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ABSTRACT Conformational changes in subdomain 2 of actin were investigated using fluorescence probes dansyl cadav-
erine (DC) or dansyl ethylenediamine (DED) covalently attached to GIn*'. Examination of changes in the fluorescence emission
spectra as a function of time during Ca®>*/Mg®" and ATP/ADP exchange at the high-affinity site for divalent cation-nucleotide
complex in G-actin confirmed a profound influence of the type of nucleotide but failed to detect a significant cation-
dependent difference in the environment of GIn*'. No significant difference between Ca- and Mg-actin was also seen in the
magnitude of the fluorescence changes resulting from the polymerization of these two actin forms. Evidence is presented that
earlier reported cation-dependent differences in the conformation of the loop 38-52 may be related to time-dependent
changes in the conformation of subdomain 2 in DED- or DC-labeled G-actin, accelerated by substitution of Mg?™* for Ca®™*
in CaATP-G-actin and, in particular, by conversion of MgATP- into MgADP-G-actin. These spontaneous changes are
associated with a denaturation-driven release of the bound nucleotide that is promoted by two effects of DED or DC labeling:
lowered affinity of actin for nucleotide and acceleration of ATP hydrolysis on MgATP-G-actin that converts it into a less stable
MgADP form. Evidence is presented that the changes in the environment of GIn*' accompanying actin polymerization result
in part from the release of P, after the hydrolysis of ATP on the polymer. A similarity of this change to that accompanying
replacement of the bound ATP with ADP in G-actin is discussed.

INTRODUCTION

It is well known that the type of nucleotide, ATP or ADP, structure of B-actin:profilin crystals (Schutt et al., 1993)
and the type of divalent cation, €aor Mg?*, bound with  implicate the DNase I-binding loop (residues 38-52) on the
high affinities in the cleft between the two domains of the surface of subdomain 2 in formation of actin-actin contacts,
actin monomer (Kabsch et al., 1990), influence the kineticsonsistent with the inhibition of actin polymerization by
of actin polymerization and dynamic properties of actincertain chemical or proteolytic modifications of this loop
filaments (for a review, see Carlier, 1991; Estes et al.(Hegyi et al., 1974; Schwyter et al., 1989; Khaitlina et al.,
1992). These effects might be exerted through transmissiongg3). Refinements of the atomic model of F-actin against
of conformational changes from the binding site for thedata obtained from low-resolution x-ray diffraction on ori-
cation-nucleotide complex to the surface loops participatingented F-actin gels (Lorenz et al., 1993; Tirion et al., 1995)
in the intermonomer interactions, and/or by inﬂuenCing thesuggest that po|ymerizati0n of CaATP-G-actin is accompa-

relative orientation of the domains or subdomains of theyjed by a rotation and shift of subdomain 2 toward subdo-
monomer. That actin can adopt different conformations bymain 4 and reorientation of loop 38-52 relative to the

relative movements of the two domains and their subdog_actin:DNase | crystal structure. Narrowing of the inter-

mains about hinge points has been concluded from normg|omain cleft resulting from these changes has been con-

mode analysis of G-actin (Tirion and ben-Avraham, 1993)i:meq by fluorescence resonance energy transfer measure-

and experimentally proved by crystallographic analysis ofants (Miki and Kouyama, 1994). Studies on F-actin

p-actin:profilin complex under different chemical or phys- 556 in an ADP-Rstate that use beryllium fluoride as an

ical condlltlons (,Ch'k e,t al., 1996). ) i __analog of inorganic phosphate showed that some of these
There is growing evidence that changes in the orientation .« ns may be linked to the release phfeer hydrolysis

of subdomain 2 of actin and conformational transitionsOf the actin-bound ATP that accompanies polymer growth

within this subdomain may play important roles in the The differences in the structure of subdomain 2 in the

polymerization process and stabilization of the ﬁlament'filaments in the ADP-Pstate and in the final ADP state
The atomic models of F-actin (Holmes et al., 1990; Lorenz . ) . N

- : revealed by three-dimensional reconstructions of the fila-
et al.,, 1993; Tirion et al., 1995) as well as the ribbon .

ments from electron micrographs (Orlova and Egelman,

1992) and by limited proteolysis experiments (Muhlrad et
al., 1994), were suggested to be a structural basis for the
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also been detected. Profound changes in the conformation ahanges in the fluorescence spectra of DED- or DC-labeled
the DNase I-hinding loop were revealed by limited prote-actin. Evidence is presented that these spontaneous changes,
olysis (Strzelecka-Gotaszewska et al., 1993; Muhlrad et alrelatively slow in CaATP-G-actin but largely accelerated by
1994), fluorescence measurements on actin labeled 4t Gintransformation of CaATP- into MgATP-G-actin and by
with dansyl ethylenediamine (DED) or dansyl cadaverinefurther replacement of ATP with ADP, reflect profound
(DC) (Kim et al., 1995; Moraczewska et al., 1996), andchanges in the conformation of subdomain 2 upon release of
changes in the ability of Gftf of G-actin to participate in a the bound nucleotide and are associated with diminished
cross-link formation with S1 in a bacterial transglutami- affinity of DED- or DC-modified G-actin for nucleotide.
nase-catalyzed reaction (Eligula et al., 1998). The proteo-

lytic digestion experiments also demonstrated a sensitivityy ATERIALS AND METHODS

of the segment 61—-69 to ATP/ADP replacement in G-actin.

Similar studies on the effects of £4Mg?" replacement at Reagents

the hlgh—afflnlty site for divalent cation resulted in divergent DC (dansyl cadaverine) and DED (dansyl ethylenediamine) were pur-
findings. A profound change in the environment of t3In  chased from Molecular Probes (Eugene, OR). ATP, ADP, hexokinase, and
apparent from measurements of the fluorescence of DEDEGTA were from Sigma Chemical Co (St. Louis, MO).

labeled G-actin (Kim et al., 1995), has not been observed

with DC-labeled actin (Moraczewska et al., 1996). Like- Protein preparation and labeling

wise, the SenSitiVity of subtilisin Cleavage at Kfeto the Rabbit skeletal muscle actin was prepared as described by Spudich and
type of the bound cation reported by Kim et al. (1995) is inwatt (1971) and was stored in buffer containing 2 mM HEPES (pH 7.6),
disagreement with earlier limited proteolysis studies show9.2 mM ATP, 0.1 mM CaC}, 0.2-0.4 mM DTT, and 0.02% NaNbuffer
ing conformational effects of éé/M92+ replacement in  G)at2°C. Unless stated otherwise, b'efo're measurements the (ioncentration
G-actin on the segment 61—69 but not on the DNase |_bgL§earCGg was lowered to 5QuM by dilution of actin with a C&"-free
inding loop (Strzelecka-Gotaszewska et al., 1993). Exami- Labeli.ng of GIri* of actin with DC or DED in the reaction catalyzed by
nation of cation-dependent differences in the structure ofransgiutaminase was performed using Gindependent microbial trans-
subdomain 2 in the polymer subunits by comparison ofglutaminase obtained and purified as described by Huang et al. (1992).
electron microscopic three-dimensional reconstructions o{-\ctin (24 uM) in buffer G was incubated with transglutaminase (0.5-1.0
the filaments of Ca- and Mg-F-actin have also led to Con_unit/ml) and either DC or DED equimolar to actin,rf@ h at room
e e . emperature. To remove the enzyme and unbound label, actin was poly-
troversial fmdmgs (Orlova and Egelman, 1993; Steinmetz eﬁnerized with 0.1 M KCI, and F-actin was collected by ultracentrifugation
al., 1997)- at 150,000x g for 1.5 h and then depolymerized by exhaustive dialysis
In view of the suggested participation of the loop 38-52against buffer G. To remove the remaining unbound label and some
in the intermonomer contacts in F-actin, clarification of cross-linked actin oligomers produced by the reaction with transglutami-
possible influence of the type of the tightly bound cation on™ase: DC- and DED-labeled actins were gel-filtered on a Sepha_ldex G—_lOO
. . . . column, and buffer G was used as the eluent. Before use, actin solutions
the conformation of this loop in both G- and F-actin seems, ¢ e clarified by centrifugation at 100,000 g for 1 h at4°C.
to be important for at least two reasons: 1) the atomic MmgATP-G-actin was prepared directly before measurements by incu-
models of F-actin were based on the structure of this proteiihation of CaATP-G-actin with 0.2 mM EGTA/0.05 mM Mgglor 3 min
with C&* bound at the high-affinity site, whereas R/Tgis at 25°C after the initial concentration of €aions was lowered to 50M
the in vivo bound cation (references in Estes et al., 1992); 2?3’ dilution of actin with a C&'free buffer G. This treatment ensures
. . . omplete replacement of the initially bound®Cawith Mg?* (Gershman et
cation-dependent changes in the conformation of the Ioogl_‘ 1986).
38-52 might be a structural basis for the differences in the mgADP-G-actin was prepared essentially as described by Gershman et
kinetics of polymerization of Ca- and Mg-actin and in the al. (1989), by incubation of MgATP-G-actin with 0.8 mM ADP, 0.3 mM
dynamics of their filaments (Carlier, 1991; Estes et al.,glucose, and hexokinase (20 U/ml) to convert the initially present ATP (0.2
1992; Orlova and Egelman, 1993). In this study we presenf'™) into ADP, at 0°C for-1 h. . .

. . N The concentration of G-actin was determined spectrophotometrically,
new data on the cation-, nucleotide-, and p0|ymer'zat'onhsing an absorption coefficient of 0.63 mghiat 290 nm (Houk and Ue,
dependent changes in the environment of'&probed with 1974). The contribution of the label to the total absorption at 290 nm was
dansyl fluorophores attached to this residue. By direct comnegligible. The labeling ratios were determined spectrophotometrically,
parison of Changes in the fluorescence of DED- and DC4using a molar absorption coefficient of 4.6410° M~ cm ! at 326 nm
labeled actin, we have excluded the possibility that theorDC (Lorand etal., 1968) and 4.8 10°M~* cm ™ at 334 nm for DED
discrepancies between the earlier observations arise 1‘r0|(r}§Im et al., 1995).
different orientation of the fluorophore in DED- and DC-
actin due to a longer linker arm in DC. The data presente
here document that the environment of &lim both G- and  Fluorescence and light-scattering measurements were carried out in a Spex
F-actin is not significantly influenced by the type of cation, Fluorolog spectrofluorometer (Spex Industries, Edison, NJ).

Ca" or Mg®", present at the high-affinity site and suggest

that the earlier reported differences between Ca- and MgATP hydrolysis

G-actin, as well as the difference between changes a‘CCO"];&"I'P hydrolysis during storage of actin in the MgATP form was assayed by

panying polymerization of these two forms of ?—Ctin (Kim et getermination of inorganic phosphate by the malachite green method
al., 1995), may be related to spontaneous time-dependetodama et al., 1986).

(fluorescence and light-scattering measurements
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Determination of exposed thiol groups rescence maximum was detected. The half-time of this
Exposed thiol groups were determined spectrophotometrically by reactiorgranSition’ ~40 s at 25°C, Is in gOOd agreement with the
L " . L
with 0.25 mM g-hydroxyethyl-2,4-dinitrophenyl disulfide (HEDD), using Kinetics of C&” release from CaATP-G-actin, which is the
a value of 13,060 M* cm™* at 408 nm for an absorption coefficient of rate-limiting step in the conversion of Ca-G-actin into Mg-
2,4-dinitrothiophenol released in this reaction (Bitny-Szlachto, 1960). Ac-G-actin (Estes et al., 1987; Nowak et al., 1988). Thus the
tin used for thiol group titrations was exhaustively dialyzed against DTT-jnitial quenching of the fluorescence appears to be linked to

free buffer G. In the course of EDTA-induced denaturation of actin, the fas . o .
initial reaction with HEDD of the already exposed groups (complete in Iesstthe replacement of the bound Cawith Mg=". This change

than 1 min) was followed by a slower process reflecting the denaturationvas followed, however, by a slow increase in the fluores-
driven uncovering of other thiol groups. The number of thiol groups cence intensity and a blue shift of the fluorescence maxi-
st ey e  or i 17 i (P, 16) S reions wero bsened i
time 2f the addition of HEDDp(time 0 for the reactior? W?th HEDUD). (bc_la.beIEd actin (da.ta not illustrated). These observations
explain why the previously reported spectra of DC-labeled
MgATP-G-actin (Moraczewska et al., 1996), which were
Kinetic data analysis recorded after 10—15 min of incubation of CaATP-G-actin

The kinetic parameters for the data shown in this paper were computed b\{)”th EGTA/MgCI, at 20°C, reve.aIEd a smal-5%) _'n' ]
nonlinear regression with the Levenberg-Marquardt algorithm (programcrease rather than the decrease in the fluorescence intensity.

Curve Expert 1.3). The spectra reported by Kim et al. (1995) for DED-labeled
MgATP-G-actin are characteristic of a later stage of the
RESULTS slow transformation of this actin into another conforma-

] ot tional state, which might result from a longer storage of
Effects of exchange of the tightly bound Ca™" for  actin in the Mg form before the measurement.

Mg?* on the environment of GIn*" in G-actin An increase in the fluorescence intensity and a blue shift
The disparate findings with regard to the effects of@a ©f the emission maximum of both DED- and DC-labeled
Mg?* exchange on the environment of Gtin G-actin G-actin have been observed when the bound ATP was
probed using DED- (Kim et al., 1995) or DC-labeled actin replaced with ADP (Kim et al., 1995; Moraczewska et al.,
(Moraczewska et al., 1996) prompted us to more carefullyd996). In light of these findings, it was reasonable to sup-
examine these effects. This was done by following timepose that one of the reasons for the changes occurring
courses of changes in the fluorescence of labeled CaATRiuring storage of G-actin in the MgATP form might be the
G-actin after the addition of 0.2 mM EGTA/0.05 mM slow hydrolysis of the bound ATP reported to take place in
MgCl, to initiate an exchange of the bound®Cdor Mg?*.  this form of actin (Attri et al., 1991; Mossakowska et al.,
As shown in Fig. 1A for DED-labeled actin, the addition of 1993). As shown in Fig. 2, a 66% labeling of actin with
EGTA/MgCI, resulted in a~3% decrease in the fluores- DED further increased the rate of ATP hydrolysis, from
cence intensity. No significant shift in position of the fluo- ~0.3 to ~0.5 mol/mol actin/h at 25°C. This may be an
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FIGURE 1 Effects of exchange of the tightly bound?Cdor Mg?" on the fluorescence of DED-labeled G-actiA) Time course of changes in the
fluorescence of DED-G-actin after the addition of 0.2 mM EGTA{Z@ MgCl, (arrow) to CaATP-G-actin (1uM, 83% DED-labeled) at 25°C. The
fluorescence intensity was registered at 525 nm after excitation at 344B)ifaluprescence emission spectra of DED-labeled CaATP-G-dctiog( 1),
and of MgATP-G-actin after 3 mintiace 2 or 4 h frace 3 of incubation at 25°C with EGTA/MgG] curve 4 was recorded aftd h at25°C and an
additional 16 h at 0°CA., = 344 nm.
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FIGURE 3 Time-dependent changes in the fluorescence emission spec-
tra, and reactivity of the thiol groups of DED-labeled MgATP-G-actin.
CaATP-G-actin (3uM) (73% DED-labeled, in 2 mM HEPES, pH 7.6, 0.2
S mM ATP, 50 uM CaCl,, and 0.1% Naly) was converted into MgATP-
CaATP-G-actin (in 2 mM HEPI_ES’ pH 7.6, WOATP_’ 50uM CaCl,, 0.4 G-actin by the addition of 0.2 mM EGTA/5@M MgCI,, (time zero in the

mM DTT, and 0.1% Nal}b was |ncubat_ed at25 CV\_"th 0.2mM EGTA/50 figure) and left standing in the fluorescence cuvette at 25°C. At time
#M MgCI, added at time zero. At intervals, aliquots were taken for intervals the fluorescence emission spectra were recorded after excitation

determination of inorganic phosphate as described in Materials and Methy 214\, From a parallel sample incubated under identical conditions,

odz.fBars alrebstlagdarq deviation ,Of the measurements from three Iabel%ﬂquots were taken for determination of the number of reactive thiol
and four unlabeled actin preparations. groups.[J, Position 0fA,.,; O, increase in the fluorescence intensity at
Amax 2, NuMber of titratable thiol groups.

FIGURE 2 ATP hydrolysis in solutions of DED-labeled and unlabeled
MgATP-G-actins. Unlabeled (uM) (O) and 66% DED-labeled £

intramolecular effect of the labeling, or it may be connected

to a stimulation of a reversible oligomer formation knowntoin Fig. 4, possible contribution of actin denaturation to the
take place in Mg-G-actin solutions (Attri et al., 1991, andfluorescence changes after replacement of the boufd Ca
references therein). This latter effect may be anticipated ifyith Mg?" was estimated by polymerization of DC-labeled

view of the reported stimulation of actin polymerization by MgATP-G-actin after a 1-h incubation at 25°C, removal of
DC labeling (Takashi, 1988). A characteristic feature of

MgADP-G-actin is an exposure of a second cysteine resi-

due, Cy3° in addition to Cy3’ carrying the only thiol 40

group easily accessible in ATP-G-actin (Drewes and Faul- 35 -

stich, 1991). In Fig. 3 it is shown that the increase in the 4

fluorescence intensity and blue shift af,,, after the ex- 30 -+ 2

change of the bound €& for Mg®" in DED-labeled ATP- 3

G-actin are accompanied by an increase in the number of & 21 1

titratable thiols. On average;0.5 mol SH group per mole § 20

of actin became exposed within a 3-h incubation qild §

MgATP-G-actin, 73—81% DED-labeled, at 25°C (data from £ 157 3

four experiments). A transformation of as much as 50% of Z 10 -

MgATP-G-actin into the ADP form under these experimen-

tal conditions is unlikely, because from the rate of the 5

Mg-G-actin ATPase we can expect hydrolysis of only a 01— . . :
small fraction of total ATP 7.5 uM of 200 uM), and 450 500 550 600 650
ADP is bound to G-actin (in both Ca- and Mg-bound forms)

less tightly than ATP (Kinosian et al., 1993). Thus the Wavelenght (nm)

instability of the emission spectra of DED- or DC-labeled i . . .
MaATP-G-actin and the exposure of the cvsteine I’eSidueFIGURE 4 Contribution of act|_n _denaturanon to the time-dependent

9 . P Y _§hanges in the fluorescence emission spectra of DC-labeled MgATP-G-
of these actins must be related to some other process trigetin, MgATP-G-actin (3uM) (79% DC-labeled, other conditions as in
gerred by the cation replacement. Fig. 3) was incubated fdl h at25°C and then polymerized with 0.1 M KCI

The increase in the number of titratable thiols might alsoand phalloidin at twice actin concentration, and F-actin was sedimented by
be an indication of actin denaturation, which is known t030 min of centrifugation at_ 3_»(?0,00@ g. Traces ‘1—3 are the fluorescence

. ., . emission spectra of the initial MgATP-G-actitrgce 1), of the same

resultin an_ exposure_ of all four SH groups that are buried Insolution afte 1 h of incubation at 25°Ctface 2, and of the supernatant
ATP-G-actin (Faulstich et al., 1984; Konno and Morales,after sedimentation of polymerized actitiace 3. Trace 4 is a sum of
1985; and references therein). In the experiment illustrateépectra 1 and 3\, = 332 nm.
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the polymer by ultracentrifugation, and measurement of th@mission spectra of DC-labeled CaATP-G-actin developing
fluorescence spectrum of the protein that remained in then the addition of 0.5 mM EDTA at 25°C. An increase in
supernatant. Complete transformation of the native G-actiguantum yield of the fluorescence of about sixfold and a
into the polymer was ensured by adding phalloidin at twiceshift of the fluorescence maximum from 530 nm2 nm to

the actin concentration, together with salt (Estes et al., 1981491 nm=* 2 nm (average values SD from 30 measure-
Coluccio and Tilney, 1984). As can be seen, the wholements on freshly obtained CaATP-G-actin preparations)
increase in the fluorescence intensity and blue shift,Qf,  were observed. The time courses of these changes, shown in
that occurred during the incubation of G-actin in theFig. 5B, could be fitted by a single exponential term with
MgATP form can be accounted for by the fluorescence ofrate constants of 1.+ 0.3 X 10 s ! and 5.7= 0.9 X

the unpolymerized, inactive protein recovered in the superi0 2 s ! (mean values- SD from five measurements) for
natant (less than 4% of total actin). To better evaluate theéhe fluorescence increase and the shift in position,gf,,
contribution of various steps of actin denaturation to therespectively. These values are one to two orders of magni-
time-dependent changes in the fluorescence of the labeladde lower than those reported for the apparent rate constant
MgATP-G-actin, in the subsequent experiments we havef Ca#" dissociation from CaATP-G-actin under similar
examined the changes in the emission spectra accompangenditions (EDTA or EGTA in large excess over actin, pH
ing denaturation of actin induced by a removal of the boundn the range 7—-8, 20—22°C) (Nowak et al., 1988; Valentin-
cation with EDTA. Ranc and Carlier, 1991). This comparison suggests that the
changes in the fluorescence of the dansyl fluorophore are
linked to either denaturation or the denaturation-driven dis-
sociation of ATP from cation-free actin rather than to
EDTA-induced C&" release from the initial CaATP-G-
actin complex.

Fig. 5B also shows that the changes in the fluorescence
Removal of G-actin-bound divalent cation by treatmentof DC label are accompanied by uncovering of three of the
with metal chelators lowers the affinity of actin to nucleo- four cysteine residues of actin that are inaccessible to thiol
tide (West, 1971; Nowak et al., 1988; Valentin-Ranc andreagents in ATP-G-actin. The apparent first-order rate con-
Carlier, 1991; Kinosian et al., 1993) and eventually leads tcstant for this process, 65 1.0 X 10 *s ! (mean value-
irreversible inactivation of the nucleotide-free protein (Mar- SD from three experiments), was close to that for the
tonosi and Gouvea, 1961; Bay et al., 1962; Nagy and increase in the fluorescence intensity. Earlier studies
Jencks, 1962). Fig. B shows changes in the fluorescence showed that actin with four thiol groups exposed, obtained

Changes in the fluorescence emission spectrum
of DC-labeled G-actin upon removal of its
bound Ca?* with EDTA. Destabilization of
nucleotide-actin complex by labeling of GIn*'

sdnosf joiy; pasodxa jo JaquinN

Fluorescence intensity (a.u.)

Changes in fluorescence intensity

0 T T T 1 T T 1
400 450 500 550 600 650 0 20 40 60 80 100 120 140
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FIGURE 5 Changes in the fluorescence emission spectra and reactivity of the thiol groups of DC-labeled CaATP-G-actin after removal of the bound
Ca" by EDTA. CaATP-G-actin (M) (52% DC-labeled) was supplemented with 0.5 mM EDTA at time 0. At intervals, the fluorescence emission spectra
were recorded at 25°C after excitation at 332 nm. From a parallel sample incubated under identical conditions, aliquots were taken at intervals for
determination of the number of reactive thiol groups, as described in Materials and Mefidesiofescence emission spectra before and after incubation

with EDTA for the times (min) indicatedB) Time courses of changes in relative quantum yi€ljl &nd position of,,, ((J) of DC fluorescenceléft

ordinate), and in the number of titratable thiol groups, (right ordinate). The changes in the fluorescence are expressed as a percentage of the final change.
The solid curves are the fits to one exponential term; rate constants are given in the text. Bars are the standard deviation\pbtHiee (O, [J)
measurements; bars are omitted if the range is smaller than the symbol.
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by a fast depolymerization of F-actin in ATP-free buffer indicating an exposure from two to four cysteine residues in
solution, loses its polymerizability (at 4°C) in only30 min  cation-free ATP-G-actin (Konno and Morales, 1985; Val-
(Faulstich et al., 1984). This confirms that the EDTA- entin-Ranc and Carlier, 1991). This discrepancy seems to be
induced thiol group exposure and the accompanying endue to the use in these earlier works of a slowly reacting
hancement of the fluorescence of DC-labeled actin monitothiol reagent, 5,5dithiobis(2-nitrobenzoic acid) (DTNB),
accumulation of an intermediate of actin denaturation.  and, consequently, much longer incubation of EDTA-
To verify that the changes in the fluorescence of DC labeltreated actin with the reagent than is required for the reac-
are linked to the time-dependent loss of the bound nuclection with HEDD used here. In our experience, the joint
tide from metal ion-free actin, we measured the rate of thgresence of EDTA and a thiol reagent largely accelerates
fluorescence increase in the presence of EDTA as a functiothe exposure of actin thiol groups.
of ATP concentration. Because ATP is in rapid equilibrium  From the results described in this and in the preceding
with cation-free actin, and nucleotide-free actin irreversiblysection, it is clear that the presence of even small amounts
denatures, the experimental rate constaktgy)( for the  of denatured protein in actin preparations has a large impact
increase in DC fluorescence taken as a measure of then the fluorescence emission spectra of dansyl fluorophores
denaturation should show the following dependence omn GIrf. Indeed, we have noticed a gradual blue shift of the
ATP concentration (Nowak et al., 1988; Kinosian et al.,emission spectra of both DC- and DED-labeled G-actin left
1993): standing on ice, even if it was in the most stable CaATP
form. Removal of denatured actin by a polymerization-
Ukexp = Lk + [ATPI/koKaisd (1) ultracentrifugation-depolymerization cycle restored the
original spectra of freshly prepared CaATP-G-actin. The
wherek, is the first-order rate constant of denaturation andiarge acceleration of denaturation of the labeled actin by
Kaiss IS the equilibrium dissociation constant of ATP from replacement of the bound &awith Mg?*, which appears
cation-free actin. Fig. 6 shows that, indeed, the reciprocal ofp be responsible for the increased instability of the fluo-
the observed rate constant for the fluorescence change israscence spectra of MgATP-G-actin, seems to be underlain
linear function of ATP concentration at least up to 1.04d. by two effects of the bound Mg. The stimulation of the
Linear regression yielded valueslof= 1.0 = 0.2 X 107 G-actin ATPase may lead to a depletion of free ATP and
s tandKgss= 4.0+ 1.3 X 10 ° M. conversion of MgATP-G-actin into the unstable MgADP
Our observation that the thiol group exposure in EDTA-form when this actin is stored at high protein concentrations.
treated actin parallels the release of nucleotide rather thant 0°C, 85% DED-labeled MgATP-G-actin hydrolyzed
the removal of cation is in disagreement with earlier studiesyearly 3 mol ATP/mol actin within 22 h. One can calculate
that 50uM actin would consume all free ATP (usually 200
wM) within ~29 h. The other effect of Mg is related to
500 the lower rate constant of reassociation of this cation with
actin relative to Ca'. Replacement of G4 with Mg?*
accelerates actin denaturation because the average time that
actin spends cation free, with a reduced affinity for nucle-
otide, is longer for Mg-G-actin than for Ca-G-actin, and
300 nucleotide-free actin undergoes a fast denaturation (Kino-
sian et al.,, 1993, and references therein). Conversion of
MgATP-G-actin into the less stable MgADP form (Gersh-
man et al., 1989) increases the probability of nucleotide
(ADP) dissociation from the monomers that are momen-
100 tarily free of the bound divalent cation and of denaturation
of the nucleotide-free monomers before the rebinding of
0 ; . ATP present in the solution and stabilization of the nucle-
0 50 100 150 otide-actin complex by rebinding of Mg. In view of the
decreased affinity of the labeled actin for nucleotide, this
[ATP] (uM) effect seems to explain the relatively fast denaturation of the
. ) MgATP form of this actin, even at low protein concentra-
FIGURE 6 I_Depen_dence of the rate of _EDTA-lnduced change in thetions at which no significant accumulation of MgADP-G-
fluorescence intensity of DC-labeled G-actin on ATP concentration. Sam-""" | . .
ples of 2uM CaATP-G-actin (78—84% DC-labeled) in 2 mM HEPES (pH actin can be expected on the time scale of our experiments.

7.6), 10uM CaCl,, 0.2 mM DTT, and various concentrations of ATP were

supplemented with 1 mM EDTA, and the changes in DC fluorescence were .
recorded at 491 nmA(,,, for denatured actin) after excitation at 332 nm, Effects of ATP/ADP exchange at the nucleotide

at 25°C. The reciprocals of the rate of increase in the fluorescence intensigite on the environment of GIn*! in G-actin

are plotted versus ATP concentration. The mean values and the linear . . . .
regression line for data points from four independent experiments ard N€ instability of ADP-G-actin and the large changes in the

shown. Bars are the standard deviation of the mean. environment of dansyl fluorophores on Gtrshown here to
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accompany denaturation of the labeled protein call for cauvarious incubation times. As can be seen in FigA7
tion in the interpretation of the fluorescence changes obinitially the reversibility increased with time, reflecting an
served upon conversion of ATP-G-actin into ADP-G-actin.increase of the fraction of actin that had been converted into
Incubation of MgATP-G-actin with hexokinase and glucosethe ADP form before the addition of ATP. However, evenin
to transform free ATP into ADP, which then exchanges withthis initial phase, only~50% of the fluorescence change
the bound ATP, was shown to be the fastest and modafter a 60-min incubation with hexokinase and glucose)
efficient procedure of preparing G-actin with ADP at the could be reversed by adding ATP in a fourfold molar excess
nucleotide site (Gershman et al., 1989). However, even thiever ADP. In the second phase of the changes, the revers-
procedure does not seem to avoid some denaturation dbility gradually diminished, down to 12-14% after 24 h.
labeled actin before the exchange comes to completion. Aalthough incomplete reconversion of the ADP-actin into
can be seen in Fig. 7, the time course of changes in thATP-actin might have made some contribution to the irre-
fluorescence of DC-labeled MgATP-G-actin after the addi-versible part of the fluorescence change, as Mg-G-actin
tion of hexokinase was clearly biphasic. The initial, fasterbinds ATP with an affinity only about fourfold higher than
phase lasted for 60—100 min, a period sufficient to converthat for ADP (Kinosian et al., 1993), the experiments de-
unlabeled MgATP-G-actin into MgADP-G-actin under con- scribed below confirm that it is mostly related to fast dena-
ditions used in these experiments, and resulted in an enuration of the labeled MgADP-G-actin.

hancement of the fluorescence quantum yield of about two- Fig. 8 shows representative results of experiments in
fold and in a shift of the fluorescence maximum from 531 which, after exchange of ATP for ADP, nondenatured actin
nm to 520-522 nm. No stable fluorescence plateau wawas polymerized in the presence of phalloidin to lower the
established, however. An increase in the quantum yield o€ritical concentration for polymerization, and the emission
about fourfold and a shift of the fluorescence maximum tospectrum of supernatant after removal of the polymer by
489 nm observed after a 24-h incubation at 0°C show thatiltracentrifugation tface 4 was compared with those of
the spectra registered after prolonged incubation of théMgATP-G-actin {race 1) and the MgADP-G-actin solution
labeled actin in MgADP form, even at high (1 mM) free (trace 2. From these data and from the amount of actin
ADP concentration, are dominated by changes characterisemaining in the supernatant, one can calculate the spectrum
tic of denatured actin. This is also apparent from the incomyesulting from the replacement of bound ATP with ADP in
plete reversibility of the fluorescence change upon the adnative actin {race 5. In agreement with the magnitude of
dition of excess ATP to replace the bound ADP afterthe reversible part of the fluorescence change by the end of
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FIGURE 7 Changes in the fluorescence emission spectra of DC label accompanying a conversion of the labeled MgATP-G-actin into MgADP-G-actin.
CaATP-G-actin (uM) (70—-87% DC-labeled, in 2 mM HEPES (pH 7.6), 0.2 mM ATP, 0.05 mM GaCR mM DTT, 0.3 mM glucose, and 0.1% NgN

was incubated with 0.2 mM EGTA and M MgCl, for 8 min at 0°C to replace bound Eawith Mg?*. Then (time 0 in the figure) 0.8 mM ADP and
hexokinase (20 U/ml) were added. After various times, aliquots of the solution (kept at 0°C) were diluted fivefold with a buffer solution contaMing 2
HEPES (pH 7.6), 0.2 mM EGTA, and 50M MgCl,, and the fluorescence emission spectra were recorded at 5°C after excitation at 332 nm. Immediately
after that, ATP at a final concentration of 1 mM was added to each sample to replace the bound ADP with ATP. The exchange reaction was monitored
by measuring the decrease in the fluorescence intensity, and then the final spectra were re&pRigdtife quantum yield of DC fluorescence before

(O) and after exchange of bound ADP for ATR)( The quantum yield of MgATP-G-actin at time O was taken as 1. Time-dependent changes in the
fluorescence of MgATP-G-actirl_{) are also shown. Bars are the range of data points from two experiments; bars are omitted if the range is smaller than
the symbol. The curves were drawn through data poiB}s-luorescence emission spectra befaraces 1, 2and3), and after exchange of ATP into actin

(traces 2 and3') at time 0 frace 1), 62 min ¢races 2and?2’), and 24 h {races 3and3’). All data are corrected for dilutions.
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FIGURE 8 Changes in the fluorescence emission spectrum of DC-laFIGURE 9  Polymerization-induced changes in the fluorescence emis-
beled Mg-G-actin directly linked to a replacement of the bound ATP with Sion spectra of DC-labeled CaATP-G-actin and MgATP-G-actin. CaATP-
ADP. MgATP-G-actin (5uM) (80% DC-labeled) was incubated with G-actin (5uM) (90% DC-labeled) was polymerized with 0.1 M KCl
hexokinase and glucose as described in the legend to Fig. 7, at 5°C for 2.5directly (Ca-actin) and, in a parallel sample, after a 3-min incubation with
to ensure a complete conversion into MgADP-G-actin. Actin was then0-2 MM EGTA and 50uM MgCl, (Mg-actin). Emission spectra of the
polymerized with 0.1 M KCI and phalloidin at twice the actin concentra- G-actins (Ca-G, Mg-G) and F-actins (Ca-F, Mg-F) were recorded at 25°C,
tion, and F-actin was sedimented by a 30-min centrifugation at 3005000 after excitation at 332 nm.
g. Traces 1-4 are the fluorescence emission spectra of the initial MgGATP-
G-actin ¢race 1), of the same solution after the incubation with hexokinase
and glucosettace 2 and after subsequent polymerizatiora¢e 3, and of ~ CaCl, used for CaATP-G-actin and 2 mM MgClfor
the supernatant after sedimentat_ion of the polyrracé 4) Trace 5 is the MgATP-G-actin (data not shown). The failure to observe a
spectrum of 5uM M_gA_DP-G-actln, obtained as the difference between similar change in MgATP-G-actin in the earlier study might
spectra 2 and 4 multiplied by a factor @f(c, — cJ), wherec, andc, are the . :
protein concentrations of total actin and of that in the supernatant, respe(have been due to a prolonged storage of this actin before
tively. The directly measured spectra are corrected for dilutions. polymerization, which, as was shown here, results in spec-
tral changes that may overshadow the polymerization-de-
pendent change. A time-dependent decrease in the concen-
the exchange reaction, an increase in the fluorescence ifration of polymerizable actin, due to the Kigstimulated
tensity of ~40% and a 4-nm blue shift o¥,,, were found  ATP hydrolysis, converting ATP-G-actin into ADP-G-actin
to be directly linked to the nucleotide exchange. Thesgwhich has a higher critical concentration for polymeriza-
changes, suggesting a transfer of the probe to a more hyion; Gershman et al., 1989), and to partial denaturation of
drophobic environment, are still large and confirm the con-the unstable MgATP form and, in particular, the MgADP
clusion that conversion of MgATP-G-actin into MgADP- form, can also be expected. This explanation is consistent
G-actin results in a profound change in the conformation ofwith the results in Fig. 10 showing that storage ofu®l
the loop 38-52. MgATP-G-actin at 0°C reduced the polymerization-induced
increase in DED fluorescence from a 2.3-fold to 1.9- and
1.6-fold after 24 and 48 h, respectively, mostly because of
an increase in the fluorescence of the initial MgATP-G-
actin. Fig. 10 also shows a time-dependent change in the
Earlier examination of polymerization-related changes inkinetics of polymerization upon storage of G-actin in the
the environment of Gt with DED- or DC-labeled actins Mg?"-bound form: the disappearance of the initial lag phase
suggested a very small change in MgATP-G-actin (poly-is an indication of a Mg -dependent oligomerization
merized with MgC)) in contrast to a large change in (Newman et al., 1985), which itself may have made some
CaATP-G-actin polymerized with either CgGKim et al.,  contribution to the fluorescence enhancement in G-actin and
1995) or MgC}, (Takashi, 1988). Our comparison of poly- may accelerate the hydrolysis of ATP in this actin, as
merization effects on the fluorescence spectra of both DCeiscussed in one of the preceding sections.
and DED-labeled MgATP- and CaATP-actins showed no Because the polymerization-dependent changes in the
significant cation-dependent difference, provided that poly-emission spectra of DC- and DED-labeled actins are qual-
merization of MgATP-G-actin was started shortly after re-itatively similar to the changes observed upon substitution
placement of the bound €awith Mg?*. Anincrease inthe of ADP for ATP in G-actin, it is reasonable to suppose that
fluorescence intensity of more than twofold and a 10-they are related at least in part to the changes in the con-
16-nm blue shift im,,,,, was observed with both 0.1 M KCI formation of loop 38-52 suggested to occur upon the re-
as the polymerizing salt (Fig. 9, Table 1) and with 2 mM lease of Pfrom F-ADP-R intermediate generated by ATP

Effects of polymerization on the environment of
GIn*' in actin
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TABLE 1 Summary of the effects of Ca2* with Mg2* and ATP with ADP replacements in G-actin, and of KCl-induced
polymerization of CaATP-G-actin or MgATP-G-actin, on the fluorescence of DC or DED label

DC-actin DED-actin
Actin species Amax (NM) Q/IQ, Amax (NM) Q/IQ,
CaATP-G-actin 530 2 (25) 535+ 1 (14)
MgATP-G-actin 528+ 3 (13) 0.97+ 0.05 (10) 535+ 1 (5) 0.97+ 0.05 (21)
MgADP-G-actin 524+ 1 (3) 1.4+ 0.06 (3)
Ca-F-actin 516+ 1 (8) 2.24+ 0.31 (8) 525+ 1 (5) 2.37+ 0.03 (5)
Mg-F-actin 512+ 3 (8) 2.13+ 0.39 (8) 526+ 1 (4) 2.81+ 0.13 (4)

The data are means SEM from the number of determinations given in parenthe@43, is the relative quantum yield of the fluorescence, obtained from
the area under the peak, with the quantum yield of the initial form of actin (i.e., CaATP-G form for MgATP-G-actin, MgATP-G form for MgADP-G-actin,
and CaATP-G-actin or MgATP-G-actin for Ca- and Mg-F-actin, respectively) taken as 1.

hydrolysis during polymerization (Orlova and Egelman, Another type of evidence in support of the contribution of
1992; Muhlrad et al., 1994). This conclusion is supported bythe nucleotide-dependent conformational change to the
comparison of time courses of polymer formation, moni-change accompanying polymerization comes from an ex-
tored by measuring an increase in the light scattering intenamination of the effects of beryllium fluoride (BgFon the
sity, and the increase in the fluorescence intensity after the
addition of polymerizing salt. When the scatter of the results
was eliminated by carrying out both measurements alter-

nately on the same protein sample, it was reproducibly A
observed that the fluorescence change accompanying poly- 100 -
merization of Ca-G-actin lagged slightly behind the poly-
mer formation (Fig. 11A), whereas in Mg-G-actin these . 80-
changes proceeded at virtually the same rates (Fig8)11 §
These relationships seem to reflect the lagging of ATP S 60
hydrolysis and of the subsequent release of inorganic phos- 5
phate behind polymerization, which is easily seen with 3 404
CaATP-actin but is not detectable with MgATP-actin under 2
conditions of the relatively slow spontaneous polymeriza- g 20 -
tion (Carlier and Pantaloni, 1986; Carlier et al., 1987). 9
2
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Time (min) FIGURE 11 Time courses of polymerization and of the accompanying

increase in the fluorescence intensity of DC-labeled CaATP-G-actin and
FIGURE 10 Effects of storage of MgATP-G-actin on the polymeriza- MgATP-G-actin. CaATP-G-actin (12M) (A) and 5uM MgATP-G-actin
tion-induced changes in the fluorescence of DED label. MgATP-G-actin (3(B), 73% DC-labeled, were polymerized with 0.1 M KCI at 25°C. At
uM) (74% DED-labeled, in 2 mM HEPES (pH 7.6), 0.2 mM ATP, oM intervals, light-scattering intensity at 450 nmJY and fluorescence inten-
MgCl,, 0.2 mM EGTA, 0.2 mM DTT, and 0.01% NajNwas polymerized  sity at 512 nm Q) were alternately measured. The light-scattering and
with 0.1 M KCl immediately after replacement of the initially bouncd?Ca  fluorescence intensities at time 0 and at steady state were normalized to 0
with Mg?* (trace 1) or after storage for 24 hréce 2 or 48 h at 0°C {face and to 100, respectively. The smooth curves were drawn through the data
3). The changes in the fluorescence intensity at 525 nm after the additiopoints. The Mg-G-actin was obtained by a 3-min incubation of Ca-G-actin
of KCI (arrow) were recorded at 25°Q.,, = 344 nm. with 0.2 mM EGTA/50uM MgCI, at 25°C.
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emission spectrum of DC-F-actin. As can be seen in Fig. 12and of denaturation-driven dissociation of the bound nucle-
the slow binding of Bef producing an analog of the otide, leading to large changes in the fluorescence emission
transient state F-ADP;fh actin polymerization (Combeau spectra. Slow transformation of G-actin preparations stored
and Carlier, 1988), resulted in a reversal of a significant partn the MgATP form into MgADP-G-actin and partial dena-
(on the average, 25 4%) of the change in DC fluorescence turation of actin might also underlie the inhibition of sub-
intensity that had occurred during polymerization oftilisin cleavage at Mét suggested to result from substitu-
MgATP-G-actin and in a 4-nm red shift of,,_,. Interest-  tion of Mg®* for C&* (Kim et al. 1995), as this inhibition
ingly, the magnitude of this reversible part of the polymer-is a characterisic feature of both MgADP-G-actin and of a
ization-induced change in the fluorescence intensity relativéransient state of EDTA-induced G-actin denaturation (Ho-
to the fluorescence intensity of the initial MgATP-G-actin zumi, 1988; Strzelecka-Gotaszewska et al., 1993; Muhlrad
(~36%) is close to the magnitude of the fluorescenceet al., 1994), and it was not observed with actin digested
change produced by ATP for ADP exchange in G-actin. Ofimmediately after the exchange of €afor Mg?* (Strz-

the same magnitude in both cases are the shiffg, i elecka-Gotaszewska et al., 1993).

The contribution of nucleotide dissociation to the insta-
bility of the fluorescence spectra of DC- or DED-labeled
DISCUSSION G-actin is substantiated by the character, magnitude, and
The results of this work clearly show that replacement ofdependence of the rates of the fluorescence changes after
ca* with Mg?* at the single high-affinity site for divalent the removal of bound CGa from CaATP-G-actin with
cation in G-actin is accompanied by a small quenching ofEDTA on free ATP concentration. The equilibrium constant
the fluorescence of both DC- and DED-labeled actin, andor dissociation of ATP from cation-free DC-actin derived
that the previously reported increase in the fluorescenc&om these measurement§s= 4 X 107> M at 25°C, pH
intensity and blue shift of\,,,,, (Kim et al., 1995; Morac- 7.6, is an order of magnitude higher than Hg. values
zewska et al., 1996) must have reflected slow conformaobtained from the rates of changes in tryptophan fluores-
tional transition(s) subsequent to the conversion of CaATPeence of unmodified actin (Kinosian et al., 1993; Ooi and
G-actin into MgATP-G-actin. An increase in the Mihashi, 1996), but similar to (or lower than) those derived
fluorescence intensity and blue shift af,,,, albeit much from the rates of a decrease in the fluorescence of 5-{2-
slower, were also observed during storage of G-actin in théamino]ethyl}aminonaphthalene-1-sulfonic acid-actin (AE-
CaATP form. Their acceleration by replacement of theDANS-actin) (Nowak et al., 1988; Valentin-Ranc and Car-
bound C&" with Mg®" seems to result from concerted lier, 1991). This comparison suggests that labeling of'&In
effects of the slow hydrolysis of ATP on Mg-G-actin, con- with dansyl fluorophores, as well as AEDANS labeling of
verting MgATP-G-actin into the less stable MgADP form, Cys’’% diminishes the affinity of actin for nucleotide. This

effect of labeling might explain the wide scatter of the

reported values df ;.. for ATP binding to cation-free actin

160 obtained using the same procedure but different signals of

the protein denaturation, and it seems to be crucial for the
destabilization of G-actin by DC or DED labeling. A similar
120 consequence of subtilisin cleavage of actin at Vet few
residues from the attachment site for the dansyl probes, has
recently been described (Ooi and Mihashi, 1996). Destabi-
80 -} lization of actin by its labeling at Cy$*with erythrosin-5-
iodoacetamide has also been reported (Ludescher and Liu,

140

100

Fluorescence (a.u.)

60 7 T 1993). These effects are consistent with and confirm the

40 - structural coupling between the nucleotide site, subdomain

N 2, and the C-terminus in G-actin (Frieden and Patane, 1985;

209 Strzelecka-Gotaszewska et al., 1993, 1995; Muhlrad et al.,

0 === L ' : v 1994; Crosbie et al., 1994; Kuznetsova et al., 1996). The
400 450 500 550 600 650 sensitivity of the environment Gthto ATP/ADP exchange

and acceleration of ATP hydrolysis on MgATP-G-actin by
labeling of this residue are other signs of the structural
FIGURE 12 Effects of Befon the fluorescence emission spectrum of relationship betwe?n the nucleotide site and loop 38-52.
DC-labeled F-actin. MgATP-G-actin (10M) (58% DC-labeled, in 2 mM The results of this work show that fluorescence spectros-
HEPES (pH 7.6), 0.2 mM ATP, 50M MgCl,, 0.2 mM EGTA, 0.2 mM  copy of actin labeled with dansyl probes covalently attached
DTT, and 0.01% Nah) was polymerized with 2 mM MgGland then  to GIn*! is a powerful technique for the study of physio-
supplemented with equimolar BesS@nd NaF in a 50-fold molar excess. Iogical changes in the environment of this residue, provided
Solid traces, from top to bottom, are the emission spectra of the F-actin R - . .
alone, and after 1, 2, 3, and 24 h of incubation with Beff 25°C, that the diminished stab|I|_ty of the labeled pr(_)tem and its
respectively. The dotted trace is the spectrum of the initial MgATP-G-CONsequences are taken into account. In particular, storage
actin. A, = 332 nm. of labeled G-actin with Mg" bound at the high-affinity site

Wavellength (nm)
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should be avoided. The effect of €dMg?" exchange on monomer contacts (Holmes et al., 1990; Lorenz et al., 1993;
the environment of Gt can easily be evaluated using the Tirion et al., 1995). However, a significant part of this
fast cation exchange procedure in which formation ofchange appears to be linked to the rearrangement of loop
MgATP-G-actin is facilitated by chelation of free €awith 38-52 suggested to occur upon ATP hydrolysis apd P
EGTA (Gershman et al., 1986). Evaluation of the effect ofrelease subsequent to the monomer incorporation into a
ATP for ADP exchange in G-actin requires correction for growing filament (Orlova and Egelman, 1992; Muhlrad et
protein denaturation resulting from the instability of the al., 1994). This is indicated by 1) the lagging of the fluo-
ADP form. rescence increase behind the polymerization in Ca-actin but
Our present finding that the change in the environment ofot in Mg-actin, which correlates with the cation-dependent
GIn** accompanying replacement of the bound* Cavith difference in the extent of the uncoupling of ATP hydrolysis
Mg?" is not only quantitatively but also qualitatively dif- from the polymer formation (Carlier and Pantaloni, 1986;
ferent from changes associated with conversion of ATP-GCarlier et al., 1987), and 2) the partial reversibility of the
actin into ADP-G-actin (Table 1) supports the suggestiorfluorescence changes upon binding of Be#hich pro-
(Moraczewska et al., 1996) that these effects reflect entirelyiuces an analog of the transient ADPFPactin state
different structural transitions in G-actin. Narrowing of the (Combeau and Carlier, 1988). The similarity of the charac-
interdomain cleft by a shift of subdomains 2 and 4 closerter and magnitude of the reversible part of the polymeriza-
together upon replacement of €aby Mg?" in ATP-G- tion-induced fluorescence changes to those resulting from
actin, proposed to explain the suppression of proteolytid€placement of ATP with ADP in G-actin supports the
cleavages at sites facing the cleft (Strzelecka-Gotaszewsi&ggestion (Strzelecka-Gotaszewska et al., 1993; Moracze-
et al., 1996), has been confirmed by molecular dynamicﬂVSka et al., 1996) that the nucleotide-dependent changes in
simulations (Wriggers and Schulten, 1996). The relativelythe conformation of loop 38-52 in G- and F-actin are of
small change in the fluorescence of probes orf'&as well similar character and provide a common structural basis for
as the earlier documented insensitivity of proteolytic cleav-th€ poor polymerizability of ADP-G-actin and destabiliza-
age sites within the DNase I-binding loop to®Cavg?*  tion of the polymer by ATP hydrolysis and Release.
replacement in G-actin (Strzelecka-Gotaszewska et al., At the end, it is worth noting that although the data
1993) suggest that the stabilization by #gf the “closed presented hgre sgggest that the catlon-'dependent conforma-
conformation” of the monomer is not associated with anyt|onaI transitions in both G- and F-actin structure do not
substantial change in the structure of loop 3852 on the togignificantly influence loop 3852 on the top of subdomain
of subdomain 2. The results presented here also show that fn tere is an indirect effect of the tightly bound cation on
F-actin subunits too the environment of Gliis not signif- S 100p in F-actin, through the acceleration by Meof _
icantly influenced by the type of tightly bound cation, which ATP hydrolysis and Prelease, which convert ATP-F-actin

seems to preclude a substantial cation-dependent change!ftio ADP-F-actin (Carlier et al., 1987; Carlier, 1991). At

the monomer-monomer contacts involving this segment opteady state this eﬁgct is obviously limited tq the fllamenF

the loop. In contrast, the effects of substitution of ADP for €NdS and, therefore, is undetectable by techniques averaging

ATP in G-actin seem to involve a profound change in thisthe signals from all actin protomers.

area of the molecule. The increase in the fluorescence

intensity and blue shift of the emission spectra of dansyl

probes on GIft (Kim et al., 1995; Moraczewska et al., We thank Prof. Emil Reisler of the Department of Chemistry and Bio-
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