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Intrinsic Fluorescence of Actin

Konstantin K. Turoverov*? and Irina M. Kuznetsoval

In this work actin is used to illustrate connection of protein fluorescence characteristics with its
structure. On one hand, it has been demonstrated what kind of information about the contribution
of each tryptophan residues to the bulk fluorescence spectrum can be obtained from the special
analysisof protein three-dimensional structure. On the other hand, potentials of intrinsic fluorescence
for elucidation of proteins structure, dynamics and processes of folding-unfolding are shown. In
particular, using this method a new essentially unfolded kinetic intermediate state of actin was
detected and characterized, and the place of inactivated actin and its kinetic predecessor in the
process of folding-unfolding was determined. It has been revealed that inactivated actin is not
intermediate state between the native and completely unfolded states, asit has been accepted before,
but a result of protein misfolding. On the basis of the obtained data a new model of actin folding-
unfolding pathway has been proposed.
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INTRODUCTION

Tryptophan fluorescence of proteins is widely used
for elucidation of their structure, folding-unfolding, and
dynamics(see, e.g., [1-5]). Itisdueto ahigh sensitivity of
various parameters of fluorescence of tryptophan residues
(spectrum position, quantum yield, anisotropy, etc.) to
properties of their microenvironment and peculiarities of
their location in protein macromolecule. The dependence
of intrinsic protein fluorescence on peculiarities of their
tryptophan residues location was suggested from the
study of intrinsic fluorescence of model compounds and
proteins in different structural states. Specifically, posi-
tion of the fluorescence spectrum of tryptophan residue
was assumed to be mainly determined by its acceptability
to solvent molecules. It is believed that intrinsic trypto-
phan residues unacceptable to solvent have blue fluores-
cent spectrum, while fluorescent spectrum of extrinsic
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tryptophan residues acceptable to solvent is red shifted.
According to the current knowledge, the quantum yield
primarily depends on the existence of quenching groups
in the vicinity of tryptophan residues. It can be some
groups of side chains of amino acid residues of protein
or molecules of the solvent. However, the accepted con-
cept can hardly be considered conclusively established.
Investigations of thisissue have been evolving gradu-
ally. The essentia progress in understanding quenching
mechanisms of different functional groups of amino acid
side chains, peptide bond, and solvent was obtained in the
series of works of Barkley and co-workers [6-8]. Many
problems such as the reason for the non-monoexponential
decay law of tryptophan residuesin protein and tryptophan
in solution [9-12], participation of oscillators 'L, u 1Ly in
emission [13], factors determining fluorescence spectrum
position in proteins [14], etc., are till actual. In the works
of Burstein and co-workers[15—-17], theideaof statistically
discrete classes of the residues emitting in protein, which
reflects the difference of the connection of excited states
of tryptophans with their environments is substantiated.
From our viewpoint, the properties of the tryptophan
residues location and, hence, of their fluorescent charac-
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teristics are especialy individual. The idea of analyzing
simultaneously the characteristics of proteins intrinsic
fluorescence and their three-dimensional (3D) structure
to establish the dependence of fluorescence characteris-
tics on peculiarities of the tryptophan residues location
in protein structure [18] has been arisen in connection
with the determination of 3D structures of many proteins
by x-ray analysis up to the co-ordinates of individua
atoms and its availability from the Protein Data Bank
[19]. Such analysis facilitates the interpretation of pro-
teins fluorescence characteristics and allows improving
knowledge of the dependence of recorded fluorescent
characteristics of tryptophan residues on the peculiarities
of its microenvironment [20—24]. Carrying out of such
studies on recombinant proteins with changed tryptophan
residues or some other residues in its vicinity increases
essentially the experimental basis of such works (see,
eg., [25-28]).

The goa of our work was, on one hand, to show,
using actin from rabbit skeletal muscle as an example,
how the recorded fluorescent characteristics depend on
properties of microenvironment and peculiarities of loca-
tion of its tryptophan residues and, on the other hand, to
demonstrate opportunities of this method for studying the
protein folding-unfolding process and properties of the
folding intermediate as well as misfolded states and their
aggregated forms.

INTRINSIC FLUORESCENCE OF NATIVE
ACTIN AND MICROENVIRONMENT OF ITS
TRYPTOPHAN RESIDUES

Actin is one of the major proteins of muscle tissues
and cytoskeleton of non-muscle eukaryaotic cells [29,30].
At low ionic strength actin exists asamonomer (G-actin),
whereas in the presence of neutral saltsit is polymerized
into a double-stranded polymer (the so-called fibrous
form of actin, or F-actin). F-actin forms the backbone of
thin filaments in muscle fibers. The 3D structure of actin
was determined for complexes of actin with proteins that
prevent its polymerization, namely DNase | [31], gelso-
line [32,33], and profiline [34], as well asfor ADP-actin
modified by tetramethyl-rhodamine-5-maeimide [35].
G-actin globule (42 kDa) isformed by the single polypep-
tide chain containing 375 amino acids. It consists of two
major domains, each divided into two subdomains. Actin
is known to bind one molecule of ATP (or ADP) and one
divalent Mg?* cation. When investigated in vitro, Mg?* is
usually substituted by Ca?*. Both nucleotide and divalent
cation arelocated in the dlit between two domains (Fig. 1).

The position and the form of protein fluorescence
spectrum are determined by superposition of fluorescence
spectra of its individual tryptophan residues by their
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Fig. 1. Thestructureof actin macromolecule. Subdomains areindicated
by roman numbers according to Ref. 31. Tryptophan residues Trp79,
Trp86, Trp340, and Trp356, ATR, and Ca** are shown.

position in the wavelength scale and their relative contri-
bution to the integrated protein radiation. Actin contains
four tryptophan residues. The fluorescence spectrum of
native actin is a relatively blue one (A = 325 nm
[36,37]; Fig. 2). The value of parameter A = g0/l g5,
representing the ratio of fluorescence intensities at 320
and 365 nm, amounts for native actin to 2.6 [36]. Only
some tryptophan containing proteins (e.g., azurin Pseu-
donomas aeruginosa [38], RNase T1 [39], RNase C2
[21], and parvabumin merlange [40]) have more blue
fluorescence spectrum. The blue fluorescence spectrum

e = = b b
0 o N o LY
T T T T T
Z

c

Fluorescence intensity (au)

e
~
T

1 L 1 1 |

320 360 400
Wavelength (nm)

Fig. 2. Fluorescence spectra of native (N), inactivated (1), and com-
pletely unfolded (6 M GdmCI; U) actin. Ag, = 297 nm.
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of actin might have been explained based on the analysis
of microenvironments of each tryptophan residue. This
analysis was done on the bases of atoms coordinates of
actin DNase | complex 3D structure (file Pdblatn.ent in
the Protein Data Bank [19,31]). It was taken that the
structure of free actin and actin in complex with DNase
| is the same. All four tryptophan residues of actin are
located in subdomain | [31]. Tryptophan residues Trp79,
Trp86, and Trp340 are incorporated in a-helix formed
by Trp79-Asn92 and Ser338-Ser348. Tryptophan residue
Trp356 is situated in the unstructured region between a-
helixes Ser350-Met355 and Lys359-Ala365 (Fig. 3).

Position of Individual Tryptophan Fluorescence
Spectrum

The position in the wavel ength scale depends on the
polarity of its microenvironment and its ability to relax
during the tryptophan residue fluorescence lifetime (i.e.,
subnanosecond and nanosecond time scale). The blue
spectrum in principle can appear in two cases—if the
tryptophan residueislocated in the hydrophobic microen-
vironment independently on microenvironment relax-
ation properties or if the microenvironment is rigid even
if it is polar. In the latter case the radiation appears from
the unrelaxed state. The polarity of the tryptophan residue
microenvironment is determined by the accessibility of
tryptophan residues to the solvent molecules and by the
existence of polar groups of amino acid side chains of
protein in its vicinity.

Fig. 3. Location of tryptophan residues in actin macromolecule. The
distances between the geometri cal centers of indole rings of tryptophan
residues are given in A.
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The special analysis of the peculiarities of trypto-
phan residue location in protein which can affect its fluo-
rescence characteristics [18,23,41] was used. This
analysis includes determination of conformation of tryp-
tophan residues side chain, identification of its nearest
neighborhoods along the polypeptide chain and confor-
mation of the part of polypeptide chain whereit islocated.
A special attention is paid to the analysis of tryptophan
residue microenvironment. Microenvironment of trypto-
phan residue is determined as a set of atoms which are
no greater than ry distant from the geometrical center of
the indole ring. To take into account all atoms that can
contact the indole ring, the value of r, was chosen as 7
A [18,41]. For all atomsof microenvironment the distance
from the geometrical center of the indole ring and their
location relative to the indole ring are determined
(Table 1).

One of the characteristics of microenvironment is
packing density of atoms, which is determined as a num-
ber of atoms which compose microenvironment, or the
part of microenvironment volume (V) occupied by atoms

3V
v

The volume of each atom (V) is determined on the
basis of its Van der Waals radius and only the part of the
volume which is inside microenvironment is taken into
account. This estimation is of course not exact because
in reality atoms are incorporated by chemical bonds and
occupy asmaller volume. Nonethelessit is not significant
for comparative estimation of packing density of microen-
vironment of different tryptophan residues.

It is generally accepted that fluorescent characteris-
tics of tryptophan residues to a great extend depend on
their accessibility to the solvent. The exposure of trypto-
phan residues to the solvent molecules depends not only
on the packing density of its microenvironment, but also
on itslocation in the protein macromolecule, i.e., whether
itislocated near the center of protein macromolecule or at
the periphery. To estimate the accessibility of tryptophan
residues to the solvent, the radial dependence of atoms
packing density about the geometrical center of trypto-
phan residue was evaluated as

SVi(r, r + Ar)
Vo(r, r + Ar)

where V, (r, r + Ar) isthe volume of sphere layer, that
is r distant from the geometrical center of the indole
ring, Ar is layer thickness and V; is the part of thei’s
atom volume that is inside this sphere layer.

The analysis of the 3D structure of the actin macro-
mol ecul e shows that packing density of individual tryp-
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Table!l. Amino Acid Side Chains: Potential Quenchers of Tryptophan Fluorescence in Actin
Distance between O, N, and S Atoms of Microenvironments and All Atoms of Tryptophan Residues (in A)

Trp  Residue Atom N CA C (0] CB CG CDl1 CD2 NE1 CE2 CE3 CZ2 CZ3 CH2 Centre
79 Asnll5 OD1 926 939 1084 1125 867 713 652 641 523 510 688 412 618 482 562
Asn1l5 ND2 869 886 1032 1068 848 699 659 613 532 493 640 381 556 424 535
Lys118 NZ 687 590 620 611 443 455 513 482 566 551 505 633 591 649 523
Met119 SD 10.70 1000 1090 1051 968 871 935 734 853 725 631 617 499 491 699
86 Cys10 SG 679 610 701 672 628 541 409 610 404 530 743 6.09 799 743 586
Asnl2  OD1 617 613 751 778 614 485 372 498 292 382 614 416 633 550 449
Asnl2 ND2 806 78 924 948 754 610 512 58 399 449 680 421 660 543 518
Met82 SD 606 693 834 922 683 589 583 542 527 498 572 48 559 517 512
Met119 SD 1143 1119 1248 1305 1012 877 871 765 752 675 748 543 629 515 6.96
Met123 SD 811 700 745 762 571 532 575 505 574 533 508 563 538 565 514
340 Asp24 OD2 118 1050 988 932 981 851 867 725 757 657 680 525 551 459 664
Ser344 0oG 832 714 5838 497 740 6.66 731 554 673 563 477 495 395 406 533
356 Asp3 OoD1 949 925 1023 1027 789 697 598 726 556 636 833 669 856 782 6.89
Asp3 0OD2 878 831 903 88 68 622 552 660 542 608 757 664 800 759 643

The distances between atoms of microenvironment and the nearest atom of the indole ring are shown in bold.

tophan residues microenvironments varies greatly
(Table 11). Thus, in the sphere of 7 A in radius, which
center coincides with geometrical center of the indole
ring of analyzed tryptophan residue, there are 50, 61,
78, and 69 atoms of the protein for tryptophan residues
Trp79, Trp86, Trp340, and Trp356, respectively. For
comparison, thereare 71 atomsin the microenvironment
of the inner tryptophan residue of azurin [18], which

has the most unique blue fluorescence spectrum (N 1ax
= 308 nm [38]). Thus, two tryptophan residues of
actin—Trp340 and Trp356—have a very high density
of microenvironment (d = 0.84 and 0.76). Although
they are located not in the center protein macromol ecule
but closer to its periphery (the value of d decreases
rapidly with increase of r; Fig. 4), they are apparently
inaccessible to the solvent.

Tablell. Characteristics of Microenvironments and Conformation of the Side Chains of Tryptophan Residues of Actin

Aromatic Rings and
Proline Residues

Conformation of the Side Chain of Tryptophan
Residues and Packing Density of Their
Microenvironments

Involved in the Micro-
environment of
Tryptophan Residue

Peptide Bonds in the Microenvironment of Tryptophan Residue

Residue N d X2 () X2 (0) Residue R (A) n No. of Residues Forming Peptide Bonds

Trp79 50 0.60 295 95 Trp86 6.4-10.6 4 11e76-Thr77; Thr77-Asn78; Asn78-Trp79; Trp79-Asp80

Trp86 61 0.70 282 325 Trp79 6.7-8.9 4 Met82-Gly83; Gly83-Lys34; 11e85-Trp86; Trp86-His37
Phe90 6.2-8.0
Phel27 51-75

Trp340 78 0.84 190 89 Phe21 85-9.4 11 Val9-Cysl0; Lys18-Alal9; Alal9-Gly20; Gly20-Phe21;
Pro27 3.9-48 Phe21-Ala22; Asp25-Ala26; Ala26-Pro27; Pro27-Arg28;
Tyr337 6.8-9.4 Val339-Trp340; Trp340-11e341; 11e341-Gly342

Trp356 69 0.76 282 115 Pro102 41-6.2 6 Pro102-Thr103; Thr103-Leul04; Alal31-Met132;
Pro130 8.0-9.2 Met132-Tyr133; Met355-Trp356; Trp356-11€357
Tyrl33 5.8-9.0
Phe352 35-6.0

N is the number of atoms in the microenvironment of tryptophan residue; d is the density of tryptophan residue microenvironment; x; and x, are
the angle, that characterize the conformation of tryptophan residue side chain; R is the distance of the aromatic rings and proline residues involved
in the microenvironment of tryptophan residue from the geometrical center of its indole ring (minimal and maximal values are given); n is the
number of peptide bonds in the microenvironment of tryptophan residue.
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Fig. 4. Radia dependence of packing density of atomsin macromole-
cule about geometrical centers of indole rings of tryptophan residues
in actin. Curves 1-4 are the dependences for Trp79, Trp86, Trp340,
and Trp356 consequently. For comparison the dependence for Trp48
of azurin (internal tryptophan residues) and Trp19 of melittin (external
tryptophan residues) are given (curves 5 and 6).

The distinctive feature of microenvironments of
tryptophan residues Trp340 and Trp356 is the existence
of aromatic rings of tyrosine and phenylalanine residue
and rings of proline (Table I1). So there are phenol ring
of Tyr337 and the ring of Pro27 in the close vicinity of
tryptophan residue Trp340, and aromatic ring of Phe352
and Tyr133 and thering of Pro102in vicinity tryptophan
residue Trp356. Similar clusters of aromatic residues
were found in the proteins with one tryptophan residue,
which have blue fluorescent spectrum such as azurin,
ribonuclease T1, and L-asparaginase[41]. Thevery high
packing density of microenvironment of Trp340 can be
explained by the location of proline residue Pro27,
which has immediate contact with it. Interesting, the
interconnection of tryptophan residues and proline can
initiate the folding of even small polypeptide chains
[42,43].

Itisnoteworthy that tryptophan residue Trp340ist-
conformer (x, = 190°, x, = 89°) unlike other tryptophan
residues of actin and tryptophan residues of many other
proteins [41]. The same conformation of the side chain
was found for inner tryptophan residues with extremely
blue fluorescence spectrum, like Trp48 of azurin and
Trp59 of ribonuclease T1, and for tryptophan residue
completely exposed to the solvent, like Trp25 of gluca-
gon and Trpl9 of melittin [41]. Thus, it can be the
unstrained side chain conformation. At the same time
the microenvironment of tryptophan residue Trp340 is
very closely packed. Its packing density is even higher
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than that of microenvironments of tryptophan residue
Trp48 of azurin (d = 0.75) and Trp59 of ribonuclease T1
(d = 0.80). Furthermore the oscillations of tryptophan
residue Trp340 are restricted by proline residue Pro27,
the ring of which is practically paralel to the indole
ring. It is not improbable that unstrained conformation
of the side chain of tryptophan residue Trp340, as well
astheexistence of aromatic ringsof tyrosine and phenyl-
alanine residues and proline residue, is essential for the
formation of blue fluorescence spectrum of actin.

The packing density of microenvironment of Trp86
islower than that of Trp340 and Trp356 (Tablell). Atthe
same time Figure 4 shows that this tryptophan residueis
located far from proteins periphery, and it evidently aso
isinaccessibleto the solvent. Hence, theonly tryptophan
residue that can be regarded as exposed to the solvent
is Trp79.

The averaged experimental characteristic of trypto-
phan residue exposure can be obtained from fluores-
cence quenching by the external quencher [44]. The
experiments on tryptophan fluorescence quenching of
actin revealed the low accessibility of tryptophan resi-
dues to the molecules of polar quencher acrylamide
[45]. The low value of quenching constant indicates that
tryptophan residues are inaccessible to the solvent. It
correlates with the very blue fluorescence spectrum of
this protein. The blue emission spectrum of actin fluo-
rescence and the low efficiency of fluorescence quench-
ing by acrylamide can be explained if the contribution
of tryptophan residues Trp79 (that is exposed to the
solvent) to protein intrinsic fluorescence is low.

Contribution of Individual Residue to the Total
Fluorescence of Protein

The quantum yield of tryptophan fluorescence pri-
marily depends on the existence of quenching groupsin
its microenvironment and on the long-range effects such
as Trp-Trp nonradiative energy transfer and excited-state
electron transfer from the indole ring to an electron
acceptor. The conformation of tryptophan residues side
chain, polarity of its microenvironment and exposure to
the solvent also can affect the value of the quantum yield.

Analysis of the actin structure reveals that microen-
vironments of both Trp79 and Trp86 tryptophan residues
contain sulfur atoms of methionine and cysteine residues
(Table I), which are known to be effective fluorescence
guenchers [46]. These are sulfur atoms of Met119 in the
vicinity of Trp79 and sulfur atoms of Met82, Met119,
Met123, and Cys10inthe environment of Trp86. Further-
more, the amide group of Asnl115 and amino group of
Lys118 can be potential quenching groups for tryptophan
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residue Trp79, while the amide group of Asnl2 can be
apotential quenching group for tryptophan residue Trp86.

Analysis of the dependence of fluorescent quantum
yield on the peculiar features of microenvironments of
tryptophan residues for a number of proteins revealed
that the efficiency of quenching depends not only on the
proximity of quenching group to the indole ring but, to
a great extent, also on the location of this group relative
to theindole rings of tryptophan residues[41]. A number
of sulfur atomsin the vicinity of theindole ring of trypto-
phan residue Trp86 and especially the immediate neigh-
borhood of SG of Cysl0 to NE1 of the indole ring of
Trp86 (Tablel) allowsconsidering thistryptophan residue
as practically completely quenched.

Additional information on the contribution of indi-
vidual tryptophan residues to the bulk fluorescence of
actin can be obtained by evaluating the efficiency of
nonradiative energy transfer between these tryptophan
residue. The distances between the geometrical centers
of theindolerings of tryptophan residues and their mutual
orientation (Fig. 3.) were determined based on the 3D
structure of actin. The efficiency of nonradiative energy
transfer between tryptophan residues was evaluated as
follows [47]

W= 2}3< R)G (3)

Ro

where R, is the so-called critical Forster distance, R is
the distance between the geometrical centers of theindole
rings of donor and acceptor, and k? is the factor of mutual
orientation of donor and acceptor.

1+ %%

k? = (cosd — 3c0SHACOSHp)? 4

where 6 isthe angl e between the directions of theemission
oscillator of donor and absorption oscillator of acceptor;
0, and 6p are the angles between these oscillators and
the vector connecting the geometrical centers of donor
and acceptor [48]. In these evaluations R, is taken from
literature, while other values are determined on the basis
of atoms co-ordinates[18,41]. Thecalculationswere done
assuming model of rigid oscillators. In consequence of
uncertainty of donor quantum yield and overlap integral
donor fluorescence and acceptor absorption the value of
W for Trp-Trp energy transfer was calculated with two
valuesof Ry- 7.8and 8.7 A [49,50]. Theeffective nonradi-
ative energy transfer between tryptophan residues Trp79
and Trp86 was revealed (Table I11). Consequently, even
if tryptophan residue Trp79 is not quenched by SD atom
of Met119, it nonetheless must have low quantum yield
dueto effective energy transfer to Trp86. The calculations
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Tablel11. Nonradiative Energy Transfer between Tryptophan Residues

in Actin*
Residue Trp79 Trp86 Trp340 Trp356
Trp79 — 0.64-0.77 0.01-0.02 0.01-0.02
Trp86 1.6 — 0.11-0.19 0.00-0.01
Trp340 2.7 34 — 0.05-0.09
Trp356 2.8 0.1 1.0 —

Table shows the values of the efficiency of nonradiative energy transfer
W calculated with two values of Ry: 7.8 and 8.7 A [40,41] (upper right)
and orientation factors k? (lower left). These values were calculated
according to Egs. (3) and (4). The distances between the geometrical
centers of theindole rings of tryptophan residues, needed for the evalua-
tion of nonradiative energy transfer, are given in Figure 3.

show that nonradiative energy transfer between other
tryptophan residues is of low efficiency (Table I11).

Carboxyl groups of aspartic and glutamic acids are
most likely to be effective quenchers of tryptophan fluo-
rescence in protonated form and do not quench at neutral
pH. Nothing isknown about quenching action of hydroxy!
groups of serine and threonine. That iswhy, though atoms
OD2 of Asp24, OG Ser344, and OD1 and OD2 of Asp3
are incorporated in the microenvironment of tryptophan
residues Trp340 and Trp356 (Table 1), it is unlikely that
they could affect fluorescent characteristics of these tryp-
tophan residues.

Hence, the intrinsic UV-fluorescence of the native
actinismainly determined by tryptophan residues Trp340
and Trp356, which are practically inaccessible to the
solute molecules. The microenvironments of these resi-
dues are formed mainly by nonpolar groups of protein
and closely packed (Tables | and II). At the same time
tryptophan residues Trp79 and Trp86, located in polar
environment, are quenched and give minimal contribution
to the bulk fluorescence of actin. All our conclusions
concerning the contributions of individual tryptophan res-
iduesto the bulk actin fluorescence [23] were completely
confirmed by Doyle et al. [28]. In this work the fluores-
cent properties of mutant forms of yeast actin with trypto-
phan changed to other amino acids were studied.

The above anaysis of the tryptophan residues
microenvironments ignored the presence of the large
number of peptide bonds in the microenvironment of
tryptophan residue (Table I1). Interestingly, the greatest
number of peptide bonds were found in the environment
of tryptophan residues Trp340 and Trp356, which give
the greatest contribution to the bulk actin fluorescence.
Hence, although the quenching effect of peptide groups
on the fluorescence of model componeds containing the
indole ring in solution has been shown [6,7], the questing
about the effect of the peptide bonds on the value of
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quantum yield and fluorescence spectrum position of
tryptophan residues in proteins still remains open.

INACTIVATED ACTIN AND ITS
FLUORESCENCE CHARACTERISTICS

Therelease of calciumion by EDTA or EGTA treat-
ment leads to transformation of G-actin into the inacti-
vated form, in which the protein molecule loses its
capability to polymerize [45,51]. Inactivated actin also
may be obtained as a result of heat denaturation [45,51—
62], a moderate urea or guanidinium chloride (GdmClI)
concentration [45,59], dialysis from 8 M urea or 6 M
GdmCl [59,60], or spontaneously during storage [59].
The fluorescence spectrum of inactivated actin, being
considerably different from that of native protein (\max
= 340 nm, A = 1.3), still remains a substantial blue shift
as compared with the spectrum of completely unfolded
protein (A = 350 Nm, A = 0.4; seeaso Fig. 2). Proper-
ties of inactivated actin are invariant to the way of dena-
turation [45,59,63,64] Until recently, inactivated actin has
been believed to be intermediate state between native
actin and completely unfolded protein. The new view on
the place of inactivated actin in the process of protein
folding-unfolding will be discussed below.

Exposure of Tryptophan Residues to the Solvent

As mentioned above, protein fluorescence spectrum
isdetermined by polarity of tryptophan residues microen-
vironment—the accessibility of tryptophan residues to
the solvent and the presence of polar groups of protein
amino acidsin their closevicinity. When analyzing results
of fluorescence measurements of proteins this notion is
often used in a simplified manner. Usualy it is accepted
that the position of fluorescence spectrum of tryptophan
residuesisdictated by their accessibility to solvent mole-
culesonly. The red shifted fluorescence spectrum of inac-
tivated actin had also been explained by partial exposure
of tryptophan residues to the aqueous environment
[37,60]. Really, tryptophan residue Trp25 of glucagon is
exposed to the solvent and this protein have red shifted
fluorescence spectrum, while tryptophan residue Trp48
of azurine is located in the inner part of macromolecule
and this protein have the uni que blue fluorescence spectra.
At the same, time inaccessibility to the solvent is not the
only condition of the appearance of blue fluorescence
spectrum. It is to be taken into account that polarity of
microenvironment of tryptophan residues is determined
not only by itsexposureto the solvent but also by intrinsic
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polar groups of amino acid side chains included in the
microenvironment of this tryptophan residue.

To verify whether the tryptophan residue is exposed
to the solvent, or is localized in interior inaccessible to
solvent parts of protein macromolecules, quenching of
tryptophan fluorescence by acrylamide can be analyzed.
For constructing the Stern-Volmer plots a diminishing
of the fluorescence intensity (1) or a change of mean
fluorescence life-time (1) with increase of acrylamide
concentration [Q] can be recorded. The Stern-Volmer
plots for steady-state measurements, i.e., experimental
plots I/15 vs [Q], were found to be upward curving for
both native and inactivated actin. It meansthat along with
dynamic there is also static quenching. In this case Stern-
Volmer plot is as follows [44]

lo/l = 1 + (K)Qlexp(V[Q]) ©)

Here | and |, are intensities of fluorescence in the
absence and in the presence of quencher at molar concen-
tration [Q], and V and (K ) are static and dynamic quench-
ing constants. In such case, for evaluation Stern-\Volmer
constant (K) Stern-Volmer plots for time-resolved meas-
urements must be constructed [44]

70 = 1+ (K)Q] (6)

Here T and T, are weighted mean life times (7 = X
«;T;) determined in the absence and in the presence of
guencher at molar concentration [Q], (K ) is the dynamic
quenching constant. The dynamic constant is equal to k,
(7o), where k, is bimolecular rate constant for the quench-
ing process and () is the root-mean square value of
fluorescence lifetime in the absence of quencher [44].

The mean life times were determined on the base
of fluorescence decay curves. The fluorescence decay
curveswere recorded both for native and inactivated actin
in the absence of acrylamide (Fig. 5) and in the presence
of appropriate concentration of quencher. The fluores-
cence decay curves of both native and inactivated actin
cannot be satisfactory fitted by monoexponential function
but can be accurately described by biexponential law.
As the multiexponential decay was described even for
proteins with one tryptophan residue, or for model com-
pounds in solution [65], the biexponential decay of actin
cannot be explained only by the existence of severd
tryptophan residues. The measured lifetimes of thetrypto-
phan fluorescence were used and bimolecular quenching
constant by extrinsic polar quencher acrylamide and for
the analysis of fluorescence anisotropy data and evalua-
tion of intramolecular mobility (see below). It is to be
mentioned that for construction Stren-Volmer plot the
weighted mean life-timeT must be used, whilefor evalua-
tion bimolecular rate constant of quenching process and
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Fig. 5. Decay curve of tryptophan residues fluorescence in native and
inactivated actin. Figure represents excitation lamp profile (curve 1),
experimental decay curve (curve 2), best fitted calculated fluorescence
decay curve (curve 3), and deviation between the experimental and
calculated decay curve (weighted residuals; curve 4). The excitation
wavelength was 297 nm, and the registration wavelength was 350 nm.

for evaluating intramolecular mobility the root-mean-
sguare value of fluorescence life-time (t) must be used.
For biexponential decay:
2 2
() = STy ©
QT T apTo
It appeared that the slope of the Stern-Volmer plot
and the corresponding Stern-Volmer constant (K ) aswell
as the bimolecular rate constant of collision process (k)
for native and inactivated actin are rather low in compari-
son with other proteins (Fig. 6, Table 1V). These values
increase considerably only in the completely unfolded
protein. Interestingly, the Stern-Volmer plot and the cor-
responding constants for inactivated actin appeared even
smaller than that for native actin. This mean that both in
native and inactivated actin tryptophan residues are
located in the inner parts of protein macromolecule and
that tryptophan residues of inactivated actin appear to be
even less accessible to solvent molecules than those of
native protein.

Turoverov and Kuznetsova

3.0
25

I\\q

> 2.0
1.5
1.0

02 04 06 08
Acrilamide (M)
Fig. 6. Stern-Volmer plots for different actin conformations: native G-
actin (curve 1), inactivated actin in 0.8 M GdmClI (curve 2), and com-
pletely unfolded proteinin 5.0 M GdmCI (curve 3). Thefigure represent

theresults of intrinsic fluorescence quenching by acrylamide, monitored
by tryptophan residues lifetime changes. Ao, = 297 nm

Intramolecular Mobility of Tryptophan Residues

While evaluating relaxation properties of protein
structure, it isnecessary to distinguish between the mobility
of microenvironment of tryptophan residues and the maobil-
ity of indole rings themselves. The information about the
mobility of thetryptophan residue microenvironment could
be obtained from the position of fluorescence spectrum
and from the intensity of CD spectrum in near UV region,
while the information about the mobility of tryptophan
residues gives the value of their fluorescence anisotropy.
Earlier we have shown that a pronounced red shift of
tryptophan fluorescence does not necessarily reflect the
considerable increase in its environment mobility [66,67].
Andinactivated actin isadramatic example of the situation
when red shift of fluorescence spectra is accompanied by
immobilization of its tryptophan resides by polar groups
side chains of amino acids.

Actin inactivation is accompanied by a significant
increase of fluorescence anisotropy (Fig. 7). Theincrease
of fluorescence anisotropy can be dictated both by
decrease of tryptophan residue mobility or by association
of partially-folded proteins. The latter reason seems cer-
tainly true as inactivated actin has been shown to be a
thermodynamically stable monodisperse associate, con-
sisting of 15 monomers [68].

For estimation the mobility of the tryptophan resi-
dues the Perrin plots (1/r versus T/m dependence) were
constructed for the native, inactivated, and completely
unfolded actin molecules (Fig. 8). It can be seen that
actin inactivation is characterized by independence of
Lr on T/m (Fig. 8; curve 2). This reflects the association
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Table V. Kinetic Characteristics of Tryptophan Fluorescence of Actin and Its Quenching Constants by Acrylamide

Actin 71 (nS) oy 7, (N9 a, (1) (n9) kg (X10° Mt s KM V(M
Native 1.99 0.70 541 0.30 3.83 0.43 1.65 0.68
Inactivated 2.70 0.68 6.58 0.32 477 0.16 0.76 1.18

of partially-folded actin molecules in particles whose
rotational relaxation timeis much greater than the fluores-
cence lifetime. The same independence of 1/r on T/x
takes place for F-actin which is known to be long rigid
filaments comprised of numerous actin molecules (Fig.
8; curve 4).

Analysis of Figure 8 shows that the value of the
intercept cut by the Perrin plot on the y axis (1/ry") both
for the native and inactivated actin exceeds that for low-
molecular-weight model compounds, such as N-acetyl-
tryptophan, etc. (1/rg). This means that in these two con-
formationsthetryptophan residues participatein the high-
frequency intramol ecular mobility whoserotational relax-
ation time is much shorter than the excited state lifetime
[66,67]. Alternatively, these tryptophan residues can be
involved intheintramol ecular mobility of the nanosecond
time scale whose rotational relaxation time does not
depend on the solvent viscosity [66,67]. The existence
of the latter type of intramolecular mobility seems to be
possible, since tryptophan residues of native and inacti-
vated actin are inaccessible to solvent molecules (see the
above experiments with acrylamide quenching). The fact
that (1/ro")-actin = (Ur0")r-actin @d (110 1-actin < (Uro")e-
actin iNdicates that the amplitude of high-frequency intra-

molecular mobility or rotational relaxation time invariant
of solvent viscosity of native actinin G- and polymerized
F-form is the same, while in the inactivated actin, the
mobility of tryptophan residues is much lower.

Hence we can conclude that though the fluorescence
spectrum of inactivated actin isred shifted in comparison
with native actin its tryptophan residues are not exposed
to the solvent, and that their microenvironment is formed
by polar groups of amino acids of protein which signifi-
cantly immobilize their intramolecular mobility. It has
also been shown that inactivated actin has a unique struc-
ture: hydrophobic clusters are on the surface of associate,
while the polar regions, in which tryptophan residues are
founded to be included, are in the interior, inaccessible
to solvent regions of associate [45,63,68].

ACTIN FOLDING-UNFOLDING

Study of processes of proteins folding-unfolding,
detection and examination of properties of intermediate
and misfolded states, which appear in these processes, is
one of the main approaches to evaluate pathways of the
polypeptide chain folding in a unique structure, which
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Fig. 7. GdmCI-induced structural changes of actin. Figure shows the changes of the value of parameter A =
(I320/1365) 207, that characterize of fluorescence spectrum position (A), degree of fluorescence anisotropy (B), and
fluorescence intensity at 320 nm (C). The fluorescence characteristics of actin were recorded after 24 h of
incubation in the definite concentrations of GAmCI. Open and filled symbols correspond to the unfolding and
refolding experiments. The excitation wavelength was 297 nm. Fluorescence anisotropy was recorded at 365 nm.
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Fig. 8. Fluorescence spectra and Perrin plots of native actin (curve 1),
inactivated actin (curve 2), actinin 8M urea (curve 3) and F-actin (curve
4). The excitation wavelength was 297 nm. The wavelength of recording
fluorescence anisotropy was 365 nm. Solvent viscosity was varied by
changing water: glycerol ratio. Temperature was 25° C.

provides a possibility of protein function. The misfolded
states appeared in the process of protein folding-infolding
are often stabilized by association and aggregation. As
this takes place, both amorphous and ordered aggregates
amiloid fibrils could appear [69—-77]. The appearance
of amorphous aggregates and their accumulation in the
inclusion bodies in the processes of recombinant proteins
superexpression isagreat problem of biotechnology [78—
84]. The ordered association of proteinswith formation of
insoluble amiloid fibrils and their deposition in different
organs results in development of such severe pathologies
as Alzheimer’'s and Parkinson’s diseases, malignant
myeloma, cataracts, prion afflictions, and other abnormal -
ities [76,85-94]. Therefore, studies of partialy folded
and misfolded states are of crucial importance not only
for solving fundamental problem of protein folding but
also for medicine and biotechnology. The fluorescent
approaches and intrinsic proteins fluorescence in particu-
lar are currently of intensive use in analysis of processes
of protein folding-unfolding and of properties of interme-
diate partially-folded and misfolded states, as well as
their aggregated forms.

In al studies dealing with to actin unfolding it has
been assumed that actin successively transfers from the
native to inactivated and then to the completely unfolded
state [37,45,51-59]:

N-leUu ®)

That is, the inactivated actin () was considered as on-
pathway intermediate between the native (N) and the
completely unfolded (U) states. All equilibrium experi-
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ments appeared to support this model. In fact, data pre-
sented in Figure 7 suggest that GdmCI induces two
successive conformational transitionsin actin. Thetransi-
tion from the native to the inactivated actin takes place
at low GdmCI concentrations (0.0-0.8 M), whereastrans-
formation of the inactivated actin into the completely
unfolded protein occurs between 1.8 and 4.0 M GdmCl.
It also suggests that in relatively wide range of GdmCI
concentrations, between 0.8 and 1.8 M, actin existsin its
inactivated form. It isto be emphasized that the transition
from the native to the inactivated state is irreversible
[45,60-63]. Thus, al structural characteristics of actin
in the range of low denaturant concentration (from 0 to
0.8 M GdmCl) arequasi-stationary. Inthisregard it should
be noted that the curves in Figure 7 were recorded after
24-h incubation of actin in solution with the desired
GdmCl concentration.

To clarify the process of GdmCI-induced formation
of inactivated actin kinetic curves reflecting the denatur-
ant-induced changes in intensity of intrinsic fluorescence
wererecorded [95]. At low GdmCI concentrations (below
1.0 M) thefluorescenceintensity decreases monotonously
with time, slowly approaching its equilibrium values (Fig.
9). At high GdmCI concentrations (above 3.0 M) intensity
of the actin intrinsic fluorescence also decreases monoto-
nously, and rapidly approaches the value typica of the
completely unfolded protein (Fig. 9). The most intriguing
results were obtained for moderate GAMCI concentrations
from 1.0 to 2.0 M. Within this concentration range, the
fluorescence intensity first decreases over time, but then
increases slowly to the equilibrium value (Fig. 9B).

The minimum seen in the kinetic curves at 1.0, 1.2,
1.5, and 1.8 M GdmCI suggests that the transition from
the native to inactivated state occurs via some intermedi-
ate state in which the fluorescence intensity islower than
in the native and the inactivated states (Fig. 9A). Actin
in completely unfolded state has been known to have the
lowest intensity at 320 nm compared with native and
inactivated actin (Fig. 2). Therefore it is suggested that
inactivated actin is formed from native actin via essen-
tially unfolded state.

The same shape of the kinetic curves was found
for other spectroscopic characteristics, which values for
unfolded actin were lower than that for native and inacti-
vated states and which, unlike fluorescence intensity,
define the structure of protein qualitatively. Kinetic
curves measured at 1.0-2.0 M GdmCI for parameter A
that reflects the fluorescence spectrum position and shape
(Fig. 10) and fluorescence anisotropy (Fig. 11) also were
characterized by specific minimum. The value of fluores-
cence anisotropy is known to decrease with increase of
mobility of chromophore. Thus, association of protein
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Fig. 9. Actin denaturation monitored by the change of intrinsic fluorescence intensity at 320 nm. A, Kinetics of actin denaturation
induced by GdmCI. The values on the curves are the concentration of GdmCI. B. The fluorescence intensity of actin recorded after
24 h of incubation in the definite concentrations of GdmCI. Open and black symbols correspond to the unfolding and refolding
experiments, respectively. In the experiment of refolding the appropriate concentration of GdmCl were obtained by dilution of actin
solution in 5M GdmClI. Protein concentration was 0.1 mg/ml, Agx = 297 nM, gy, = 320 nm.

moleculesisusually accompanied by anisotropy increase,
whereas dissociation of oligomers and unfolding of pro-
tein result in anisotropy decrease. In agreement with this,
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Fig. 10. Kinetics of actin denaturation monitored by the change of
parameter A = | 3,0/l 35. The values on the curvesare thefinal concentra-
tion of GAMCI. g = 297 nm.

Figure 11 shows that formation of inactivated actin
(whichwas shown to bea 15-mer [63,64]) isaccompanied
by an essential increase of fluorescence anisotropy. On
the other hand, the unfolding of protein is characterized
by apronounced drop of the anisotropy value. The combi-
nation of these two processes results in the appearance
of minimum of the kinetic curve of fluorescence anisot-
ropy at moderate GAmCI concentration (1.2 M). This
meansthat actin essentially unfolds before the appearance
of the inactivated conformation. Importantly, with time
values of parameter A and fluorescence anisotropy were
approaching the values typical of inactivated actin.

Based on all experimental data, the following
scheme of actin unfolding was proposed

k1 ko
N U* 2| )

k3

The calculation of the rate constants k;, k,, and ks per-
formed in assumption that fluorescence intensity |45, for
Kinetic intermediate U* equals to that of completely
unfolded state U, showed a good agreement between the
calculated and experimenta kinetic curves of fluores-
cenceintensity (Fig. 12). To characterize the fluorescence
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Fig. 11. Kinetics of actin denaturation monitored by the change of
fluorescence anisotropy. The values on the curves are the concentration
of GAMCI. \g = 297 and Ag,, = 365 nm.

properties of actin in the state U* wherever possible, and
to elucidate whether the fluorescence spectra of actin in
the states U and U* coincide or differ the parametric
dependences of fluorescence intensity recorded at 320
and 365 nm were constructed (Fig. 13). Before analyzing
the obtained dependences it is necessary to elucidate the
main points of this approach.

Detection of Intermediate States and Study of Their
Properties by Construction of the Parameter
Dependences of Two Independent Extensive

System Characteristics

Extensive characteristics are the characteristics
whose value changes proportionally with the substance
of the system under examination. Any extensive charac-
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Fig. 12. The analysis of the kinetic curve of actin denaturation by
1.2 M GdmCI. Curve 1 (points), leqpe, the experimental fluorescence
intensity. Curve 2, leqc = anly + ayly + oly, the caculated best fit
of the fluorescence intensity that corresponds to the values k; = 2.1-
1072, k, = 7.2:10°3%, and k; = 7.6:10 %s L. Here Iy, Iy and |, are
fluorescence intensities and oy, oy and o, are the fractions of actin
molecule in native, unfolded and inactivated states, respectively, oy +
ay + o = 1. Time dependences of the values of ay, ay, and o, are
shown. The rate constants k; were determined from the minimization
of the sum of the squares residuals ® = 3, (legper(t) — lcac(t))?, taking
into account that for kinetic scheme (2) ay, = exp(—ks t); ay = (—koky
exp(—ky 1) + ks ko exp(—ky 1) — kg ky exp(—Ky t) + k& exp(—ky t) —
ksko + ksky — K + koky exp (— (ko + ka)t))/((ko + k) (kg — k» — ka));
oy = —K (ky exp(—(kz + ka) 1) — ko exp(—Kki t) — ks exp (ki t) —
ki + ko + k)l((kz + kg) (ks — ko — kg)).

teristic of the system consisting of two components is
determined by

1(6) = ca(6)l1 + ax(6)12 (10)

where I; and |, are the values of 1(6), at 100% content
of the first and the second component, respectively, and
a4(0) 1 ay(0) are the relative fraction of this components
in the system, a(0) + ax(0) = 1, 6 is any parameter
depending of which the content of the components is
changed. Denaturant concentration, temperature, pH of
the solution, etc. can be taken as a parameter. Only for
extensive characteristics (as opposed to intensive charac-
teristics such as fluorescence spectrum position, parame-
ter A, fluorescence anisotrophy, etc.) which provide
qualitative characterization of the system, Eqg. (10) is
valid and the fraction of the components in the system,
as well as the equilibrium constant K can be determined
by simple equations

I _|2 Il - I
l® = 2 afe) =,
Il - I
K(0) = l(e)—(?i (11)

If intensive characteristics are used these equations for
determination «4(0), ax(0), and K(8) are not valid [4],
although this often is not taken into account in studies
of protein conformation transition.
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Fig. 13. Actin denaturatioin induced by GdmCI. Parametric depen-
dences of fluorescence intensity at 320 and at 365 nm, parameter is
the time from the beginning of denaturation. The values on the curves
are the concentration of GdmCI. Fluorescence characteristics of native
(N), essential unfolded intermediate (U*), inactivated (I) and completely
unfolded (U) actin are indicated. Protein concentration was 0.44 mg/
ml, \ex = 297 nm.

Fluorescence intensities at 320 and 365 nm can be
taken as two independent extensive characteristics of the
system. In this case

I320(0) = 0‘1(9)|1,320 + 0(2(9)|2,320 (12
and
l365(0) = a2(0)l1365 + to(0)12,365- (13)

Eliminating «1(0) and «x(6) from Egs. (12) and (13), the
dependence between 1350(0) and 1365(6) can be obtained

I320(6) = @ + bles(6) (14)
where
_ 12320 = 1320 _ 2320 = l1320
a = |1,320_—I T |1,3esandb——| T
2365 — l1,365 2365 — l1,365

Eq. (14) meansthat if with change of the parameter
0 the transition between the states 1 and 2 follows the
model “all or none” without the appearance of the inter-
mediate states, the parametric dependence between any
two extensive characteristics must be linear. If the experi-
mentally recorded parametric dependence between two
extensive characteristics of the system is not linear, it
unequivocally means that the process of the transition
from the initial to the final state is not one-stage process
but it proceedswith formation of oneor several intermedi-
ate states.
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The approach to analyze proteins conformational
transition based on the base of construction of parametric
dependences of the fluorescence intensity recorded at two
different wavelengths was proposed as early as in 1976
by Burshtein [46], but in subsequent years was used only
afew times (see, e.g., [40]). We have used this approach
to prove the multitude of the intermediate states which
appear on denaturation of carbonic anhydrase 11 [96] and
creatine kinase [97] by GdmCI. In the work on actin
folding-unfolding [98] this approach has been used for
the first time to analyze results of kinetic experiments.

Properties of the Kinetic Predecessor of
Inactivated Actin

The parametric dependences of I3, ONn Iz were
constructed based on the recorded kinetic process of actin
unfolding induced by GdmCI. In these experiments the
fluorescence intensities recorded at the wavelengths 320
and 365 nm were used as independent extensive charac-
teristics and the time from the moment of the protein
solution mixture with GdmCI was taken as a parameter.
The results of previous study of the GdmCI-induced actin
denaturation [95] indicate that the rate constant of the
process N — U* (kq) increases with the elevation of the
GdmCl final concentration, while the rate constant of
inactivated actin formation U* — | (k,) decreases. The
relation between k; and k; is such that the processes N
- U*andU* - | areseparatedintimeat 1.8 M GdmCl.
Therefore, the corresponding parametric dependence of
I35 ON 365, presented in Figure 13, can be approximated
by two practically straight lines. It isevident that the cross
point of these two lines characterizes the fluorescence
properties of actin in the U* state. The mean values of
the fluorescence intensities of actin in U* state are (Iy+/
In)ao = 0.25 and (1 y«/1\)365 = 0.97, whereas for actin in
the completely unfolded state these values are 0.16 and
1.08 respectively. Many times repeated measurements
of kinetic dependences alow concluding that Ay->Ay,
|320!U*>|3201U and |3651U*<|365!U' The |atter m|ght be
because the intrinsic tryptophan residues Trp340 and
Trp356, which contribute significantly to thefluorescence
spectrum of native actin [23] retain in this state slightly
more blue fluorescence spectrum than that in the unfolded
state U, while tryptophan residues Trp79 and Trp86,
which fluorescence spectrum is red shifted, but the contri-
bution to the fluorescence spectrum of native actin is
small, in the U* state remain quenched by sulfur atoms
of cysteine and methionine residues.

Thus, the obtained data allow concluding that fluo-
rescence properties of the kinetic intermediate U* differs
from that of actinin 4—6 M GdmCI. The kinetic interme-
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Fig. 14. Inactivated actin denaturation-renaturation induced by the change of GdmCl
content in solution. Kinetics of the change of intrinsic fluorescence intensity at 320 nm.
A, Denaturation of native actin induced by 4.0 M GdmCI. B, Actin renaturation from 4,0
M GdmCl (final concentration of GdmCI was 1.8 M). C, Denaturation of inactivated actin
induced by 4.0 M GdmCI. D, Parametric dependences of fluorescence intensity at 320
and at 365 nm, parameter is the time from the beginning of denaturation (curve 1) or

renaturation (curve 2).

diate has more blue fluorescence spectrum in comparison
with completely unfolded state of actin. It hasbeen shown
that in the U* state elements of secondary structure are
retained. At the same time, ANS does not bind to actin
in this state. In total these data substantiate suggestion
that the U* state is premolten globule. With decrease of
GdmCl concentration the parametric dependences of 135
on lyg5 progressively differ from that obtained for 1.8 M
GdmCI (Fig. 13). Nonetheless, their character indicates
that the process of inactivation of actin formation pro-
ceedsviathe state of essential protein unfolding, although
the lifetime of this state decreases with the reduction of
the final concentration of GdmCI. Unexpectedly, it was
found that the parametric dependences of I3 0N I35
originated not from the single point corresponding to the
native state of actin in the absence of GdmClI, but from
different points (Fig. 13). It means that the change of the
solution leadsto arapid change of fluorescence properties
of actin. At present it is not clear weather the recorded
effects are determined by structural changes of protein
or simply by the change of the solution content, that
affects the fluorescence properties of Trp79, partidly

exposed to the solvent although its contribution to the
bulk fluorescence of actin is not large.

Kinetics of the Transition Inactivated Actin-
Completely Unfolded State

The examination of the folding-unfolding process
of actin and the place of inactivated actin and its kinetic
predecessor in these processes would be incompl ete with-
out considering transition between the inactivated and
completely unfolded state. The results of steady-state
investigation [45,63,95] indicate that this process is
reversible and occursin the range of GAMCI concentration
from 1.8 to 3.5 M with the middle point at 2.5 M (Fig. 7).
The kinetic measurements of the changes of fluorescence
intensity in the course of the protein transition from 1.8
M to 40 M GdmCI and vice versa performed in the
present work proved the general conclusion made earlier
(Figs. 14B and 14C). But it was found that the U - |
transition is faster than the inverse process| — U. The
unfolding of inactivated actin is incomplete even within
24 h after itstransformto4 M GdmCl (Fig. 14C). Interest-
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ingly, the complete unfolding of native actin after its
transform to 4 M GdmCI is completed within the first
10 s. Both | - U and U - | processes seem to be
not one-step processes as indicated by the character of
parametric dependences of 135, 0n I35 Of these processes
(Fig. 14D) and impossibility to represent them by
monoexponential law to which the kinetics of one-step
processes follows. It seemslikely that the transition from
the completely unfolded state to the inactivated state pas-
ses through the kinetic intermediate U* (Fig. 14D, curve
1). When the solutions are mixed manually thisU — U*
process occurs within the dead time of experiment.

New Kinetic Scheme of Actin Folding-Unfolding

All the obtained datain total allowed to propose the
kinetic scheme of the actin protein-unfolding induced by
GdmCl [98]

U*
N-N - I 2U (15)
|

In this kinetic schemeit is not completely understood the
nature of the state N* which precedes the transformation
of native actin into the essentially unfolded state U* and
which fluorescent properties depend on GdmCI concen-
tration. Meanwhile the appearance of the essentially
unfolded state U* which precedes the appearance of com-
pletely unfolded state or misfolded state which structure
isstabilized by aggregation of partially-folded macromol-
ecules of the protein, known as inactivated actin |, may
be considered to be proved. These results also may be
essential for the search for pathways of actin folding
in vitro.
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