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ABSTRACT: Steady-state and time-resolved intrinsic fluorescence, fluorescence quenching by acrylamide,
and surface testing by hydrophobic label ANS were used to study the structure of inactivatéid.

The results are discussed together with that of earlier experiments on sedimentation, anisotropy of
fluorescence, and CD spectrum in the near- and far-UV regions. A dramatic increase in ANS binding to
inactivated actin in comparison with native and unfolded protein indicates that the inactivated actin has
solvent-exposed hydrophobic clusters on the surface. It results in specific association of actin
macromolecules (sedimentation constants for native and inactivated actin are 3 and 20 S, respectively)
and, consequently, in irreversibility of nativénactivated actin transition. It was found that, though the
fluorescence spectrum of inactivated actin is red-shifted, the efficiency of the acrylamide collision quenching
is even lower than that of the intact protein. It suggests that tryptophan residues of inactivated actin are
located in the inner region of protein formed by polar groups, which are highly packed. It correlates with
the pronounced near-UV CD spectrum of inactivated actin. The experimentally found tryptophan
fluorescence lifetimes allowed evaluation rotational correlation times on the basis of Perrin plots. It is
found that oscillations of tryptophan residues in inactivated actin are restricted in comparison with native
one. The inactivated actin properties were invariant with experimental conditions (ionic strength, the
presence of reducing agents), the way of inactivatiorf{@ad/or ATP removal, heating;-% M urea or

1.5 M GdmCI treatment), and protein concentration (within the limits 0-008 mg/mL). The same

state of actin appears on the refolding from the completely unfolded state. Thermodynamic stability,
pronounced secondary structure, and the existing hydrophobic clusters, tested by ANS fluorescence and
reversibility of transition inactivatedunfolded forms, allowed us to suggest that inactivated actin can be
intermediate in the foldingunfolding pathway.

For a long time it was generally accepted that denaturation intermediate state, the term “molten globule” was introduced
of small globular protein belongs to “all-or-none™-type (4, 6). Considerable attention has been recently paid to the
transitions and leads to a completely unfolded state with a molten globule state owing to its assumed importance not
randomly coiled chain. Later it was shown that protein only for protein biosynthesis but also for many other
denaturation and complete unfolding are not necessarily theprocesses in the living celB( 10). Thus, the presence of
same processes and that different denaturing agents lead tgolvent-accessible hydrophobic clusters on the surface of the
different denatured states (see, e.g., ef8). In early 80th molten globule may facilitate its interaction with chaperones,
it was found that the transition from the native to the membranes, and other cell components. Moreover, it is
completely unfolded state is accomplished via stable inter- believed that intracellular media can be similar to moderate
mediate states3¢-6). It was also shown that renaturation of denaturing conditions, and the molten globule can represent
globular proteins from the unfolded state passes through theone of the forms of the protein in the cell.
accumulation of the kinetic intermediate, in which structural

pr(iﬁertlesfare ﬁ.'g]!lar to fthl?jt. of t_hge intermediate on the of proteins in the partially folded denatured states do not
pathway of equiiibrium unio ing® _ ) completely coincide with the properties that were determined
This intermediate state of proteins was shown to have for the classical “molten globule” state. In particular, it was
common characteristics, resembling both native and unfoldedshown that other partially folded denatured states are
states, that is, compact globularity of the molecule with possible, for example, the predecessor of the molten globule
nativelike secondary structure, but unfolded tertiary structure (11). In many cases the denaturation is accompanied by
and considerable increase of conformational mobility com- 5qqgregation or specific association of partially folded protein
pared to the native state. For the characterization of such anyolecules {2-16). It was also shown that the degree of
internal freedom of amino acid side chains motion in the
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At the same time, by now it was elucidated that properties
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A partially denatured actin (inactivated actin), which 1_1 n 1 )
differs from the completely unfolded state 8 M urea or 5 0 Lo P
M GdmCI} can be obtained from the natural form of the
protein as the result of heat denaturatidr,(20—27), at The rotational relaxation time of the rigid sphere with volume
moderate urea or GAmCI concentration, or by dialysis from equivalent to that of the protein was defined by
8 M urea @ 6 M GdmCI (17, 26, by C&" and/or ATP
removal (L7, 21), and spontaneously during storag@)( This po= M (l i _ﬂ) 3)
allowed the consideration of such a conformation as a RT vd
thermodynamically stable intermediate between the native

and completely unfolded states. At the same time, we havethe gas constariT. the absolute temperatue the hydration

found no Increase in conformatlgnal mobility In the Inacti- coefficient,7 the specific partial volume, andithe specific
vated actin, compared to the native one. Inactivation causes

d shift of th i 1l d solution density. The limits of the, variation due to the
a red shift of the actin fluorescence spectrum and Not & gigerence of molecule form sphere were evaluated on the
decrease, as it might be expected, but a significant increas

i 1l . he ai ¢ thi K %asis of the data given in r&3.
in fluorescence anisotropy. The aim of this work was 10 g rotational relaxation timewas evaluated on the basis
explain such an unusual combination of spectral and

o L ) . of the so-called Perrin plot
polarization characteristics. For this purpose it was necessary

to study the location of tryptophan residues in the actin E3
‘ e 1—1(1+R—Tﬁg—1(1+3—3 @)

macromolecule, to evaluate the intramolecular mobility of P Vi 0

o

wherey is the solvent viscosityyl the molecular weightR

- I

r
tryptophan residues, and to test their accessibility to the 0

solvent. wherer is fluorescence anisotropy; the intercept cut by
Perrin plot on the-axis,V the effective volume of the protein
MATERIALS AND METHODS macromolecule, anckz> the root-mean-square value of

. fluorescent lifetimes. For biexponential decay
Fluorescence MeasurementSluorescence experiments

were carried out by spectrofluorimeters with the steady-state
and impulse excitatior2@). Fluorescence was excited at the
long-wave absorption edge where the contribution of tyrosine
residues is negligible. Fluorescence intensity was recorded
at 320 nm (near the maximum of the native actin fluores-
cence) and at 365 and 340 nm (near the maximum of the
inactivated actin fluorescence). The position and form of the
fluorescence spectra were characterized by the parameter
= (I32d/l365)207, Wherelspo andlzgs are fluorescence intensities —

at lem = 320 and 365 nm, respectively, aigi = 297 nm I/l =1+ KiQlexp(MQD ©
(29). In some cases the whole spectrum was recorded. Thegnd fluorescence lifetime

values of parametegk and of the fluorescence spectrum were

corrected by the instrument sensitivity. ANS fluorescence 77 = 1+ [KOQ] (7
was exited at 390 nm and recorded at 480 nm.

Analysis of the Fluorescence Decdy analyze the decay
curves, we elaborated the own program. The fitting routine
was based on the nonlinear least-squares method. Minimiza
tion was done according to r&0. P-terphenyl in ethanol
and N-acetyl-tryptophanamide in water were used as refer-
ence compounds3(). Experimental data were analyzed in
a multiexponential approach

2 2
0T+ 0,1,

Dzar + a,T =zfir‘ ()
1%1 2Y2

Fluorescence Quenching by Acrylamidée fluorescence
guenching constants were evaluated using the Stéofmer
equation written in the modification for the experiment where
fluorescence intensity

are registered. In egs 6 and [7and |, are intensities of
fluorescence and and7, are weighted mean lifetimes €
2 aiti) in the absence and in the presence of quencher at
molar concentration [Q]Y and [KOare static and dynamic
guenching constants, respectively. The dynamic constant is
equal toky[#ol) wherek, is bimolecular rate constant for the
guenching process angy[is the root-mean-square value of
fluorescence lifetime in the absence of quenci3d).(The
acrylamide concentration was varied from 0 to 0.8 M.
1(®) = Zai exp(-t/r) (1) Microervironments of Tryptophan Residu@sialysis of

! microenvironments and characteristic features of tryptophan

h q h litud d lifeti ¢ ; residue location in actin macromolecule was done on the
wherea; andz; are the amplitude and fifeime of Component  p44ig of atom coordinates of actibNase | complex (file

I, 2oy = 1_' N . PDB1ATN.ent in the Protein Data Bank; reg5, 36). It was
Evaluation of Intramolecular Mobility.The rotational ~ assumed that the structures of free actin and actin in complex
relaxation time of tryptophan intramolecular mobilipn) with DNase | are the same.

was evaluated on the bases of the experimentally determined To analyze the location of tryptophan residues, we
relaxation time §) and the calculated value for the rigid elaborated the own program. The program makes it possible
macromoleculedp) as follows (32): to select atoms of microenvironment, to determine their polar
coordinates relative to tryptophan residue, to determine the

1 Abbreviations: CD, circular dichroism; UV, ultra violet; ANS, nearGSt. atoms of mu;roenwronment to each atom of the
1-anilinonaphthalene-8-sulfonic acid; GdmCl, guanidinium hydrochlo- indole ring, and to estimate the distance between them. The
ride. microenvironment of the tryptophan residue was determined
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as a set of atoms, which are no greater thadistant from acceptor 42). The calculations where done under the
the geometrical center of the indole ring. The largest distanceassumption of rigid oscillations. In the consequence of
from the geometrical center of the indole ring to its periphery uncertainty of donor quantum yield and overlap integral
is 4.2 A 37). The van der Waals radius of carbon atoms donor fluorescence and acceptor absorption, the valvié of
with the attached hydrogen atoms is 2.2 A, so to take into was calculated with two values Bf, 7.8 and 8.7 A for Trp-
account all atoms that can contact the indole ring, we choseTrp energy transferd@, 44). It was assumed that oscillators,
the value ofr, to be equala 7 A (38, 39). As tryptophan responsible for the long-wavelength absorption bahgdnd
fluorescence can be affected not only by the microenviron- L), are located in the plane of the indole ring. Oscillator
ment of this residue but also by some groups distant from it L, is oriented at an angle of 8@ the G—C, bond é45—
(38, 39), our program includes also the detection of all atoms 47), while L, is oriented perpendicular tth., (48). It was
and groups of atoms that can affect tryptophan fluorescencealso supposed that only oscillathr, is responsible for the
throughout the protein macromolecule and the determinationfluorescence of the tryptophan residué8)( There are
of their location versus the indole ring of the tryptophan grounds for neglecting thé, oscillator when calculating
residue. The program also characterizes other factors thafTrp—Trp energy transfer in proteing9).
can affect tryptophan fluorescence. In particular, it determines  preparations.Rabbit skeletal muscle actin was purified
the conformation of the tryptophan residue side Chain, which by the procedure of Spud|ch and WaﬁOI' with an
is known to be essential for fluorescence characteristi@s ( additional gel filtration step on Sephadex G-150, to remove
The packing density of atoms in the microenvironment any trace of actin-binding proteins. G-actin in buffer G (0.2
that can give the average information about the tryptophan mm ATP, 0.1 mM CaGJ, 0.4 mMS-mercaptoethanol, 5 mM
residue location was determined as follows: Tris-HCI, pH 8.2, 1 mM NaN) was stored on ice and used
within a week. Actin was purified by one or two cycles of

4. = Vi ®) polymerization-depolymerization, using 30 mM KCI for
miere- v, polymerization. Actin samples witA not lower than 2.56,
which corresponds to the content of inactivated actin not
whereV, is the volume of the sphere with radiagandV; higher than 2%29), were used. The properties of inactivated

is the part of the i's atom volume that is inside the sphere actin (spectral, kinetic, and polarization characteristics of
with radiusro. The volume of atom i was determined on the intrinsic fluorescence, near- and far-UV CD spectra, and
basis of its van der Waals radius. Though this estimation sedimentation constant) are invariant of the way of inactiva-
does not take into account an atom’s incorporation in tion (C&" and/or ATP removal, heating;-3% M urea or 1.5
chemical bonds, it can be used to compare the packingM GdmcCI treatment, refolding from unfolded state in 8 M
densities of the microenvironments of different tryptophan urea ¢ 5 M GdmCI) and protein concentration (within the
residues. limits 0.005-1.0 mg/mL). Generally to obtain 100% inac-
The accessibility of tryptophan residues to the solvent tivated actin, we heated intact protein to%Dand incubated
molecules and the radial dependence of the atom’s packingit at that temperature for 60 min, or we dialyzed unfolded
density around the geometrical center of tryptophan residueprotein n 8 M urea for the night. As an express evaluation

were calculated of the content of inactivated actin, parameeras registered
(29). The samples of inactivated actin have the paramfeter
> Vi(r. 1 + Ar) = 1.30+ 0.05. The curves of actin temperature denaturation
d(r) = Vo(r, 1 + Ar) ©) were obtained with a scan rate of 0.6/min. Changes of
o actin structure under the influence of urea were recorded after
whereVo(r, r + Ar) is the volume of sphere layer thatris ~ the incubation of actin at a desired urea concentration for
distant from the geometrical center of the indole ring,is 12 h. The actin concentration was determined by spectro-
layer thickness, antl; is the part of the atom i volume that ~ Photometer Cecil 2000 (England). The molar extinction
is inside this sphere layer. constant for actin was taken &y = 1.09 61). The actin
The suggested analysis provides also the evaluation of theconcentration was varied from 0.005 to 1.0 mg/mL. Varia-
efficiency of nonradiative energy transfet1j: tions of the actin concentration within this range did not
affect experimental data.
W= 1 _ (10) Acrylamide (Wako Ltd., Japan), P-terphenyl (Sigma, St.
1+ 2_/3(5)6 Louis, MO), N-acetyl-tryptophanamide (Serva, Germany),
K2 \Ry dithiothreitol (Sigma, St. Louis, MO)B-mercaptoethanol

_ ) (Sigma, St. Louis, MO), and ANS (Serva, Germany) were
whereR is the distance between donor and acceptor (the yseqd without additional purification.

geometrical centers of indole ring&, is the so-called critical
Forster distance, ankf is the orientation factor of dipote RESULTS
dipole interaction.
Spectrum of Actin Intrinsic Fluorescence and Microen-
IZ = (cosf — 3 cosh, cosh,) (11) vironments of Tryptophan Residu@e fluorescence spec-
trum of native actin is a relatively blue ongfx = 325 nm,

where0 is the angle between the directions of the emission A = 2.6; ref 17). The position and form of the protein
oscillator of donor and absorption oscillator of acceptor; and fluorescence spectrum are determined by superposition of
0 andfp are the angles between the above oscillators andfluorescence spectra of individual tryptophan residues, that
the vector, connecting the geometrical centers of donor andis, by their position in the wavelength scale and their relative
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Ficure 2: Radial dependence of the packing density of the atom’s
macromolecule around the geometrical centers of indole rings of
tryptophan residues in actin. Curves4 are the dependencies for
Trp 79, Trp 86, Trp 340, and Trp 356, respectively. The same
dependences for Trp 48 of azurin (internal tryptophan residues)
and Trp 19 of melittin (external tryptophan residues) are given for
comparison (curves 5 and 6, respectively).

Ficure 1: Location of tryptophan residues in the actin macromol-
ecule. The distances between the geometrical centers of indole rings
of tryptophan residues are given in Angstroms.

Table 1: Characteristics of Microenvironments and Conformation of -
Side Chain of Tryptophan Residues of Actin Met 119

nitrogen, oxygen, and sulfur atoms of
amino acid side chains incorporated
in the microenvironment
x® %P Ri® R*°
residue N d® (deg) (deg) atom A A

Trp79 50 0.60 295 95 ND2Asn1l5 54 3.8(CZ2)
OD1Asn115 56 4.1(CZ2)

Trpge Met82

NZ Lys 118 52 45(CG)
SD Met 119 7.0 49 (CH2)

Trp86 61 0.70 282 325 SG Cys 10 59 4.0 (NE1)
ND2 Asn 12 5.2 4.0(NE1) FIGURE 3: Sulfur atoms of cysteine and methionine residues in
OD1 Asn 12 45 29(NE1) the microenvironments of tryptophan residues Trp 79 and Trp 86.
SD Met 82 51 4.9(Cz2) Sulfur atoms are white, carbon atoms are light gray, nitrogen atoms
OG1 Thr 89 6.8 4.5(CD1) are gray, and oxygen atoms are dark gray.
SD Met 119 7.0 5.2(CH2)

SD Met 123 5.1 5.1(CD2) . , , ,
Trp340 78 0.84 190 89 OD2 Asp 24 6.6 4.6 (CH2) tryptophan residue of azurid®), which has the most unique

OG Ser 344 53 3.9(Cz3) blue-shifted fluorescence spectruitifx = 308 nm §3)).
Trp 356 69 0.76 282 115 OD1Asp3 6.9 5.6(NE1) This means that two tryptophan residues of actin, Trp 340
OD2 Asp 3 6.4 5.4(NEI1) and Trp 356, have a very high density of microenvironment
2N andd are the characteristics of the density of the tryptophan (d = 0.84 and 0.76). Although they are located not in the
trﬁsiduelmiti[]oin\aronn:ent (Stie Mat?rial atr_ld M?Efﬁobt'%i-findﬁz are 'd center of protein macromolecule but closer to its periphery
€ angles that characterize the conformation O e tryptophan residue H H H
side cﬁain (52 R, an_ng are the dist_ances k')etweer):pthéJ indicated (t.he value ofd decreases rapld!y with the increase ref
atom and the geometrical center of the indole ring and the nearest atom’ 19ure 2), they are apparently inaccessible to the solvent.
of the indole ring (given in brackets). The packing density of the microenvironment of Trp 86 is
lower than that of Trp 340 and Trp 356 (Table 1). At the

contribution to the total protein radiation. Actin contains four same time, Figure 2 shows that this tryptophan residue is
tryptophan residues. All of them are located in subdomain 1 located far from the protein periphery, and it is evidently
(36). Trp 79, Trp 86, and Trp 340 are locateddrhelices also inaccessible to the solvent. Thus, the only tryptophan
Trp 79-Asn 92 and Ser 338-Ser 348, whereas Trp 356 is residue that can be regarded as exposed to the solvent is
located in the loop betwean-helices Ser 350-Met 355 and  TTP 79.

Lys 359-Ala 365 (Figure 1). The analysis of the 3D structure  There are no quenching groups in the vicinity of Trp 340
of the actin macromolecule shows that the density of the and Trp 356, while microenvironments of both Trp 79 and
microenvironment of separate tryptophan residues variesTrp 86 contain a number of sulfur atoms (Figure 3), which
greatly (Table 1). Thus, in the sphere with a radius of 7 A, are known to be effective fluorescence quenchieds Sulfur
whose center coincides with the geometrical center of the atom SD of Met 119 is located in the vicinity of Trp 79.
indole ring of analyzed tryptophan residue, there are 50, 61, There are four sulfur atoms in the vicinity of Trp 86. They
78, and 69 protein atoms for tryptophan residues Trp 79, are SD Met 119, SD Met 123, SD Met 82, and SG Cys 10.
Trp 86, Trp 340, and Trp 356, respectively. For comparison, The distances of these atoms from the geometrical center of
there are 71 atoms in the microenvironment of the inner the indole ring of the tryptophan residue and from the nearest
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Table 2: Nonradiative Energy Transfer between Tryptophan “’.g 8 Actin
Residues in Actifi - a1=0.70 t1=1.99ns
x
residues Trp 79 Trp 86 Trp 340 Trp 356 £ 6 ay=0.30 T=5.41ns 04 El
Trp 79 - 0.77 0.02 0.02 8 4 12=1.07 02 2
Trp 86 1.6 — 0.19 0.01 = -
Trp 340 2.7 3.4 - 0.09 £ 003
Trp 356 2.8 0.1 1.0 - 52 02 £
2 The efficiency of nonradiative energy transt¥fr(upper right part = 0 -0.4 2
of the table) and orientation factoks (lower left part of the table) are 10 20 30 40
shown. These values were calculated according to egs 8 and 9 (Materials time (ns)
and Methods). The distances between the geometrical centers of the
indole rings tryptophan residues needed for the evaluation of non- .
radiative energy transfer are given in Figure 1. Q87 Inactivated actin
2 01=0.68 ©1=2.70 ns
28 =032 1y=6.58 ns 5
3 5 104%
L 3 2 .
. 2.4 i 84 =113 {028
) e o kel
] L 1 % ) 0.0 3
= 4 5 1 1925
s ‘ 2 £ 1042
5 1.6 | e =0 =
£ T 10 20 30 40
8 time (ns)
§ 08 L Ficure 5: Decay curve of Trp fluorescence in native and
@ inactivated actin. The figure represents the excitation lamp profile
= curve 1), the experimental decay curve (curve 2), the best-fit
o} p y
2 calculated fluorescence decay curve (curve 3), and the deviation
between the experimental and calculated decay curve (weighted

. : L : ' residuals; curve 4). The excitation wavelength was 297 nm, and
320 360 400 the registration wavelength was 350 nm.

wavelength (nm) i o

) . . .= 0.4). The conclusion about the low contribution of the
Ficure 4: Fluorescence spectra and Perrin plots (inset) of native trvptobh id Tro 79 and Tro 86 i tin fl
actin (curve 1), inactivated actin (curve 2), actin in 8 M urea (curve tryptophan resiaues 1rp and frp b In actin luorescence
3), and F-actin (curve 4). The excitation wavelength was 297 nm. iS likely to be extrapolated to inactivated protein, as its
The wavelength of recording fluorescence anisotropy was 365 nm. fluorescence quantum yield remains practically the same. The
Solvent viscosity was varied by the changing watglycerol ratio. form and position of the fluorescence spectrum of inactivated
The temperature was Z%. actin are independent of the solution ionic strength, the

f the indole ri . . bl he | . presence of reducing agents, the excessive quantity of ATP
atom of the indole ring are given in Table 1. The location 5,4 c3+ the protein concentration (within the limits 0.605

of the SG at.om of (?ys 10 in the close vicinity of the NE1 1.0 mg/mL), and the way of the actin inactivation {Cand/
atom of the indole ring of Trp 86 allows us to suggest that or ATP removal, heating, 35 M urea, or 1.5 M GdmCl
this tryptophan residue has a low contribution to the bulk treatment). ' ’ ' '

le]JO[GSCEﬂCQ oflactln. The ?nﬁlysez Olf th? dlsta]pces bet\éveen Actin Fluorescence LifetimesThe fluorescence decay

t e.dgeometgc;:: centers IO the in oehnngsa 0 :]ryptf?p aN curves were recorded both for native and inactivated actin
residues and their mutual orientation show that the effective 16 5y The decay curves for inactivated actin, as well
nonradiative energy transfer between Trp 79 and Trp 86 can

be expected (Table 2, Figure 1). Thus, evenif Trp 79is not .oy of inactivation and the protein concentration. The

qhuenchclad by z sulfur atom of Met 119r; Ts cogtrllbutlo dn 0 fluorescence decay curves of both native and inactivated actin
the total actin fiuorescence must nonetheless be low, due t0ganpot pe satisfactorily fitted by monoexponential function
the nonradiative energy transfer to Trp 86. Nonradiative

: . but can be accurately described by biexponential law. As
energy transfer between other tryptophan residues is foundy,e 1 tiexponential decay was described even for proteins
to be of low efficiency (see Table 2).

with one tryptophan residue, or for model compounds in
Thus, mainly inner Trp 340 and Trp 356 must determine solution @0), the biexponential decay of actin cannot be
the fluorescence of native actin. The peCUliar feature of their exp|ained 0n|y by the existence of several tryptophan
microenvironments is the existence of the aromatic ring in residues. The measured lifetimes of the tryptophan fluores-
the close vicinity of these tryptophan residues. The latter cence are essential for the analysis of fluorescence anisotropy
was shown to be important for the appearance of the bluedata and for the evaluation of intramolecular mobility and

as its fluorescence spectrum position, do not depend on the

fluorescence spectrun39). the bimolecular quenching constant by extrinsic polar
The fluorescence spectrum of inactivated actin is red- quencher acrylamide.
shifted in comparison with native actiigfax = 340 nm,A Acrylamide Quenching of Actin Fluorescendexperi-

= 1.3; Figure 4). It means that tryptophan residues of mental plotsly/I vs [Q] were found to be upward curving
inactivated actin are located in more polar and mobile (Figure 6), for both native and inactivated actin. At the same
environments. At the same time, the fluorescence spectrumtime, the dependencies off7 vs [Q] appeared to be linear
of inactivated actin is blue-shifted in comparison with the in a large interval of acrylamide concentrations (up to 0.8
completely unfolded proteimi8 M urea fmax = 350 nm,A M). These data can be explained by the existence of an
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Ficure 8: Urea-induced structural changes of actin. The figure
shows the changes of the value of paramater (I132/13g5)207 that
characterize the fluorescence spectrum position, the degree of
fluorescence anisotropy, and the fluorescence intensity of ANS
labeled to actin with the increase (curves 1, 2, and 3) and decrease
of urea concentration (curves 1a, 2a, and 3a), respectively.

Ficure 6: Stern-Volmer plots for native and inactivated actin
fluorescence quenching by acrylamide. Fluorescence intensity
(curves 1 and 2) and lifetime (curves 3 and 4) measurements for
native actin (curves 1 and 3) and inactivated actin (curves 2 and
4).

Table 3: Kinetic Characteristics of Tryptophan Fluorescence of

Actin and Its Quenching Constants by Acrylamide practically constant while fluorescence anisotropy reaches

its maximum. The further increase of urea concentration

Ky causes actin transition from the inactivated partially folded
T (2 <r> (x10° K \Y, )

acin (ns) w (s) a (ns) MisY (MY (MY state to the completely unfolded state. The red shift of the

ative 199 070 541 030 383 043 165 068 ﬂuprescence spectrum qnd the“decrease of fluorescence

inactive 270 068 658 032 477 016 076 118 anisotropy accompany this transition. When urea concentra-

tion is decreased from 8 to 3.5 M by dialysis or dilution, the

changes of parametek and fluorescence anisotropy are

24l 020 < completely reversible. The cooling of actin solution from
2 1.0 g 70°C (Figure 7, curves la and 2a) and total removal of urea
s § (Figure 8, curves la and 2a) do not restore native actin. The
< 207 0'16.§ 108 2 dependencies of parametArand fluorescence anisotropy
g o 106 ] from temperature and urea concentration for inactivated actin
= - 2 A Figures 7 and 8, curves 1a and 2a) are completely reversible.
s 16 012 8 2 (Fig O . pieiely
g § 104 < The Affinity of Inactiated Actin Macromolecule Surface
19l S S to the Hydrophobic Label ANSThe high affinity of the
' 008" 102 ‘é protein molecule to the hydrophobic label ANS is known to
2 be one of characteristic features of the intermediate sBate (
20 30 4‘0 ' 5‘0 6‘0 7‘0 - 55). Our experiments shc_)w. that actin heat denaturation is
accompanied by a dramatic increase in the ANS fluorescence
temperature (°C) intensity (Figure 7), which occurs simultaneously with the
Ficure 7: Temperature-induced structural changes of actin. The changes in the intrinsic fluorescence, the red shift of the
figure shows the changes of the value of param&ter(lszo/lses)207 fluorescence spectrum, and an increase in the fluorescence

that characterize the fluorescence spectrum position, the degree OBnisotropy. Figure 8 shows that the dependence of the ANS

fluorescence anisotropy, and the fluorescence intensity of ANS fl intensit tration h bell
labeled to actin on heating (curves 1, 2, and 3) and on cooling "UOr€sCeNce Iintensity versus urea concentration has a bell-

(curves 1a, 2a, and 3a), respectively. Curve 4 shows the fluorescencdike shape. It is minimal in the solution of native actin and
intensity of free ANS in solution (control). at a high urea concentration, where the macromolecule of

actin is completely unfolded, and reaches the maximal value
at 3.5-4.0 M urea (Figure 8). Interestingly, the tryptophan
fluorescence anisotropy has a maximum just at the same
concentration of urea. ANS fluorescence changes in the
transition from inactivated actin to the unfolded state, that
is, in the region of 48 M urea, is completely reversible.
The intensity of ANS fluorescence remains high when urea
concentration is decreased lower 4 M. It is due to the
irreversibility of the actin inactivation caused by the specific
fself—association.

additional quenching mechanism that is usually referred to

as static quenching with the static quenching confgBt).

The Stern-Volmer constants for the collisionaK} and static

(V) quenching processes, as well as the bimolecular rate

constants for collisional procesk;), determined using the

lifetimes measured in this work are presented in Table 3. It

is found that the efficiency of the collision quenching is low

not only in the intact but also in the inactivated actin.
Temperature and Urea-Induced Denaturation of Actin.

Figures 7 and 8 show that, under heating and increase o

urea concentration from 0 to 3 M, the red sh?ft of the piscussioN

fluorescence spectrum (decrease of param@)eis ac-

companied not by a decrease, as it might be expected, but According to our data obtained in this work and previously

by a significant increase in the fluorescence anisotropy. In (17, 26), inactivated actin has some properties (thermody-

the region of 3-4 M urea the value of parametérremains namic stability, pronounced secondary structure, and the
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existing of hydrophabic clusters, tested by ANS fluorescence) of actin macromolecules in particles, with the rotational
that are inherent to the proteins in the so-called “molten relaxation time much greater than the fluorescence lifetime.
globule” state. At the same time not all characteristics of It correlates with the literature and our own experimental
inactivated actin are completely the same, as ascribed to thedata. According to Lewis et al2p@), inactivated actin is a
molten globule; therefore we do not use this term in dimer with a sedimentation constant of 6.6 S (molecular mass
application to this protein. In particular, it is commonly 125 kDa) in the solution with low ionic strength; when the
accepted that one of the general properties of the moltenionic strength was raised to 0.1, inactivated actin underwent
globule is a high mobility of amino acid side chains, which a transformation into high molecular mass aggregates.
makes it similar to the unfolded form of the protein. The However, according to our data inactivated actin represents
results of experiments on fluorescence and near-UV CD stable homogeneous associates with a sedimentation constant
spectra suggest that inactivated actin does not resembleof 20 S (L7). These associates are invariant with experimental
unfolded protein at all. condition and solution ion strength, in particular. The
Here the intramolecular mobility of inactivated actin was independence of AAs T/ does not exclude the existence
studied, using a set of its intrinsic fluorescence characteristics,of intramolecular mobility of tryptophan residues with
namely, fluorescence spectra, fluorescence decay curvesyiscosity invariant rotational relaxation time, comparable to
viscosity dependence of anisotropy, and fluorescence quenchihe fluorescence lifetimesg). The value of the intercept cut
ing by acrylamide. While the relaxation properties of the by the Perrin plot on thg-axis (1fg) for both native and
protein structure are being evaluated, it is necessary toinactivated actin exceeds that for the low-molecular-weight
distinguish between the mobility of the microenvironment model compounds, such as tryptophbliracetyltryptophan,
of the tryptophan residues and the mobility of the indole glycyltryptophan, etc. (). It indicates that the tryptophan
rings themselves. The information about the mobility of the residues participate in the high-frequency intramolecular
tryptophan residue microenvironment could be obtained from mobility with the rotational relaxation time much shorter than
the intensity of the CD spectrum in near-UV region and from the excited-state lifetimel{), or in intramolecular mobility
the position of the fluorescence spectrum. The fluorescenceof the nanosecond time scale, whose rotational relaxation
spectrum of inactivated actin is a rather red ohg(= 340 time does not depend on the solvent viscoskg)( The
nm, A = 1.3). The red shift of the fluorescence spectrum is existence of the latter type of intramolecular mobility seems
usually connected with the accessibility of the tryptophan to be possible, since tryptophan residues of native and
residue to the solvent molecules. The red-shifted fluorescenceinactivated actin are found to be inaccessible to acrylamide
spectrum of the inactivated actin had been also explainedmolecules. Interestingly, the intercept cut by the Perrin plot
by partial exposure of tryptophan residues to the agueousof inactivated actin on thg-axis is lower than that of the
environment 21, 26). At the same time, the lower efficiency native protein: (If)inacive < (1/rgnaive It indicates that the
of the tryptophan fluorescence quenching by acrylamide amplitude of the high-frequency intramolecular mobility or
suggests that tryptophan residues are located in inner,solvent viscosity independent rotational relaxation time or
inaccessible to solvent regions of the macromolecule. It both in inactivated actin is lower than those in native protein.
indicates that the microenvironment of the tryptophan The decrease of intramolecular mobility of tryptophan
residues of actin is formed by polar groups of amino acid residues accompanied by the red shift of fluorescence
side chains of the protein itself and that it can relax during spectrum is rather strange combination. However, we have
the fluorescence lifetime. The intensive CD spectrum in the registered the examples of such behavior earlier by com-
near-UV region means that the existing mobility of the side parison of the spectral and polarization characteristics for a
chains is not sufficient to eliminate the asymmetry of the number of proteins56). The high level of intramolecular
tryptophan residue microenvironment. mobility was found not only for the external, exposed to
The mobility of the tryptophan residues themselves can solvent tryptophan residues (that is quite predictable) but also
be estimated only from fluorescence anisotropy. On the basisfor the internal ones, located in the hydrophobic environment.
of the recorded lifetimes (Table 3) and the Perrin plot (inset The minimal level of intramolecular mobility was found for
to Figure 4, curve 1), the rotational relaxation time for intact tryptophan residues, located in the environment of protein
actin was found to be equal to 40 ns. The rotational relaxation polar groups Amax = 335—345 nm).
time of the equivalent sphere is equal to 53 ns. Taking into  Actin is not the only protein for which the transition to
account that the actin macromolecule can be inscribed inthe intermediate state is accompanied by the decrease in
the parallelepiped with the sides 55, 55, and 3538) (or tryptophan mobility. The increase in fluorescence anisotropy
that it can be approximated by the oblate rotation ellipsoid and increase in the rotational relaxation time was recorded
with the axis ratio of 1.0:1.6, we can fing within the limits for a-lactalbumine and carbonic anhydrase®B %7). It is
of 60—67 ns, depending on the tryptophan residue orientation difficult to exclude that association of actin macromolecules
(33). The rotational relaxation time of the tryptophan residue causes the decrease in the mobility of tryptophan residues.
intramolecular mobility fium) was evaluated from eq 2 and The tendency for aggregation (or self-association as in the
found to be about 100 ns. Thus, though there is intramo- case of actin) is caused by the existence of large hydrophobic
lecular mobility of tryptophan residues in native actin, the clusters on the surface of molecules. Along with compactness
dependence of s T/y is mainly determined by the overall and pronounced secondary structure, the tendency to ag-
rotational motion of the macromolecule. Actin inactivation gregate is an inevitable property of any protein in the partially
is accompanied by an increase in the fluorescence anisotropyolded intermediate statdd?—16).
(Figures 7 and 8). The fluorescence anisotropy of inactivated The specific association of actin macromolecules seems
actin remains constant with a solvent viscosity increase to be the main reason for the irreversibility of the transition
(Figure 4). The latter can be accounted for by the associationnative—intermediate statel{, 26—27). Unfortunately, the
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conditions that would prevent association of inactivated actin
molecules have been not found yet. This protein remains
associated even when protein concentration was diminished 8.
up to 0.005 mg/mL, independently of the presence in solution
of reducing agents or/and excessive quantity of ATP and

Ca&*, and independently of dialysis durationifind8 M urea.

Attempts to use poly(ethylene glycol) to prevent aggregation,

as it was done for carbonic anhydrase3B,(59), have not

been successful either. At the same time, irreversibility of
the transition nativemolten globule states has been found

for some other protein$0—62).

Irreversibility of the transition nativeinactivated states

in vitro does not necessarily mean that inactivated actin could
not be considered as an intermediate in the pathway of
protein folding in vivo. There are reasons to believe that huge
hydrophobic clusters on the surface of macromolecules,
which lead to the protein aggregation in vitro, can be of

particular importance for the protein functioning in the living

cell. For example, such clusters can facilitate the interaction
of proteins with membranes, chaperons, etc. This means that 18
the partially folded conformation can represent one of the

forms of the protein in a cell6?).

The inactivated actin properties were independent of 20.
experimental conditions (ionic strength, the presence in
solution of reducing agents, excessive quantity of ATP and 21.

Ca&*, protein concentration within the limits 0.064.0 mg/
mL) and the way of protein inactivation (Eaand/or ATP

removal, heating, 35 M urea, or 1.5 M GdmCl treatment).
The same state of actin appears on the refolding from the
completely unfolded statel{, 26, 27, and data of present
work). Thus, though complete folding is terminated by the
self-association of inactivated actin, the thermodynamic 2%
stability, the pronounced secondary structure, the high affinity

to the hydrophobic probe ANS, and the reversibility of the ¢
transition from the inactivated actin to the unfolded state
allow us to suggest that inactivated actin can be considered 27.
as an intermediate in the foldirginfolding pathway of actin

that correlates with conclusions of Bertazzon et 26).(

Moreover, the red-shifted spectrum and low quenching
constant of tryptophan fluorescence suggest that there are 2g.
polar regions in the inner area, inaccessible to the solvent
parts of protein molecules, while hydrophobic clusters are 30.
located on the surface of macromolecules. The latter conclu-
sion follows from the intensive ANS fluorescence and the
appearance in inactivated actin of two new sites for the
proteolytic attack byEscherichia coliA2 protease (Ala 29-
Val 30 and Ser 33-lle 346d)), which in native actin are
located in the inner hydrophobic regions. Thus, inactivated
actin looks like “inverted globule”, rather than “molten

globule”.
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