuge (100,000 X g, 15 min)
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and analyzing the pellets and supernatants by SDS PAGE
(Fig. 6 B, inset).

The diminution in the pyrene fluorescence enhancement
(Fig. 6, A and B) caused by cofilin binding may be due to a
substantial shift in either the excitation or emission peaks as
a consequence of that binding. Therefore, we examined the
excitation and emission spectra for G and F actin and in
binary and ternary complexes (Fig. 7, 4 and B, respective-
ly). These spectra show two distinctive peaks using F actin,
whereas the spectra of G actin are substantially reduced. In
all cases, when cofilin is bound to actin, both spectra are
essentially the same as observed for G actin and, particu-
larly for G actin bound to DNase 1. Thus, cofilin appears to
lock the conformation of subdomain 1 surrounding Cys-374
into a G-like conformation.

DISCUSSION

In this paper we report distance measurements within the
small domain of actin that alter substantially in response to
the binding of ABPs. These conformational changes may be
crucial in determining the role of the ABPs in regulating
actin assembly. The ability of cofilin and DNase I to simul-
taneously attach to actin monomers is consistent with their
binding to two separate parts of the molecule (Kekic et al.,
2001). The cofilin-binding site includes a region near the N
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FIGURE 7 Effects of cofilin and DNase I on
the excitation (A4) and emission (B) spectra of
pyrene-actin. Solid curves labeled “G” and “F”
represent the excitation and emission spectra of
controls, G, and F actin, respectively. Dash
curves show the spectra of F actin in the pres-
ence of cofilin (FC); dash and dot, G actin in
the presence of cofilin (GC); and dot curves,
actin in the binary complex with DNase I (GD).
The concentrations of actin, cofilin, and DNase
I were 5, 12.5, and 7.5 uM, respectively.
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and C termini of actin located in subdomain 1 (Muneyuki et
al., 1985; Moriyama et al., 1992). This site is similar but not
necessarily identical to the binding loci for depactin (Sutoh
and Mabuchi, 1986), profilin (Schutt et al., 1993), and
gelsolin segment 1 (Wriggers et al., 1998). DNase I binds to
subdomains 2 and 4 (Kabsch et al., 1990).

Cofilin binding to subdomains 1 and 3 induces an allo-
steric conformational change that can be sensed at the distal
end (GIn-41) of subdomain 2. The data supporting this
conclusion are: 1) there is an allosteric change in subdomain
2 (GIn-41) when cofilin binds to subdomain 1; 2) cofilin
binding to subdomain 1 is confirmed by a change in the
local environment of a probe located at Cys-374 in the same
subdomain; and 3) changes in FRET efficiency are consis-
tent with changes in the distances between these two probes.
Furthermore, the pH dependence of the FRET efficiencies is
consistent with the pH-dependent effect of cofilin on actin
assembly kinetics (for review, see Bamburg, 1999).

Previous observations have demonstrated that DNase |
binding to subdomain 2 also induces an allosteric confor-
mational change in subdomain 1 at the opposite end of the
small domain. Crosbie et al. (1994) demonstrated the expo-
sure of a new cleavage site for trypsin near the C terminus
in the presence of DNase I. Also, binary complexes of actin
with thymosin-B4, gelsolin segment 1, or profilin are dis-
sociated when DNase I binds. This binding is negatively
cooperative (Ballweber et al., 1997, 1998; Wriggers et al.,
1998). On the other hand, we have reported that binding of
cofilin to actin is enhanced in the presence of DNase I and
vice versa (Kekic et al., 2001).

Kuznetsova et al. (1996) measured FRET efficiencies
within subdomain 1 and observed a change when the DNase
I-binding loop was cleaved. Truncation at the C terminus
also reduces the rate of proteolytic cleavage of the DNase
I-binding loop (Strzelecka-Golaszewska et al., 1995). The
environmental sensitivity of the DC label has been used to
detect allosteric structural changes before. Proteolytic re-

360 - 400 ‘ 440
Wavelength (nm)

moval of three amino acids from the C terminus of G actin
resulted in a twofold decrease in the fluorescence intensity
of the DC label (attached to Gln-41) (Moraczewska et al.,
1996).

Allosteric conformational changes have also been de-
tected in filamentous actin. Three-dimensional reconstruc-
tions of electron micrographs have visualized large alloste-
ric effects involving the C terminus, the nucleotide-binding
site, and the DNase I-binding loop (Egleman and Orlova,
1995). A similar finding was reported by Kim et al. (1996,
2000) who demonstrated that cleavage of the C-terminal
two residues leads to a conformational change in the DNase
I-binding loop. Intermolecular coupling between this loop
(38-52) and subdomain 1 also play an important role in
filament stability and sensitivity to gelsolin and myosin S1
binding (Khaitlina et al., 1993, 1997; Borovikov et al.,
2000).

Simultaneous analysis of the four available crystal struc-
tures, combined with molecular simulations enabled Page et
al. (1998) to conclude that subdomain 2 does not have a
structural core and is intrinsically flexible. It can rotate
independently of the other subdomains, all of which have
rigid cores. Furthermore, the actin monomer structure may
exist in two states, an “open” state where the nucleotide
cleft opens by ~10° and a “closed” state where the cleft is
more closed, similar to that defined for the actin-DNase I
and F actin states. Contrary to its position in the open state,
the DNase I-binding loop is folded “backwards” into sub-
domain 2 in the closed state (Page et al., 1998).

Our FRET data are also in a good agreement with the
results of molecular dynamics simulation analysis by Wrig-
gers et al. (1998), who modeled the structural changes in G
actin when cofilin is docked onto the structure. Most of the
changes were attributed either to a truncation of actin sub-
domains 2 and 4 or to cofilin-binding, which moves subdo-
main 1 towards cofilin by ~4 A.
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Otterbein et al. (2001) recently reported the structure of
uncomplexed actin. They also emphasized that subdomain 2
undergoes an unexpected conformational change from an
antiparallel B8 turn to an a-helix when ADP occupies the
nucleotide cleft. The DNase I-binding loop undergoes a
displacement of ~14 A, but this is in a different plane to our
FRET distance and consequently our FRET measurements
would probably not sense the full magnitude of this change.
We also showed that DNase I effectively reverses the cofi-
lin-induced change in the environment of GIn-41. Thus, our
observation of a 7-A change between our FRET probes is
consistent with this conformational mobility observed by
x-ray diffraction.

The role of cofilin in inhibition or prevention of poly-
merization has been controversial. Many of these studies
monitored polymerization using pyrene fluorescence. We
show here that chicken embryonic cofilin accelerates poly-
merization of rabbit skeletal actin and does not significantly
affect the extent of polymerization. However, cofilin bind-
ing to an actin monomer prevents pyrene fluorescence en-
hancement during polymerization, rendering pyrene inef-
fective for monitoring the extent of polymerization. The
inhibition of pyrene fluorescence enhancement during po-
lymerization seen upon cofilin binding is similar to the
effect of myosin S1 on pyrene F actin, which quenches
pyrene fluorescence by 70% (Kouyama and Mihashi, 1981).

In summary, our data point to the dynamic and flexible
nature of subdomains 1 and 2 of actin. When ABPs form a
complex they alter these subdomains, resulting in structures
that either promote or inhibit polymerization. Interaction
between these domains is allosteric. Such changes may be
important in the regulation of actin assembly by these
proteins.
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