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ABSTRACT. The effect of the replacement of ATP with ADP on the conformational and dynamic properties

of the actin monomer was investigated, by means of electron paramagnetic resonance (EPR) and
fluorescence spectroscopic methods. The measurement of the ATP concentration during these experiments
provided the opportunity to estimate the time dependence of ADP-Mg-G-actin concentration in the samples.
According to the results of the fluorescence resonance energy transfer experiments, the GIn-41 and Cys-
374 residues are closer to each other in the ADP-Mg-G-actin than in the ATP-Mg-G-actin. The fluorescence
resonance energy transfer efficiency increased simultaneously with the ADP-G-actin concentration and
reached its maximum value within 30 min at 20. The EPR data indicate the presence of an ADP-
Mg-G-actin population that can be characterized by an increased rotational correlation time, which is
similar to the one observed in actin filaments, and exists only transiently. We suggest that the conformational
transitions, which were reflected by our EPR data, were coupled with the transient appearance of short
actin oligomers during the nucleotide exchange. Besides these relatively fast conformational changes,
there is a slower conformational transition that could be detected several hours after the initiation of the
nucleotide exchange.

The ability of actin to polymerize into long helical The polymerization process usually consists of four steps,
filaments is fundamental to its biological function. In living namely, activation, nucleation, elongation, and annealing.
cells two principal forms, the monomer and the filament Prior to the nucleation, the conformation of the actin
forms, exist in dynamic equilibrium, which is controlled by monomer changes, which results in a conformational state
both the properties of the actin monomer and actin binding named either F-actin monometQ) or G*-actin (11) or
proteins. The dynamic behavior of the actin matrix correlates activated G-actinX2). The conformational transition can be
with various biological activities in the celll( 2). induced by adding either K Mg?", or C&". This confor-

Understanding the details of the biological function of actin mational state appeared to be an important intermediate in
seems to be essential to describe the process of filament selfthe polymerization process, probably because it provides
assembly and disassembly. Different experimental methodsbetter spatial conditions for other monomers to bind in the
(such as phosphorescence, FREHPR, and fluorescence nucleation process.

quenching) were applied to investigate the effect of polym-  The polymerization accompanied the hydrolysis of the
erization on the structure and dynamics of the actin monomer. ATP bound to the actin. The hydrolysis of ATP occurs after
Some of these studies provided experimental data suggestinghe actin subunit is incorporated into the filament. The release
that polymerization did not affect the conformational state of the inorganic phosphate jRollows the hydrolysis after
of actin 3—6). However, in some cases the conformation some time. Although the major component of the actin
of the actin monomer and the protomer incorporated into a fjjament is the ADP-monomer, there are monomers near the
filament structure are proved to be differefit-©). barbed end, which contain either ATP or ADP and inorganic
phosphate. On the other hand, the biological role of the ATP
t This work was supported by grants from the National Research hydrolysis remains unclear. The presence of ATP is not
Foundation (OTKA T 030248, T 020117, T 023209, and F 020174) essential, since the polymerization process can be also

and Ministry of Health (T-06 017/1996). The Bruker EPR spectrometer induced in the absence of ATP (in ADP-G-actin solutions)
used in the experiments was purchased with funds provided by the

National Research Foundation (CO-123). (13-18). The ATP hydrolysis is assumed to play a key role
* Corresponding author: Telephone 36-72-324-122; Fax 36-72-315- in the steady-state treadmilling of actin filament<-26).
863:(3'2:33:' Sg!;g;g)ﬂ%ﬁ-;%tghu- Carlier 27, 28) suggested that the functional significance
s Research Group of the Hungarian Academy of Sciences. of.ATI_3 hydrolys!s was that it facilitated the rapid depolym-
I Department of Clinical Chemistry. erization of actin. Jamney et al29) presented another
U Department of Biophysics. interesting proposal. Their experimental data provided
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absorption coefficient of 0.63 mg mEcm™* at 290 nm 83)

< /;’ :—GLN"“ J with a Shimadzu UV-2100 type spectrophotometer. Relative
‘)‘ N ;{3‘5’ ¢ {gf _ molecular mass of 42 300 was used for G-ac84)( The
subdomain4( "y 0, (& supdomain2 bound C&" was replaced by M in the actin monomer by
R}; —/}z\,. \LQ} means of the method of Strzelecka-Golaszewska ebal. (
I3 7 \*{."' 8! EGTA and MgC} were added to reach the final concentra-
subdomain 3 J ._;/({O Gl 0oomain 1 tions of 0.2 and 0.1 mM, and the solution was stirred for 10
:ﬁ’ ) q&_(’r" min at room temperature. The ATP was replaced by ADP
CYS-374 as described by Drewes and Faulsti8B)( 1 mM of ADP

Ficure 1: Schematic representation of the three-dimensional atomic and 30 units/mL he)l(okinase and 2.5 mM' 9'“0033 were added
structure of rabbit skeletal actir6®. The positions of the two  t0 @ Mg-ATP-G-actin solution. The addition of hexokinase
residues (GIn-41 and Cys-374) that were modified are shown. The and glucose was necessary, since ADP stocks commercially
four subdomains of the actin monomer are also labeled on the figure. gvailable were inhomogeneous and the original buffer
Due fo the fact that the last three C-terminal residues (involving ¢qntained 0.2 mM ATP. The dissociation constant of either
Cys-374) are not resolved in the crystal structii®,(the position TP or ADP in actin falls into the subnanomolar rangé)(
of this residue should be taken as an approximation (the coordinates™ o .
were obtained from the Brookhaven Protein Data Bank, file LATN). Therefore, it is reasonable to assume that the concentration
) ] ) ] of actin monomers with no bound nucleotide is negligible
was stored in the filament as elastic energy and available jnder these experimental conditions.
for release later on. _ _ Labeling of ActinThe reactive cysteine residue, Cys-374,
The investigation of the dynamic and conformational of the actin was labeled with IAEDANS as described by
changes induced by the exchange of ATP for ADP could be piki et al. (37). The solution of F-actin (2 mg/mL) was
important for several reasons. The effect of polymerization jhcubated with a 10-fold molar excess of the dye Ich at
on the properties of actin originates from two major yoom temperature. The labeling was terminated by adding 1
sources: (i) the presence of noncovalent attachment of j,m MEA. The unbound IAEDANS was removed from the
neighboring monomers and (i) the modification of the samples by centrifugation at 100apfor 2 h at 4°C. The
nucleotide content resulted from the hydrolysis of ATP. The pellet was gently homogenized with a Teflon homogenizer,
investigation of the conformational and dynamic properties and the homogenate was dialyzed against buffer A overnight
of ADP-G-actin might provide information _about the Iatt_er at 4 °C. After the dialysis the samples were clarified at
effect. The controlled change of the nucleotllde content mlght 10000@ for 1 h just before the spectroscopic experiments.
serve as one of the regulatory pathways in the cell, which  The |abeling of GIn-41 with FC was carried out according
helps to balance the self-assembtiisassembly equilibrium. {5 the method of TakashB@). G-actin was incubated with
Our goal was to characterize the intra- and intermolecular 5 10-fold molar excess of the dye in the presence of 1 mg/
changes that occurred during and after the ANDP  m TGase. The labeling was carried out for 16 h &tC4
exchange in the actin monomer. The actin monomer was Fo|lowing the incubation the sample was polymerized by
labeled with either spin or fluorescence probes on the Cys- adding KCI and MgGi to final concentrations of 100 and 2
374 residue and with a fluorescence reporter on the GIn-41 . respectively. The unreacted FC was removed and the
residue (Figure 1). We found that the exchange of ATP for actin was dialyzed as described in the case of IAEDANS
ADP induced at least two distinct types of conformational labeling.
changes in the actin monomer. 'I_'he possible_ mechanisms of The concentration of the IAEDANS and EC in the protein
these processes are described in the following study. solution was determined by using the absorption coefficient
of 6100 Mt cm™® at 336 nm 89) and 75 500 M* cm* at
MATERIALS AND METHODS 493 nm @0). The extent of labeling for IAEDANS and FC
Reagents.KCIl, MgCl,, CaCl, HCIO, KOH, tris(hy- was determined to be 0.88 0.02 and 0.8 0.03 mol/mol

droxymethyl)aminomethane (Tris)N-(iodoacetyl)N'-(5- of actin, respectively.
sulfo-1-naphthyl)ethylenediamine (IAEDANS), transglutam-  The Cys-374 of the actin was labeled with MSL in
inase (TGase), hexokinaseglucose, glycoger\-(1-oxyl- filamentous form as described earli®@2). Spin label (1.2

2,2,6,6-tetramethyl-4-piperidinyl)maleimide spin label (MSL), mol/mol of actin monomer) was reactedrft h at 0°C.
adenosine sdiphosphate (ADP), adenosinetiiphosphate Unreacted labels were removed as described in the case of

(ATP), and ethylene glycol bi§{aminoethyl etherN,N,N',N'- IAEDANS labeling procedure. The degree of labeling with
tetraacetic acid (EGTA) were obtained from Sigma Chemical MSL was 0.91+ 0.07 mol/mol of actin.
Co. (St. Louis, MO).5-Mercaptoethanol (MEA) was ob- Fluorescence ExperimentEhe fluorescence properties of

tained from Merck (Darmstadt, Germany), the fluorescein the labeled actin samples (225 xM) were measured with
chadaverine (FC) from Molecular Probes (Eugene, OR), anda Perkin-Elmer LS50B spectrofluorometer. When the time
NaN; from Fluka (Switzerland). dependence of the fluorescence of IAEDANS was investi-
Protein Preparation. Acetone-dried powder of rabbit gated, the samples were excited at 350 nm, and the emission
skeletal muscle was obtained as described eaB@r Rabbit was detected at 480 nm. The optical slits were set at 3 nm
skeletal-muscle actin was prepared according to the methodin both the excitation and emission sides. The fluorescence
of Spudich and Watt 31) with a slight modification intensity of the Ca-ATP-G-actin sample was monitored
introduced by Mossakowska et a82) and stored in a buffer  before and after the addition of 0.1 mM MgGind 0.2 mM
containing 2 mM Tris-HCI (pH 8.0), 0.2 mM ATP, 0.1 mM  EGTA. When the cation exchange was complete, which was
CaClb, and 0.02% Nahil (buffer A). The concentration of  evidenced by the saturation of intensity increase, the ap-
G-actin was determined spectrophotometrically by using the propriate amounts of ADP, hexokinase, and glucose were
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also added to the solution. The fluorescence intensity of the In two-exponential lifetime analysis the average fluores-
IAEDANS was followed routinely for 1 h, and in some cases cence lifetimes were calculated as described by Lakowicz
after 12 h of incubation at room temperature. To characterize (41):

the possible undesired effect of the compounds used for the

nucleotide exchange, experiments were carried out when only T, = (1,704 + 7,20,)/(T,04 + T,00,) 3
either ADP, or hexokinase, or glucose was added to the
samples. wherer,, is the average fluorescence lifetime amoandz;

The efficiency E) of the fluorescence resonance energy are the individual amplitudes and lifetimes, respectively.
transfer (FRET) between the IAEDANS (donor, attached to ~ The anisotropy is expected to decay as a sum of expo-
the Cys-374) and FC (acceptor at the GIn-41) was calculatednentials 42). Accordingly, the experimental data were fitted
from the fluorescence intensity in the presence and absencd0 a double-exponential function:

of acceptor as r(t) = rolg, exp( tp)) + g, exp— t/p,)] (4

wherery is the limiting anisotropy an@; and ¢, are the
two rotational correlation times with amplitudgs and g,
respectively.

EPR ExperimentsConventional EPR measurements were
performed by means of a Bruker ESP 300E (Bruker,
'‘Germany) spectrometer, and 100 kHz field modulation;-0.1

E = (Foa/Fp)lB 1)

whereFpa andFp is the fluorescence intensity of the donor
in the presence and absence of acceptor, respectivelyi and
is the labeling ratio of the acceptor. The intensities used for
this calculation were measured similarly as described above
except that the emission of the IAEDANS was detected at 0.2 mT amplitude, a 10 mT field scan, and 20 mw
470 nm so that the contribution of the fluorescent acceptor ' i

Id b ided. The f d P microwave power were used. The concentration of the
could be avoided. The fluorescence ata were c.orre.cte Or:samples in EPR measurements wasuBl. Spectra were
the inner filter effect, for the donor concentration in the

L recorded at temperatures between 10 and°B5 The
samples, and also for the small dilution of the samples

; 4 by addi ial d for th . p | rotational correlation time ) for monomer actin was
inserted by adding materials used for the cation and nucle- ., 1ated as proposed by Goldman et 4B){
otide exchange.

The steady-state quorescgnce ani_sotropy of IAEDANS was Tr = 5.4 x 1070 (1- A'ZZ/AZZ)71'36 (5)
also measured as a function of time after the nucleotide

exchange. The fluorescence anisotropy was calculated fromyhere 2v,, and 2,7 are defined as the hyperfine splitting

the polarized emission componerfsy, Fv, Frv, andFun,  petween the outer extrema of the experimental spectrum and
where the subscripts indicate the orientation of the excitation the rigid limit spectrum, respectively.
and emission polarizers) as ATP Measurement¥he measurements of ATP concentra-
tions were carried out according to the firefly luciferin/
r=(Fw — GRWI(Fy + 2GFy) (2) luciferase system by means of a Biolumat LB 9507 (Ber-

thold, Germany) luminometer. These experiments were

where G = Fyy/Fup. The excitation wavelength was 350 performed under the same experimental conditions as those
nm and the emission wavelength was 480 nm. The slits werein the spectroscopic measurements in the presence or the
set to 3 nm. absence of actin monomers. After hexokinase and glucose

The fluorescence lifetime and emission anisotropy decay Were added to buffer A, aliquots (0.1 mL) were mixed with
of IAEDANS-actin (23-25 uM) were measured at 25C. 0.1 mL of 1 M HCIQ, and centrifuged at 30@0for 3 min.
These measurements were performed according to thelhe supernatants (0.15 mL) were mixed with 0.1 mL of 2.3
frequency cross-correlation method by means of an 1SS K2 M KOH. After centrifugation, the neutralized samples were
multifrequency phase fluorometer (ISS Fluorescence Instru-diluted 2000 times and the measurements were done with
mentation, Champaign, IL). Glycogen solution prepared internal standardizatiord4).
freshly was used as a reference (lifetirreO ns) in the
fluorescence lifetime experiments. The data were analyzedRESULTS
by the 1SS187 decay analysis software. The goodness of The effect of the replacement of ATP with ADP on the
fitting was determined from the value of the redugéd41). conformational properties of the actin monomer was studied
The excitation light source was a 300-W Xe arc lamp. The by conventional EPR spectroscopy. Maleimide spin labels
excitation light intensity was modulated with a double-crystal (MSL) were covalently attached to the Cys-374 residue of
Pockels cell. Excitation wavelength was set to 350 nm and the actin monomer and performed rotational motion, which
the emission was monitored through a KV 370 high-pass is characteristic of a strongly immobilized label in ATP-G-
filter. The modulation frequency was changed in 10 or 15 actin (Figure 2b). The amount of labels bound to the weakly
steps (linearly distributed on a logarithmic scale) from 2 to jmmobilizing sites was less than 5%, which indicates
80 MHz and from 2 to 120 MHz in fluorescence lifetime selective labeling procedure. This fraction was estimated by
and anisotropy decay measurements, respectively. double-integrating the narrow, high-field line in the F-actin

In fluorescence lifetime measurements all data were fit to spectrum. The hyperfine splitting constard@, the distance
double-exponential decay curves, when a constant, frequencybetween the outermost extrema) was 6.40 mT atQ@or
independent error was assumed in both phase at§le(C) the ATP-G-actin. This value corresponds to a rotational
and modulation ratio£0.004). The same standard errors correlation time of 19.6 ns, which is in good accordance with
were also used in anisotropy decay measurements. our previous datadf). The time and temperature dependence
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Ficure 2: Effect of nucleotide exchange on the conventional EPR
spectra of MSL labeled Mg-ATP-G-actin. The spectra were
recorded before (b) and 30 min after (a) the initiation of the H
nucleotide exchange. To separate the two actin populations in the
composite spectrum (a), the EPR spectrum of Mg-ATP-G-actin (b)
was subtracted from the EPR spectrum (a). The difference spectrum
(c) characterizes a new actin population with increased hyperfine
splitting constant of 6.779 mT. The fraction of this state is 0.5.
The scan width in each spectrum is 10 mT.

FIGURE 4: Conventional EPR spectra of MSL-Mg-G-actin and
MSL-Mg-F-actin. The spectrum of Mg-actin filaments (b) was
subtracted from the residual spectrum, which is in Figure 2c (a),
obtained from the Mg-ATP-G-actin spectrum recorded 30 min after
the initiation of the nucleotide exchange. The difference spectrum
(c) indicates a spin label population with little restricted rotational

T 40 : P '

E oe . motion. The EPR data indicate that during the early phase of the

Z3] @ o /. nucleotide exchange there is a structural change in the actin sample,

8§ 2% 64 P which results in an F-actin-like population. The scan width in each

% 30+ 2% ° spectrum is 10 mT.

3 0 I *

S 25 28 620" o g . .

£ oT i monomer actin. The transient change of the spectral param-

S 204 ° o 1 T?O (310) 405 eters and theg data indicate more than one actin population,
ime {(min, . . . . . . e

z 5] ° which can be distinguished by different rotational mobility.

v o To separate these populations, we subtracted the spectrum

§ 10 o of ATP-G-actin measured at 2UC (Figure 2b) from the

g d composite ATP-ADP spectrum obtained 30 min after the

S 18 20 22 24 26 28 30 32 34 36 nucleotide exchange (Figure 2a). Replacing ATP with ADP

resulted in an actin population characterized by an increased

Ficure 3: Effect of nucleotide exchange on the hyperfine splitting I:I:ypse[r)flnes_plr!ttl'ng ‘?Wf'tam th6'729| O'O4me 0 j 5 mFean .
constant (A'zz) of Mg-ATP-G-actin at temperatures between 20 ) which is similar to the value obtained on F-actin

and 35°C. The time dependence oA2; was approximated by a  (6.787 mT) (Figure 4).
Gaussian function, the maximum valu®)(and the full width at The ratio of the two population was 0.5@00.086 6 =
half-maximum (fwhm) Q) of the Gaussian curves were plotted 4) which was calculated from the double integrals of the
aganst emperature, e nset hows 3 epresenaive ot of G omposite specira, The resulls indicate hat during the eary
to the initiation of the nucleotide exchange. phase of the nucleotide exchange there is a structural change
in the actin sample, which results in an F-actin-like popula-
of the hyperfine splitting constant was monitored after the tion (Figure 4), and at the maximum of the hyperfine splitting
initiation of ATP—ADP exchange in the actin monomer. constant the two populations are nearly equal (Figure 2).
The effect of the nucleotide exchange on the hyperfine When the F-actin spectrum was subtracted from the com-
splitting constant was negligible below 2G. However, we posite spectrum, the hyperfine splitting constant of the
detected an early increase oA'2,, which was followed by residual spectrum approximated that of the monomer actin
a rapid decrease, when the experiments were performed6.307 mT), and the double integral of this spectrum was
between 20 and 3%C (see, e.g., inset in Figure 3). The time 54.3% of the composite spectrum, which supports the
dependence of the hyperfine splitting constant was ap- suggestions about the presence of actin oligomers during the
proximated by a Gaussian function during this period (inset exchange process. The fraction of the weakly immobilized
in Figure 3). The maximum value and the full width at half- spin labels follows a growing tendency at a longer time scale.
maximum (fwhm) of these curves versus temperature indicate The increased amount of labels with little restricted rotational
a temperature-dependent appearance of a transient actimotion reflects the well-described denaturation characteristic
population (Figure 3). Furthermore, the species observed atof the ADP-Mg-G-actin monomerst6, 47).
the end of the decreasing process existed at a longer time Fluorescence experiments were also carried out so that
scale and could be detected even after 12 h. The rotationalmore information could be obtained about the underlying
correlation time was 36.1 ns at the maximum value/&2 intramolecular events during the nucleotide exchange in actin
(6.514+ 0.03 mT,n = 4), which exceeds thex of a single monomers. The steady-state fluorescence anisotropy of

Temperature (°C)
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Ficure 5: Time dependence of the fluorescence emission of Time (min)

IAEDANS (attached to Cys-374) during the cation and nucleotide ] o
exchange at 26C. Arrows indicate the initiation of these processes. FIGURE 6: Time kinetics of the fluorescence resonance energy
The excitation and emission wavelengths were 350 and 480 nm,transfer efficiencies during the €a-Mg?" and ATP-ADP
respectively. The optical slits were set to 3 nm at both sides. exchange at 20C. Arrows indicate the initiation of the cation
exchange and nucleotide exchange processes. The fluorescence

IAEDANS, covalently attached to the Cys-374 residue of emission of the IAEDANS was measured either in the presence or

. o . in the absence of its acceptor (FC) with excitation and emission
the actin monomer, was not ;ensmve to the nucleotide wavelengths of 350 and 470 nm, respectively. The optical slits were
exchange within the first 60 min. On the other hand, the set to 3 nm. The transfer efficiency was calculated from these

exchange of Cd for Mg?" induced an about 10% increase quantities as described in the Materials and Methods section.
of the fluorescence intensity of this fluorophore (Figure 5),
in agreement with earlier publication4d]. The fluorescence  agreement with our recent observatioBO), After the
intensity of IAEDANS also proved to be sensitive to the addition of appropriate amounts of ADP, hexokinase, and
nucleotide exchange in Mg-G-actin (Figure 5) in accordance glucose, the transfer efficiency continued to increase up to
with the results of Frieden and Patar®)( Adding ADP, 72% in Mg-G-actin at 20C (Figure 6). This is consistent
hexokinase, and glucose (see Materials and Methods) to Mg-with the results of Kim et al.51). They found that the FRET
ATP-G-actin resulted in an about 35% decrease of the efficiency between the Trp residues of the subdomain 1 and
fluorescence emission within 60 min at 20. One part (& the fluorescence probe (dansyl ethylenediamine, DED)
9%) of this 35% drop in the fluorescence intensity is due to located at the GIn-41 residue of the subdomain 2 was greater
the change of the optical properties of the protein solution, in ADP-G-actin than in ATP-G-actin. The increase of the
which is evidenced by the separate addition of the individual IAEDANS—FC transfer efficiency was completed within 30
components used to initiate the nucleotide exchange (i.e.,min in our experiments (Figure 6).
hexokinase, glucose, and ADP) in control experiments (see The fluorescence lifetime and rotational correlation time
also Materials and Methods). This-8% decrease occurred of IAEDANS was also determined. The duration of such
promptly after the addition of these compounds. The experiments is about ¥220 min under these experimental
fluorescence intensity of IAEDANS showed a decreasing conditions, which means a relatively poor time resolution.
tendency even 12 h after the initiation of the replacement of Therefore, the obtained data should be considered indicative
ATP with ADP. To characterize the time kinetics of this only in a qualitative manner. The average fluorescence
decrease in the fluorescence emission, the curves obtainedifetime of IAEDANS in Mg-ATP-G-actin was found to be
experimentally (Figure 5) were fitted, when first-, second-, 19.1+ 0.3 ns, which is in agreement with our earlier data
and third-order exponential decay functions were assumed.(45). Further lifetime experiments were started at 10, 35,
The analysis resulted in the best fit when second-orderand 60 min after the start of the nucleotide exchange.
exponential decay was assumed, which indicated that thereAccording to these experiments, the average fluorescence
were two major processes contributing to the observed lifetime decreased to 174 0.4, 16.74+ 0.4, and 16.4+
intensity changes. The first component of this analysis has0.3 ns, respectively. This decreasing tendency is consistent
a lifetime of approximately 25 min, which might indicate with the time kinetics of the steady-state fluorescence
the relatively rapid conformational changes. The lifetime of emission of IAEDANS. The shorter rotational correlation
the second component is much longer (couple of hours) andtimes fall into the range of 0-50.8 ns and might be attributed
could not be well determined, probably due to the relatively to the rotational mobility of the IAEDANS. The longer
short duration of the experiments. Accordingly, there is a rotational correlation time of Mg-ATP-G-actin was 282
long-time conformational transition induced by the replace- ns. The fluorescence anisotropy decay experiments were also
ment of ATP with ADP. This long conformational transition started 10, 35, and 60 min after the nucleotide exchange was
is likely to be the same as the one described by Drewes andinitiated. In the analysis of these results we assumed that
Faulstich 85). there were two kinds of actin populations. One part of the
In the fluorescence resonance energy transfer experimentactin was still in monomeric form having the same fluores-
the IAEDANS served as a donor and the acceptor was FC,cence lifetime as the Mg-ATP-G-actin. Another part was
which was attached to the GIn-41 residue of subdomain 2. already converted to a new species. This part of the actin
The transfer efficiency between these probes increasedcould be characterized by a fluorescence lifetime, which was
slightly from 65% to 67% at 20C as a result of exchange measured 60 min after the initiation of the nucleotide
of Ca&" with Mg?" in the ATP-G-actin (Figure 6), in good exchange. Following this strategy, we obtained a longer
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Table 1. Time Dependence of the ATP Content of the Safgsen dependent states of actin can significantly affect this_process
Function of Temperature in the Presence and Absence of Actin during the assembly and disassembly of cytoplasmic struc-
ture. In this work the influence of the exchange of ATP for

time (min ) ; .
t(fgo actn 05 1T 32 ( 6) T ADP on the conformational and dynamic properties of the
2 0 '41 044 042 047 056 057 044 046 actin monomer was studied by applying EPR and fluores-
5 _ 038 043 036 040 048 051 043 04g Ce€nce spectroscopic methods. The EPR data provided

20 + 1594 1522 1454 11.96 1036 919 8.03 7.35 evidence for the presence of a transient actin population
5 + 16.78 16.74 1556 14.43 12.84 12.45 10.81 10.41 during the nucleotide exchange (Figures 2 and 3). The

2 Expressed as a percentage of the initial ATP concentration. rotational correlation time characteristic of this actin popula-
tion is longer than the one measured on ATP-Mg-G-actin.
12 Earlier EPR experiments showed that MSL was rigidly
attached to the Cys-374 residue of the actin, and the rotational
1,04 Il ‘ correlation time of the label reflected the motion of the whole
monomer or a larger domain of i82, 53. The apparent
» 0.8 o’ o, rotational correlation time (36.1 ns) observed at the maximum
) O value of A'z; exceeds therr of a single monomer.
£ 0,64 o ) Therefore, one can conclude that an internal conformational
2 change in the monomer itself cannot explain the change of
i.‘? 0,41 p o) the hyperfine splitting constant. This assumes that there is a
) substantial oligomer concentration in the samples during the
0,21 S ATP—ADP exchange. Considering the time kinetics of the
o hyperfine splitting constant (Figure 3), the insensitivity of
0,0k . . —— the steady-state fluorescence anisotropy to the nucleotide
0 10 20 30 40 50 60

exchange&2), and the results of Drewes and Faulsti8b)(
_ ) ) we can exclude the presence of actin filaments during the

efficiency, the hyperfine splitting constar®d), and the calculated : . o :
ADP-actin concentration®). The relative changes were calculated changes in the hyperfine splitting constant, which occurs after

in a way that the actual change was compared to the largestthe initiation of nucleotide exchange, are probably the
observed change of the given parameter. Data were plotted as econsequence of the presence of the short actin oligomers

function of time, where zero time is the initiation of the nucleotide (Figure 4). This oligomer population exists transiently (Figure
exchange. The solid line corresponds to the fit to the ADP-actin 3). The observation that the mixture of ATP-actin and ADP-
concentration and the dotted line is the Gaussian fit to the EPR _” . .
data. All the experiments were carried out at 2D (see also aCt'r_‘ monomers nucleates better than hompgeneous solutions
Materials and Methods). of either monomer supports this explanatiéd)(

] o ) . . The existence of the transient oligomer population was
rotational correlation time of the new actin population, which temperature-dependent and its time kinetics could be char-
was 52+ 5 ns. The relative amplitude of thls_ correlation acterized on a time scale of minutes (Figure 3). The ATP
time decreases from 0.6 (measured after 10 min) to 0.47 (35¢oncentration measurements indicate that the nucleotide
min) and 0.42 (60 min). _ exchange procedure itself cannot be the rate-limiting step

We also verified the efficiency of the nucleotide exchange of this time dependence (Table 1). The change in the
by measuring the total ATP concentration in either the temperature influences the rate of the oligomerization, which
presence or absence of actin monomers. This was performegesyits in the fact that the transient change in actin population
by applying the same experimental conditions as those injs slower at lower temperatures (Figure 3). However, the
the spectroscopic measurements. In the absence of actin thgonformational transitions induced by nucleotide exchange
initial 200u4M ATP concentration was reduced to a negligible 5¢ temperatures below 2@ were probably concealed by
level within 30 s at both 5 and 2TC (Table 1). However,  the superimposed effect of temperature on the hyperfine
in the presence of the actin monomers a similarly fast splitting constant.
decrease of the ATP concentration was followed by slower |, the FRET measurements a conformational change was
ATP consumption (Toable 1). The decrease of the ATP 550 detected after the initiation of the replacement of ATP
concentration was 16% slower af6 than at 20C (Table  \jth ADP (Figure 6). The transfer efficiency increased during
1). The different time kinetics of the ATP concentrations in  ATp—ADP exchange and reached its maximum value (72%)
the presence and absence of actin are very likely to beyithin 30 min at 20°C. Therefore, one can conclude that
attributed to the bound fraction of the ATP. Accordingly, there is conformational transition in the actin monomer,
the slower phase of the ATP concentration vs time can be yhich brings the two labeled residues (i.e., GIn-41 and Cys-
considered as a good measure of the actin-bound ATP andg74y closer to each other. This conformational change is
therefore, the ATP-G-actin concentration. Since the ATP- probably the same as the one reflected by the faster
G-actin and total actin concentrations are known, the increasecomponent (characterized by a lifetime of about 25 min) in
in the ADP-G-actin concentration can be calculated (Figure {he analysis of the time dependence of the IAEDANS
7). emission.

In contrast to the time dependence of the hyperfine
DISCUSSION splitting constant, the change of the FRET efficiency is not

Formation and rearrangement of actin networks are transient (Figure 7). This observation indicates that the

regulated by many factors within a cell. The nucleotide- increase of the FRET efficiency is not the consequence of

Time (min)
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the proposed formation of oligomers. The insensitivity of conclude that the presence of a new actin population with
the FRET efficiency to the oligomerization suggests that the substantially slower rotational mobility is evidenced. Fur-

spatial arrangement of monomers within these oligomers doeshermore, the contribution of this population to the observed
not induce an effective interprotomer energy transfer. It is anisotropy decay is decreasing with time in qualitative

known that the GIn-41 residue in subdomain 2 and the Cys- accordance with the EPR data.

374 residue in subdomain 1 are close to each other within

the actin filament %5, 56. Accordingly, in the oligomers ~ SUMMARY

generated during the AFPADP exchange the connection In light of these spectroscopic data, there are at least two

sites between adjacent monomers are different from the onegings of conformational transitions in the actin monomer after
along the long-pitch helix in the actin filaments. _the initiation of nucleotide exchange. There is a rapid
Comparing the time dependence of the ADP-Mg-actin conformational change where the GIn-41 and Cys-374
concentration with the obtained spectroscopic parametersresidues come closer to each other. This new conformational
provides further information rggarding the intramolegular Or state provides the structural basis for the generation of an
intermolecular events occurring during the nucleotide ex- sjigomer population. In these oligomers the connection sites
change. The FRET efficiency increases simultaneously with petween adjacent monomers are different from the ones along
the ADP-Mg-G-actin concentration (Figure 7), which indi-  the |ong-pitch helix in the actin filaments. Further confor-
cates that approaching of GIn-41 to Cys-374 residue occursmational transitions lead to the decrease of the concentration
promptly after the nucleotide exchange. On the other hand, of oligomers. On the other hand there is a slower confor-
the increase of the hyperfine splitting constant is in delay mational change in the actin monomer that could be detected
compared to the ADP-Mg-actin concentration, which indi-  eyen several hours after the start of the nucleotide exchange
cates that the formation of oligomers happens on a slower(35)_ These results emphasize the importance of the nature
time scale, after the intramonomer conformational transition of the nucleotide (ATP or ADP) bound to the monomer actin

reflected by the FRET data (Figure 7). in the regulation of actin polymerization.
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