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ABSTRACT Actin depolymerizing factor (ADF)/cofilin and profilin are small actin-binding proteins, which have central roles in
cytoskeletal dynamics in all eukaryotes. When bound to an actin monomer, ADF/cofilins inhibit the nucleotide exchange,
whereas most profilins accelerate the nucleotide exchange on actin monomers. In this study the effects of ADF/cofilin and profilin
on the accessibility of the actin monomer’s ATP-binding pocket was investigated by a fluorescence spectroscopic method. The
fluorescence of the actin bound 3-ATP was quenched with a neutral quencher (acrylamide) in steady-state and time dependent
experiments, and the data were analyzed with a complex form of the Stern-Volmer equation. The experiments revealed that in the
presence of ADF/cofilin the accessibility of the bound 3-ATP decreased, indicating a closed and more compact ATP-binding
pocket induced by the binding of ADF/cofilin. In the presence of profilin the accessibility of the bound 3-ATP increased, indicating
a more open and approachable protein matrix around the ATP-binding pocket. The results of the fluorescence quenching exper-
iments support a structural mechanism regarding the regulation of the nucleotide exchange on actin monomers by ADF/cofilin
and profilin.
INTRODUCTION

The structure and dynamics of the actin cytoskeleton are

regulated by a large number of proteins that interact with

monomeric and/or filamentous actin (1,2). Among the

central regulators of cytoskeletal dynamics in all eukaryotes

are ADF/cofilin and profilin.

Actin depolymerizing factor (ADF)/cofilins are small

actin-binding proteins (molecular mass ¼ 15–19 kDa) that

can bind monomeric and filamentous actin as well (3–5). In

cells, ADF/cofilins promote the disassembly of aged actin

filaments, and thus play an essential role in cytoskeletal

dynamics in organisms from yeasts to mammals (6,7).

ADF/cofilins were shown to increase the monomer dissocia-

tion rate at the filaments’ pointed ends from 0.35 s�1 to 9 s�1

(8) and to promote filament severing (9). ADF/cofilins prefer-

entially bind and disassemble ADP-actin filaments (8,10).

Most ADF/cofilins also bind ADP-G-actin (Kd ¼ 0.02–0.15

mM) with significantly higher affinity than ATP-G-actin

(Kd¼ 0.2–8 mM) (8,11,12). When bounding to an actin mono-

mer they inhibit the rate of nucleotide exchange (8,9,13–15).

ADF/cofilins compete with other actin-binding proteins

(e.g., profilin, gelsolin segment 1) in actin binding, which

suggests that they bind to the hydrophobic cleft between

the subdomains 1 and 3 of actin (16–19). This was recently

confirmed by determining the structure of twinfilin’s actin

depolymerizing factor homology domain (ADF-H) in

complex with actin (20). Twinfilin is an evolutionarily

conserved protein that interacts with actin through its two

ADF-H domains, which are structurally and functionally
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homologous to the single ADF-H domain of ADF/cofilins

(21–24). This crystal structure suggest that binding of the

ADF-H domain of ADF/cofilin or twinfilin to the hydro-

phobic cleft between actin subdomains 1 and 3 may

‘‘lock’’ the cleft between subdomains 2 and 4 in a closed

conformation. The hydrophobic cleft is located close to

a region containing a-helices that bridges the two major

domains of the actin (Q137-S145; P333-S338) and are prob-

ably responsible for the relative motion of the main domains

(25). The connection of the ABPs to the hydrophobic cleft

may have an allosteric effect on the a-helices region, which

can be involved in the control of the opening and closing

state of the nucleotide binding cleft (26).

Differential scanning calorimetry studies showed that the

binding of ADF/cofilin to actin shifted the melting point of

the G-actin from 62.8�C to 68.0�C, which indicates a strong

stabilizing effect on the G-actin structure (27). Radiolytic

oxidative protein footprinting experiments showed that resi-

dues located at the top of the nucleotide-binding cleft in the

subdomain 4, within the cleft and also in the subdomain 2

were protected against oxidation in the actin-cofilin binary

complex (28). Based on these observations it was suggested

that the binding of cofilin to G-actin caused the closure of the

actin’s nucleotide binding pocket. Furthermore, Muhlrad

et al. (29) showed that cofilin can inhibit the accessibility

of the fluorescent nucleotide in filamentous actin.

Profilins are small actin binding proteins (molecular

mass¼ ~19 kDa) (30) distributed diffusely in the cytoplasm and

expressed in great extent in the eukaryotic cells (31). Contrary

to ADF/cofilin, profilins bind exclusively to the monomeric

form of actin, and prefer the ATP bound form of it (32–36).

The main function of profilin is to increase the dynamics

of the pool of monomeric actin in the cytoplasm (2). Profilins
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promote the incorporation of the ATP-actin monomers into

the filament at the barbed ends, and through interactions

with poly-proline stretches profilins feed actin monomers

to formins and VASP family proteins (35,37–39). Most

profilins also enhance the nucleotide exchange on actin

monomers (40–43) and profilin is also able to compensate

the inhibiting effect of ADF/cofilin on the nucleotide disso-

ciation from the G-actin (16). The function of the profilin is

controlled by phosphoinositides (e.g., PIP2) via preventing

the formation of the actin-profilin complex (44).

Crystal structures of many profilin isoforms have been

determined by x-ray diffraction and NMR methods (33,

45–47). The actin-profilin atomic structure shows that the pro-

filin binds to an area between the subdomains 1 and 3 on the

actin monomer (20,26,48,49). This binding appears to cause

the opening of the nucleotide-binding cleft due to the relative

movement of the two main domains (26,48,49). Computa-

tional calculations suggested that the opening of the nucleo-

tide-binding pocket might occur via shear motions involving

the a-helical region connecting the two major domains

(41,50). Molecular dynamic simulations showed that the

nucleotide binding cleft closed within 200 ps after removing

the profilin from the actin-profilin complex because of the

thermodynamic instability of the actin in the absence of the

profilin (50). A conformational shift around the nucleotide

binding region was also emphasized in connection with other

monomer binding proteins (51–53). Thymosin-b4 was

considered to bind the subdomain 2 and decrease the nucleo-

tide exchange on actin due to stabilizing the nucleotide

binding cleft in a closed conformational state (51,52). Other

results showed that the binding of the thymosin-b4 between

the subdomain 2 and 4 locks the actin in a dynamically

restricted structural state (53). In all these studies the structure

of the nucleotide binding cleft was considered to be important

for understanding the detailed function of the different mono-

mer binding regulatory proteins.

Despite the crystallographic data and modeling experi-

ment, the possible effects of ADF/cofilin and profilin on the

conformation of actin monomer in solution have not been re-

ported previously. In this study we carried out fluorescence

quenching experiments on G-actin labeled with a fluorescent

ATP analog (3-ATP) in the presence and absence of ADF/co-

filin and profilin to investigate the conformational and/or

dynamic changes in the protein matrix around the fluoro-

phore. The results showed that ADF/cofilin and profilin had

antagonistic effect. The accessibility of the fluorophore

decreased in the presence of the ADF/cofilin, whereas in the

presence of the profilin it increased. These findings correlate

with the property of cofilin and profilin altering the nucleotide

exchange on G-actin observed previously. Therefore, in the

case of the profilin the nucleotide-binding pocket of actin is

in a more open state (the fluorophore is more accessible to

the quencher), which can facilitate the nucleotide exchange.

On the contrary, ADF/cofilin inhibits the quenching of the flu-

orophore, which indicates a more compact nucleotide-
Biophysical Journal 96(6) 2335–2343
binding pocket. This closing pocket may result in a decrease

in the nucleotide exchange rate on G-actin.

MATERIALS AND METHODS

Reagents

KCl, CaCl2, TRIS (tris-(hydroxy-methyl)amino-methane), MgCl2, acryl-

amide, and DOWEX 1�2-400 were purchased from Sigma-Aldrich (Buda-

pest, Hungary). ATP, MEA (mercaptoethanol), and NaN3 were supplied by

Merck (Budapest, Hungary). The 3-ATP (etheno-ATP) was obtained from

the Invitrogen (Carlsbad, CA).

Protein preparation

Acetone-dried muscle powder was obtained from rabbit skeletal muscle as

was described earlier by Feuer et al. (54). The calcium bound G-actin was

prepared according to the method of Spudich and Watt modified by Mossa-

kowska et al. (55,56). The G-actin was stored in buffer A, containing 4 mM

Tris-HCl, 0.2 mM ATP, 0.1 mM CaCl2, 0.5 mM MEA, and 0.005% NaN3

at pH 8.0. The concentration of the G-actin was determined spectrophoto-

metrically with a Shimadzu UV-2100 spectrophotometer by using the

absorption coefficient of 1.11 mg ml�1 cm�1 at 280 nm (57). The relative

molecular mass of 42,300 Da was used for G-actin (58).

Yeast cofilin and profilin were expressed as glutathione S-transferase

(GST) and His-tagged fusion proteins, respectively. The plasmid construc-

tions were transformed into Escherichia coli BL21 cells. The cells were

grown in 5000 mL Luria broth medium at 37�C until the optical density

of the sample got 0.7 at 600 nm. The protein expression was induced by

0.3 mM isopropyl-b-D-thiogalactopyranoside (IPTG) and the cells were

harvested overnight at 20�C.

The cells producing recombinant cofilin molecules were dissolved in an

extraction buffer containing 50 mM TRIS-HCl, 5 mM DTE, 50 mM

NaCl, 5 mM EDTA, 10% glycerol and 1 mM PMSF at pH 7.6. The cells

were lysed by homogenization and sonication and the suspension was centri-

fuged for 30 min at 30,000 � g.

The cofilin-GST fusion proteins were removed from the supernatant by

using a column with glutathione-agarose beads. The GST beads bound

recombinant cofilin molecules were incubated overnight with thrombin to

separate the cofilin from GST. The glutathione-agarose column was con-

nected to a Sephacryl S-300 column to separate the cofilin from any contam-

inating components. The peak fractions of cofilin eluted from the column was

pooled and concentrated in a 10 kDa cutoff Amicon Ultracentrifugal filter

device (Millipore, Billerica, MA) to a final concentration of 300–400 mM.

The cells producing His-tagged profilin were resuspended in extraction

buffer (50 mM TRIS, 10 mM Imidazole, 250 mM NaCl at pH 7.5) and lysed

by homogenization and sonication. The suspension was centrifuged for

30 min at 30,000 � g. The supernatant was loaded onto a nickel-nitrilotri-

acetic acid-agarose column and eluted with a buffer containing 250 mM

imidazole (250 mM imidazole, 50 mM NaCl, 10 mM TRIS at pH 7.5).

The elution fluid was loaded onto a Sephacryl S-300 gel filtration column

to separate the profilin from contaminating factors. The peak fractions of

profilin was collected and concentrated in a 10 kDa cutoff Amicon Ultracen-

trifugal filter device (Millipore) to a final concentration of 300–400 mM. The

concentration of cofilin and profilin was calculated at 280 nm with a Shi-

madzu UV-2100 spectrophotometer by using an absorption coefficient of

1.002 mg ml�1 cm�1 and 1.458 mg ml�1 cm�1, respectively (estimated

based on amino acid composition by ProtParam; http://us.expasy.org/tools).

Preparation of the 3-ATP bound actin monomers

A fluorescent nucleotide analog (3-ATP) was attached to the Ca-G-actin

according to the method of Perelroizen et al. (42). Ion exchanger resin

(180 ml; 50% DOWEX 1�2-400) was added to 50 mM G-actin in 1.2 mL

A-buffer to remove the unbound ATP from the solution. The mixture of

http://us.expasy.org/tools
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the G-actin and the ion exchanger resin was immediately centrifuged (13,200

� g on 4�C for 3 min) to avoid the dissociation of the bound ATP from the

actin molecules. The supernatant was mixed again with the same amount of

DOWEX-1 to ensure that only a negligible fraction of free ATP remained in

the solution. The centrifugation step was repeated to clarify the G-actin solu-

tion from the ion exchanger resin completely. The sample of Ca-G-actin (50

mM) was mixed with a fivefold molar excess of 3-ATP (final concentration,

250 mM) and was kept on ice overnight. The next day 1 mL 3-ATP-actin was

treated with 0.1 mL 50% DOWEX 1�2-400 resin for short time (few

seconds) to decrease the amount of the free 3-ATP in the solution. The actin

concentration was determined spectrophotometrically by using the absorp-

tion coefficient of 1.11 mg ml�1 cm�1 at 280 nm (57).

Fluorescence quenching experiments

Steady-state fluorescence measurements were carried out with a Perkin-

Elmer (Waltham, MA) LS50B and a Horiba Jobin Yvon (Longjumeau,

France) Fluorolog-3 spectrofluorometer equipped with a thermostable

cuvette holder. The 3-ATP-actin (5 mM) in ATP free buffer A solution

was titrated with a neutral quencher (acrylamide). The concentration of

the quencher was increased from 0 to 0.3 M in the solution. The excitation

wavelength was set at 320 nm and the emission spectrums were recorded

between 330 nm and 600 nm with 5 nm slits on the excitation and emission

side as well. The experiments were carried out at 20�C. Time-resolved Fluo-

rescence measurements were carried out with an ISS K2 Multifrequency

Phase Fluorometer (ISS Fluorescence Instrumentation, Champaign, IL).

The applied quencher concentration was within the range of 0 and 0.3 M

in the cuvette. Freshly prepared glycogen solution was used as a reference

with a lifetime of 0 ns. The phase delay and demodulation ratio of the sample

fluorescence signal was measured in respect to the phase delay and demod-

ulation ratio of the reference. The source of the excitation light was a 300

W Xe arc lamp. The intensity of the light was modulated sinusoidally by

a double-crystal Pockel cell. The excitation wavelength was set at 320 nm

and the emitted light was monitored through an FG 385 high-pass filter.

The modulation frequency was varied in 10 steps from 2 to 64 MHz. The

data were analyzed by the ‘‘Vinci version BETA.1.6’’ software. The fluores-

cence lifetime of the 3-ATP was calculated by using nonlinear least-square

analysis. The goodness of fit was estimated from the value of the reduced

c2 probe (59). Fig. 1 shows the change of the phase delay and the modulation

ratio of the sinusoidally modified fluorescence emission signal in the case of

the 3-ATP labeled actin monomers (Fig. 1).

Data analysis

One way to analyze the data collected in steady-state measurements is by

using the classical Stern-Volmer equation (60):

F0

F
¼ 1 þ KSV½Q�; (1)

where the F0 is the fluorescence intensity of the sample in the absence of the

quencher molecule whereas F is the fluorescence intensity at different

quencher concentration [Q]. The Stern-Volmer quenching constant (KSV) is

the sum of the static and dynamic quenching processes that can be described

by the static (KSV_S) and dynamic (KSV_D) quenching constants and can be

related to the accessibility of the fluorophore to the quencher molecules.

The data obtained by time dependent measurements can also be ap-

proached by using the Stern-Volmer equation (60):

t0

t
¼ 1 þ KSV D½Q� ¼ 1 þ kqt0½Q�; (2)

where the t0 is the fluorescence lifetime of the fluorophore in the absence of

the quencher, whereas t is the lifetime at different quencher concentration.

The KSV_D is the dynamic Stern-Volmer constant, which is the product of

the dynamic rate constant (kq) and the lifetime of the fluorophore measured

in the absence of the quencher molecules (t0).
A special situation when the static and dynamic quenching processes are

both affecting the fluorescence signal can be handled by the following

equation (60):

F0

F
¼ ð1 þ KSV S½Q�Þð1 þ KSV D½Q�Þ: (3)

In a complex situation, when both static and dynamic quenching processes

are responsible for the decrease of the fluorescence intensity and more than

one fluorophore population can be found in the sample with different acces-

sibility the following equation can be used:

F0

F
¼
 Xn

i¼ 1

fi

ð1 þ KSV Si½Q�Þð1 þ KSV Di½Q�Þ

!�1

(4)

where KSV_Si and KSV_Di are the static and dynamic Stern-Volmer constant

of the ith population represented by the fraction of fi, respectively.

RESULTS AND DISCUSSION

In spectroscopic studies etheno-nucleotides are used widely to

explore the molecular details behind the function of different

intracellular proteins (61–64). In this study, we carried out

steady-state and time-resolved fluorescence quenching

measurements with acrylamide to explore the change in the

protein matrix around the 3-ATP placed in the nucleotide-

binding pocket in the presence of cofilin and profilin.

Quenching of the free 3-ATP

The effectiveness of the quenching of the steady-state fluo-

rescence from the free 3-ATP was determined in the presence

of 5 mM 3-ATP dissolved in buffer A at 20�C. The acryl-

amide concentration was changed from 0 to 0.3 M. The

FIGURE 1 Frequency domain measurement of the 3-ATP labeled actin

monomers. (Upper panel) The difference between the measured data values

and the fits (residuals) were plotted for the phase delay (solid symbols) and

modulation ratio (shaded symbols) at different modulation frequencies.

(Lower panel) The change of the phase delay (solid symbols) and the modu-

lation ratio (shaded symbols) of the signal form 3-ATP labeled actin mono-

mers was recorded in a frequency range between 2 and 64 MHz in the

absence of acrylamide.
Biophysical Journal 96(6) 2335–2343
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analysis of the data showed that the KSV value was 53.6 �
3.19 M�1 (n ¼ 3) for the free 3-ATP that is similar to

previous results (61,64).

Fluorescence lifetime measurements were also carried out

with 50 mM 3-ATP at 20�C in the presence of different acryl-

amide concentration (0–0.3 M). The initial value of the identi-

fied single lifetime decreased from 24.52� 0.01 ns (c2¼ 2.41;

n ¼ 3) to 1.41 � 0.03 ns (c2 ¼ 2.63; n ¼ 3) in the presence

of 0.3 M acrylamide. Previous results also showed a single

lifetime component (27 ns) for the free 3-ATP that could be

effectively quenched by collisional processes (62). The anal-

ysis of the results showed that the dynamic quenching constant

is 54.05� 1.02 M�1 (n¼ 3) that is nearly identical to the value

(53.6 M�1) that was calculated in the case of the steady-state

measurements.

As the quenching constants from these different measure-

ments are practically the same we concluded that the fluores-

cence of the free 3-ATP was only quenched by dynamic but

not static quenching processes. This conclusion confirms the

former results of Harvey and Cheung (62).

Quenching of the actin-bound 3-ATP

The steady-state quenching experiments with actin bound

3-ATP were completed in the presence of 5 mM actin. The

acrylamide effectively decreased the fluorescence intensity

of the fluorophore at the applied quencher concentrations

(0–0.3M) (Fig. 2 A). The classical Stern-Volmer plots (Eq. 1)

from the steady-state measurements showed a downward

curvature. At different 3-ATP concentrations data points

ended at different levels due to the variable ratios of bound

and unbound 3-ATP (Fig. 2 B).

We carried out time dependent fluorescence measurements

on the 3-ATP labeled actin monomers to evaluate the role of

dynamic quenching processes related to the bound fraction of

the 3-ATP in the nonlinear relationship between the F0/F and

the quencher concentration (Q). In these measurements the

actin concentration was in the range of 20–30 mM. In the

absence of the quencher it was possible to identify two

distinct lifetime components with the values of 34.1� 4.5 ns

and 25.4 � 0.1 ns (Fig. 3 A). The latter was very close to

what we obtained in the absence of actin. Based on the values

of these lifetime components we attributed these lifetimes to

the fractions of the actin bound and free 3-ATP.

Harvey and Cheung (62) found that the lifetime of the

G-actin bound 3-ATP was 36 ns. They successfully

quenched the free 3-ATP with acrylamide but the fluores-

cence of the monomeric actin bound 3-ATP was not affected

by collisional quenching processes. The longer lifetime

component we observed (34.1 ns) was independent of the

acrylamide concentration (Fig. 3 A, upper panel), which is

similar to their results.

The shorter lifetime component decreased from 25.4� 0.1

ns to 1.55 � 0.05 ns as the acrylamide concentration

increased from 0 to 0.3 M (Fig. 3 A, lower panel). The slope
Biophysical Journal 96(6) 2335–2343
of the Stern-Volmer plot for this component was 49.20 �
4.28 M�1 (Fig. 3 B), which is similar to the value we obtained

for the free 3-ATP molecules (54.05� 1.02 M�1). The corre-

lation with previous results and between the data we obtained

in the absence and presence of actin corroborated that this

lifetime component belonged to the free 3-ATP.

The complex situation behind the downward curved

Stern-Volmer plots of the steady-state measurements can

be treated by using Eq. 4. This equation can be used to obtain

detailed information about the fluorescence of the actin-

bound 3-ATP.

KSV_D for the free 3-ATP was 54.05 � 1.02 M�1, whereas

the value of KSV_S was negligible. KSV_D for the monomeric

actin bound 3-ATP also proved to be negligible so the only

unknown parameters in this equation are the fractional

component (f) and KSV_S for the bound fluorophore. By

FIGURE 2 Results from the steady-state quenching measurements with

3-ATP labeled actin monomers. (A) The change of the fluorescence spectrum

of the 3-ATP labeled monomers (5 mM) in the presence of increasing acryl-

amide concentration (0–0.3 M). (B) The Stern-Volmer plot of three indepen-

dent steady-state quenching experiments with the actin-bound 3-ATP (5 mM

actin) in the presence of different acrylamide concentrations (0–0.3M). Solid

lines represents the fits obtained with the Eq. 4. The calculated KSV_S value

is 0.24 � 0.05 M�1 for the actin bound 3-ATP molecules.
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using the known values as fixed components and the

unknowns as variables it was possible to evaluate the

measured data points with the complex Stern-Volmer equa-

tion (Eq. 4).

Although the fractional contributions of the unbound and

bound components were usually different in the samples the

static quenching constant could be determined confidently

with this analysis. KSV_S value for the actin bound 3-ATP

was 0.24 � 0.05 M�1 whereas the fraction of the free

3-ATP varied in the range of 70–79%. The calculated

KSV_S value was two orders of magnitude smaller than the

KSV_D of the free 3-ATP. This finding is in good agreement

with theoretical considerations suggesting that the quenching

of the fluorescent labels can decrease with 2 orders of magni-

FIGURE 3 Quenching of the fluorescence lifetime of 3-ATP labeled actin

monomers with acrylamide. (A) The upper panel shows the longer lifetime

component (t2) that belongs to the actin bound 3-ATP whereas the lower

panel shows the quenching of the shorter lifetime (t1) of the free 3-ATP.

(B) The Stern-Volmer plot of the shorter lifetime of the free 3-ATP (t1) in

the presence of different acrylamide concentrations (0–0.3M). The solid

line represents the fit of the Eq. 2 to the obtained experimental data. The

value for the KSV_D was 49.20 � 4.28 M�1 for the free 3-ATP in the solu-

tion. The error bars represent the values of SD.
tude due to the binding to a protein. In this case the decrease

of the quenching efficiency can occur due to the shielding of

the fluorescent dye by the surrounding protein matrix (65).

The described complex behavior of the protein bound

3-ATP is not unique as a similar behavior of 3-ATP was

seen before with myosin by Rosenfeld and Taylor (64).

The results of their steady-state quenching experiments

showed similar downward tendency on the classic Stern-

Volmer plots. They concluded that the presence of the free

3-ATP and the protein bound 3-ATP together with their

different accessibility to the different quenching processes

could cause the downward curvature of the plots from the

steady-state measurements (64). Similar explanation is

reasonable for our observations.

Based on our measurements we conclude that the actin

bound 3-ATP cannot be quenched through dynamic quench-

ing processes and the static component of its quenching can

be represented by a KSV_S value of 0.24 � 0.05 M�1.

Quenching of the actin-bound 3-ATP
in the presence of actin-binding proteins

The fluorescence quenching experiment with the 3-ATP

bound monomeric actin was repeated in the presence of

cofilin. During the steady-state experiments the concentration

of cofilin was 15 mM whereas the actin concentration was

5 mM. The acrylamide concentration was varied from 0 to

0.3 M (Fig. 4 A). Considering that the affinity of the applied

cofilin for the ATP-actin monomers is 0.59 mM (12) the

unbound fraction of the actin was ~5% (~0.3 mM). The pres-

ence of this small fraction in the solution was considered

negligible during the analysis of the data. The Stern-Volmer

plot of the data showed downward curvature with a floating

endpoint (Fig. 4 B) similar to what was observed in the

absence of the actin-binding protein (Fig. 2 B).

To evaluate the nonlinearity of the plotted data points we

carried out time dependent fluorescence quenching experi-

ments with the 3-ATP bound actin monomers in the presence

of cofilin. In this case we increased the actin concentration to

10 mM to get a useful amount of fluorescence signal during

the lifetime measurements. To keep the fraction of the actin

that is not bound to cofilin on a negligible level (<2%) we

increased the cofilin concentration to 20 mM. The time

dependent fluorescence measurements identified two

3-ATP populations with two distinct lifetime components.

The shorter lifetime component changed from 25.82 �
0.85 ns (t1) to 1.52� 0.85 ns as the acrylamide concentration

raised to 0.3 M. The calculated KSV_D value from the Stern-

Volmer plot of this fluorescence lifetime component was

48.02� 8.35 M�1. The value of this long lifetime component

and the calculated KSV_D also suggested that this component

belonged to the free 3-ATP population in the sample.

The longer lifetime component (t2) was 30.4 ns and it

practically did not change whereas the acrylamide reached

its final 0.3 M concentration. The value of this component
Biophysical Journal 96(6) 2335–2343
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and its constant level suggested that this lifetime component

belonged to the actin bound 3-ATP as it was the case in the

absence of the actin-binding protein as well. These data

suggest that the effect of dynamic quenching processes on

the fluorescence of the actin bound 3-ATP is negligible in

the presence of cofilin.

Considering the results of the time dependent fluorescence

measurements and the data defined for the free 3-ATP the

Eq. 4 can be used to determine the KSV_S value for the fluo-

rescent nucleotide. The other unknown parameter is the ratio

of the unbound 3-ATP that usually varied between different

preparations.

When the data from the steady-state measurements were

fitted with the Eq. 4 the previously identified parameters

(KSV_S_free�3ATP, KSV_D_free�3ATP, KSV_D_bound�3ATP) were

used as fixed components whereas KSV_S_bound�3ATP and fi

FIGURE 4 Quenching of the fluorescence of 3-ATP labeled actin mono-

mers with acrylamide in the presence of ADF/cofilin molecules. (A) The

change of the fluorescence spectrum of the 3-ATP labeled monomers

(5 mM) in the presence of ADF/cofilin (15 mM) with increasing acrylamide

concentration (0–0.3 M). (B) The Stern-Volmer plots from the steady-state

quenching experiments with 5 mM 3-ATP labeled actin monomers in the

presence of 15 mM cofilin (B) at different acrylamide concentrations

(0–0.3 M). The calculated KSV_S value was 0.034� 0.017 M�1 for the actin

bound 3-ATP in the presence of cofilin.
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were considered as variables. From this fitting procedure

KSV_S_bound�3ATP for the 3-ATP bound to the actin mono-

mers in complex with the cofilin can provide valuable infor-

mation about the structural change induced by the actin

binding protein around the bound nucleotide.

In the presence of cofilin the value of the static quenching

constant (KSV_S) for the actin bound 3-ATP was 0.034 �
0.017 M�1 (Fig. 4 B) and the fraction of the free 3-ATP was

in the range of 46–85% (n ¼ 4). These results show that

KSV_S was approximately a factor of 7 smaller than the value

obtained in the absence of cofilin. The smaller KSV_S suggests

that the surrounding of the 3-ATP transformed into a more

compact form due to the binding of cofilin. This conforma-

tional transition effectively reduced the probability that the

acrylamide can approach the fluorophore molecule.

The quenching of fluorescence from the actin bound

3-ATP with acrylamide was tested in the presence of profilin

as well (Fig. 5 A). The Stern-Volmer plot of the data showed

the same downward curving tendency as it was seen before

(Fig. 5 B.). The concentration of the actin was adjusted to

5 mM whereas the profilin concentration was 20 mM. Consid-

ering that the affinity of yeast profilin for muscle actin is

2.9 mM (33) the contribution of the profilin free actin was

~15.5% (~0.8 mM). This amount of free actin could not

been considered as negligible during the analysis of the

data as it was possible before in the case of cofilin.

The fluorescence lifetime measurements helped us to test

the KSV_D associated with the actin bound 3-ATP. In these

experiments the actin concentration was adjusted to 20 mM,

and 20 mM profilin was added to the sample solution. In this

situation the fraction of the profilin free actin was ~31%

(~6 mM). The acrylamide concentration was changed in six

steps up to 0.3 M. Although there were three different

3-ATP populations in the samples (free 3-ATP; actin bound

3-ATP; actin-profilin bound 3-ATP) the analysis of the

results revealed only two lifetime components. The c2 value

for the fits were in the range of 2 � 0.3. The shorter lifetime

component (t1) followed the same tendency as it was seen

before in the case of the unbound 3-ATP fraction and

changed from 25.7 � 0.01 ns to 1.4 � 0.07 ns during the

experiments. The calculated KSV_D value for this component

was 57.8 � 4.6 M�1. Based on these facts we attributed this

fraction to the free 3-ATP in the solution. The longer lifetime

component (t2) of the actin bound 3-ATP was 31.07 ns, and

did not change significantly during the quenching experi-

ments. The fluorescence lifetime measurements could not

distinguish between the profilin bound and unbound 3-ATP

actin monomers, which suggests that the fluorescence life-

time of the 3-ATP in the central groove of actin was not

sensitive to the binding of profilin. These observations also

showed that the change of the fluorescence signal from the

actin bound 3-ATP was not affected by dynamic quenching

processes. We concluded that the quencher molecule could

not effectively collide with the fluorophore to change its life-

time in its protein bound formation.
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It was possible to evaluate the involvement of static

processes in the change of the steady-state fluorescence signal

of the actin-bound 3-ATP by using the Eq. 4. The known

parameters of KSV_S_free�3ATP (0 M�1), KSV_D_free�3ATP

(54.05 M�1), and KSV_S_bound�3ATP (0.24 M�1) were used

as fixed parameters during the fitting procedure. The

unknown parameters of the fractional contribution in the fluo-

rescence signal (f) and the KSV_S for the 3-ATP bound actin

monomer were used as variables during the analysis of the

data.

The result of the fitting procedure showed that the static

quenching constant (KSV_S) for the actin bound 3-ATP in

the presence of profilin was 3.5� 1.5 M�1 (n¼ 3) (Fig. 5 B)

and the fraction of the free 3-ATP varied in the range of

36–80%. The KSV_S was higher than the result obtained in

the absence of the profilin (0.24 � 0.05 M�1), which sug-

FIGURE 5 Quenching of the fluorescence of 3-ATP labeled actin mono-

mers with acrylamide in the presence of profilin. (A) The change of the fluo-

rescence spectrum of the 3-ATP labeled monomers (5 mM) in the presence of

profilin (20 mM) with increasing acrylamide concentration (0–0.3 M). (B)

The Stern-Volmer plots from the steady-state quenching experiments with

5 mM 3-ATP labeled actin monomers in the presence of 20 mM profilin

(,) at different acrylamide concentrations (0–0.3 M). The calculated

KSV_S value for the actin bound 3-ATP was 3.5 � 1.5 M�1 in the presence

of the profilin.
gested that the ATP binding cleft became more accessible

to the quenchers in the presence of the profilin molecule

probably due to the opening of the nucleotide-binding cleft.

In summary the results of the quenching experiments

showed that the actin bound 3-ATP could only be quenched

through static quenching processes with a KSV_S value of

0.24 � 0.05 M�1 (Fig. 2 B). The presence of cofilin

decreased this value to 0.034 � 0.017 M�1 (Fig. 4 B)

whereas the profilin had an opposite effect by increasing it

to 3.5 � 1.5 M�1 (Fig. 5 B).

CONCLUSIONS

Although a number of studies reported that the binding of

actin-binding proteins could affect the rate of nucleotide

exchange of the actin monomers, the relationship between

the functional changes and the underlying conformational

transitions is not clearly understood yet (42,43,66–68). It

was shown that the nucleotide exchange rate in actin

decreased in the presence of cofilin, whereas an increased

rate was observed in the presence of profilin (9,13–15,

40,41,43). In accordance with these findings structural data

suggested that the nucleotide-binding cleft of actin could

open up in the presence of profilin, whereas the cofilin had

an opposite effect on its structure (20,26,48). Despite the

importance and the power of the structural methods in the

understanding of protein functions, these methods have limi-

tations in describing the details of the dynamic conforma-

tional changes in proteins due to certain restrictive ambient

effects (e.g., crystal contacts, buffer conditions).

We described the intramolecular changes within the actin

monomers by carrying out fluorescence quenching experi-

ments. The advantage of this method is that it can provide

information regarding the details of the conformational

changes behind the functional differences under physiologi-

cally relevant conditions. The results showed that the acces-

sibility of the nucleotide-binding cleft of actin decreased on

cofilin binding, whereas an increased cleft accessibility was

detected after the binding of profilin. These results are in

good agreement with the observations from structural studies

(20,26,48).

The conclusions from these quenching experiments also

correlate well with the previously described effects of the

actin-binding proteins on the functional properties of actin

(9,13–15,40,41,43), which provides evidence that there is

a direct correlation between the conformational state of actin

and its functional properties.

Future work with other actin monomer binding proteins

(e.g., thymosin-b4 and various WH2 domain proteins) may

lead us to a general conclusion concerning the relationship

between the biochemical functions of actin monomer

binding proteins and their effects on the structure of the

nucleotide binding cleft of actin.
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