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ABSTRACT: Slow intramolecular mobility of native and inactivated actin from rabbit skeletal muscle during
the process of protein unfolding induced by GdnHCl was studied using tryptophan room temperature
phosphorescence (RTP). By this method, the conclusion was confirmed that an essentially unfolded
intermediate preceded the formation of inactivated actin [Turoverov et al.Biochemistry(2002)41, 1014-
1019]. It was found that the kinetic intermediate generated at the early stage of protein denaturation has
no tryptophan RTP, suggesting the high lability of its structure. Symbate changes of integral intensity
and the mean lifetime of RTP during the U*f I transition suggests a gradual increase of the number of
monomers incorporated in the associate (U*f I1‚‚‚ f In ‚‚‚ f I15), which is accompanied by an increase
of structural rigidity. The rate of inactivated actin formation (I≡ I15) is shown to increase with the increase
of protein concentration. It is shown that, no matter what the means of inactivation, actin transition to the
inactivated state is accompanied by a significant increase of both integral intensity and the mean lifetime
of RTP, suggesting that inactivated actin has a rigid structure.

The problem of protein folding to a compact, highly
ordered, functionally active state is one of the central
problems of modern structural and cell biology. Character-
ization of the unfolding-refolding process as well as
intermediate and misfolded states appearing on these path-
ways is considered an important strategy in studying this
problem. Such studies are not only of fundamental impor-
tance for solving the problem of the protein folding, but also
have a practical significance for medicine (in connection with
the existence of the so-called conformational diseases caused
by amyloid fibril formation that results from protein folding
abnormalities;1-8) and biotechnology (in connection with
the appearance of misfolded protein aggregates and their
accumulation in inclusion bodies;8-13). Equilibrium in-
tramolecular mobility which is realized in a wide time range
from 10-14 to 10 s plays an important role in protein
functioning and folding (14-20).

Strong dependence of tryptophan residues phosphores-
cence lifetimes and quantum yields on the mobility of their
microenvironments, as well as a long lifetime of room
temperature phosphorescence (RTP)1 of tryptophan residues

permits the monitoring of intramolecular mobility of proteins
in the wide time scale range, with relaxation times up to
milliseconds (19-28).

The goal of this work was to study slow intramolecular
mobility of actin in different structural states and its changes
during GdnHCl-induced formation of inactivated actin. The
globule of monomer actin (G-actin) is formed by a single
polypeptide chain containing 375 amino acids (molecular
mass is 42 kDa). Actin monomer consists of two domains,
each comprising two subdomains (29). All four tryptophan
residues are located in subdomain I. Actin monomer contains
one rigidly tied calcium cation and one ATP molecule. As
a result of polymerization, G-actin is transformed into a
fibrous form called F-actin. In 1972, Lehrer and Kerwar (30)
showed that the removal of calcium cation leads to irrevers-
ible transformation of G-actin into a denaturated state, in
which the protein is unable to polymerize. The protein in
this state was called inactivated actin. Later, it was demon-
strated that inactivated actin could be obtained not only as a
result of Ca2+ removal, but also by a heat treatment (60-70
°C), by incubation with a moderate concentration of urea
(3-4 M) or GdnHCl (0.8-1.8 M), by dialysis from 8 M
urea or 6 M GdnHCl, and even spontaneously during a
prolonged storage (30-39). Inactivated actin is a thermo-
dynamically stable monodispersed associate composed of 15
monomer units (40). Properties of inactivated actin do not
depend on the method of denaturation (31, 41). A peculiar
feature of inactivated actin is restriction of intramolecular
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mobility of tryptophan residues (results of anisotropy of
tryptophan fluorescence) and their microenvironments (re-
sults of CD in near UV-spectra) in comparison with that in
G-actin (31, 41). Recently, it has been established that
inactivated actin is not intermediate between the native and
completely unfolded state (42). Tryptophan fluorescence and
CD kinetic studies of GdnHCl-induced actin unfolding have
demonstrated that native actin N is transformed into the
inactivated state I not directly, but via an intermediate stage
characterized by formation of the essentially unfolded kinetic
intermediate U* (43). In contrast to the completely unfolded
state, actin in the essentially unfolded state U* preserves its
secondary structure to a great extent. This structural state of
the protein was defined as the “premolten globule”. The
essentially unfolded state U* can appear not only as a result
of the native protein denaturation, but also upon refolding
from the completely unfolded state U (43).

Spectral and kinetic characteristics of tryptophan phos-
phorescence of actin at low and room temperatures has been
studied (44, 45), yet RTP has not been used for monitoring
the change of slow intramolecular mobility at different stages
of actin denaturation. The use of tryptophan RTP in studies
of actin unfolding kinetics allow further specification of the
actin folding-unfolding model that was proposed earlier and
characterization of the slow intramolecular mobility in
different structural states.

MATERIALS AND METHODS

Preparations.Rabbit skeletal muscle actin was purified
by the standard procedure (46). G-actin in buffer G (0.2 mM
ATP, 0.1 mM CaCl2, 0.4 mM â-mercaptoethanol, 5 mM
Tris-HCl, pH 8.2, and 1 mM NaN3) was stored on ice and
used within 1 week. Actin was purified by one or two cycles
of polymerization-depolymerization, using 30 mM KCl for
polymerization. The nativity of samples was characterized
by the parameterA ) (I320/I365)297, whereI320 and I365 are
fluorescence intensities atλem ) 320 and 365 nm, respec-
tively, andλex ) 297 nm (47). Samples with theA parameter
not lower than 2.56, which corresponds to the content of
inactivated actin not higher than 2% (47), were used. Actin
concentration was determined with a Hitachi spectropho-
tometer (Japan). The molar extinction constant for actin was
taken asE280 ) 1.09 mg-1 mL cm-1 (48). The concentration
of GdnHCl was determined by measuring the refractive index
of its solution with an Abbe refractometer (LOMO, Russia).

Inactivated actin was obtained from G-actin by the Ca2+

cation removal by dialysis of the protein solution for 20 h
against the buffer containing 5 mM EDTA, incubation at 70
°C for 30 min, incubation with 3-4 M urea or with 1-2 M
GdnHCl, and dialysis from 6 M GdnHCl solution for 20 h.
The final actin concentration varied from 0.8 to 2.5 mg/mL.
Deoxygenation of the samples was performed by addition
of sodium sulfide to a final concentration of 50 mM (26,
27). The use of sodium sulfide for deoxygenation for RTP
investigations is also described in refs49 and50. Residual
oxygen concentration did not exceed 1 nM. Complete
deoxygenation took 7 min.

All chemicals were of reagent grade or better. GdnHCl
(Nacalai Tesque, Japan) was used without additional puri-
fication.

Phosphorescence Measurements.Phosphorescence mea-
surements of deoxygenated protein samples were carried out

at 20 °C, using a highly sensitive homemade device with
monochrome excitation and registration of emission, as
described elsewhere (51, 52). The phosphoroscope dead time
was 1 ms. Tryptophan phosphorescence was excited at 297
nm. RTP decays were recorded at 445 nm. Phosphorescence
spectra were corrected for instrumental response.

Data analysis.Phosphorescence decays were analyzed in
terms of a sum of discrete exponential components by a
nonlinear least-squares fitting algorithm implemented by the
program Fotobio (Department of System Analysis, Belorus-
sian State University). In all cases, two decay times (eq 1)
gave the best fit.

whereI(t) is the phosphorescence intensity,I0 is the initial
phosphorescence intensity (t ) 0), τ1 is the lifetime of the
fast component,τ2 is the lifetime of the slow component,R1

and R2 are amplitudes of the fast and slow components,
respectively (R1 + R2 ) 1).

The analysis was determined to be adequate if the reduced
chi-squared,ø2, was close to unity and the visual inspection
of weighted residuals and autocorrelation plots showed a
random dispersion centered around zero.

The integral phosphorescence intensity was calculated
from the areas under the RTP decay curve according to

here τj is the simple mean of the RTP lifetime. The
contribution of the fast component to the total emissionS1

was calculated as follows:

The mean weighted RTP lifetime<τ> was calculated as
follows:

All results reported are the means of three or more
independent measurements.

RESULTS

RTP emission spectra of G-actin, F-actin, and inactivated
actin have maxima at 417, 445, and 470 nm, and are
practically identical in shape (Figure 1). The RTP decay
kinetics of G-actin, F-actin, and inactivated actin are well
approximated by the sum of two exponentials. Figure 2
shows the RTP decay kinetics of G-actin and inactivated
actin. The characteristics of RTP (τ1, τ2, <τ>, R1, S1) for
G-, F-, and inactivated actin are summarized in Table 1. The
obtained values of the RTP lifetimes and amplitude of G-
and F-actin agree well with the data reported by Strambini
and Lehrer (45). Actin polymerization leads to an increase

I(t)/I0 ) R1 exp(-t/τ1) + R2 exp(-t/τ2) (1)

I int ) I0(R1∫0

∞
exp(-t/τ1)dt + R2∫0

∞
exp(-t/τ2)dt) )

I0(R1τ1 + R2τ2) ) I0τj (2)

S1 )
R1∫0

∞
exp(-t/τ1)dt

R1∫0

∞
exp(-t/τ1)dt + R2∫0

∞
exp(-t/τ2)dt

)

R1τ1

R1τ1 + R2τ2
(3)

〈τ〉 )
R1τ1

2 + R2τ2
2

R1τ1 + R2τ2
(4)
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of the slow component and its contribution to the bulk
phosphorescence, while the fast component remains virtually
unchanged(Table 1). It was found that the lifetime of RTP
of inactivated actin was much longer than that of its native
form, regardless of the method used for actin denaturation.
Moreover, bothτ1 and τ2 increased, and their contribution
to the bulk phosphorescence changed. Unlike G- and F-actin,
the major contribution to phosphorescence of inactivated
actin is provided by the slower component.

Figure 3 (panels A and B) shows kinetic dependencies of
mean lifetimes and integral intensity of RTP of actin at
different concentrations, when actin unfolding was induced
by 1.8 M GdnHCl. The beginning of RTP measurements
was limited by the dead time required for solution deoxy-
genation, which amounted to about 7 min. It was found that
for a protein concentration of 0.8 mg/mL for the first minutes
of the phosphorescence measurement, RTP of actin was
below the detection limits; the low-intensity actin RTP
appeared thereafter. At subsequent incubation in the GdnHCl
solution the values of RTP<τ> and I int increased and
reached their maxima in approximately 70 min (Figure 3).
At higher protein concentrations (1.0-2.5 mg/mL), the actin

RTP was reliably detected immediately after the deoxygen-
ation procedure, i.e., after 7 min of the protein incubation in
1.8 M GdnHCl. The maximal values of<τ> and I int were
reached much faster. After reaching their maxima, the values
of <τ> and I int remained constant at further incubation. It
was discovered that the maximum value of<τ> of RTP of
actin in 1.8 M GdnHCl did not depend on protein concentra-
tion, whereasI int did.

FIGURE 1: Phosphorescence spectra of actin. Spectra of G-, F-actin,
and inactivated actin are designated in red, blue, and green,
respectively. Inactivated actin was obtained as a result of incubation
of G-actin with 1.8 M GdnHCl for 24 h. All spectra were
normalized to the intensity at maximum 445 nm and corrected for
instrumental response. Protein concentration was 1.5 mg/mL.λex
) 297 nm.

FIGURE 2: Phosphorescence decay curves of actin. (A) Phospho-
rescence decay curve of native (1) and inactivated in 1.5 M GdnHCl
(2) actin. (B) Phosphorescence decay curve of G-actin alongside
with a fitted curve and residuals functions. Experimental data (curve
1), a fitting to a biexponential law (curve 2), weighted residuals
(curve 3), and an autocorrelation function of the weighted residuals
(curve 4). Protein concentration was 1.5 mg/mL,λex ) 297 nm,
λem ) 445 nm.

Table 1: Room Temperature Phosphorescence of G-actin, F-actin,
and Inactivated Actina

actin state structure,
experimental conditions τ1, ms τ2, ms <τ>, ms R1 S1

G-actin 12 251 122 0.96 0.53
F-actin 13 260 129 0.96 0.54
inactivated actin, Ca2+ removal 71 403 303 0.71 0.30
inactivated actin, 70°C,

incubation for 30 min
71 428 321 0.72 0.30

inactivated actin, 1.5 M GdnHCl,
incubation for 24 h

73 410 319 0.67 0.26

inactivated actin, dialysis for
20 h from 6 M GdnHCl

72 420 331 0.67 0.26

inactivated actin, 4 M urea,
incubation for 24 h

65 390 311 0.66 0.25

a Lifetime (τ1,τ 2) and preexponential amplitude (R1) of the short-
lived decay component were obtained from a biexponential fitting of
phosphorescence decay of the actin solutions. The contribution of the
short-lived decay component to the total emission (S1) and average
phosphorescence lifetime (<τ>) were calculated from eqs 3 and 4,
accordingly. The data are averages of five independent experiments.
Reproducibility is typically better than 7%.

FIGURE 3: Kinetics of actin denaturation induced by 1.8 M GdnHCl.
(A) Kinetics of the change of the mean RTP lifetime. (B) Kinetics
of the change of RTP integral intensity. Concentrations of actin
are (mg/mL): blue up triangles- 0.8; red squares- 1.0; green
down triangles- 1.5; magenta diamonds- 2.0; blue hexagons-
2.5; RTP parameters of native actin (1 mg/mL) designated as green
circles.λex ) 297 nm,λem ) 445 nm.
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Figure 4 shows kinetic curves of the mean lifetimes and
integral intensities of RTP of actin at the same concentration
(1 mg/mL), when the actin unfolding was induced by
GdnHCl solutions at different concentrations. It is evident
that the rate of reaching the maximal values of<τ> andI int

depends on GdnHCl concentration. At low concentration of
GdnHCl, the maximal value of<τ> was not reached even
after an overnight incubation.

Figure 5 shows stationary dependencies of RTP charac-
teristics of actin on GdnHCl concentration in the solution
obtained for the initially native (red circles) and initially
inactivated (blue circles) actin. It was established that in the
range of GdnHCl concentrations from 0.8 to 4.0 M the values
of τ1, τ2, andR1 (data are not shown) and<τ>, andI int of
RTP practically coincided for the initially native and initially
inactivated actin solutions. In the range of GdnHCl concen-
trations from 0 to 0.8 M, all characteristics of RTP for the
initially native and initially inactivated actin solutions differ
statistically significantly. In this range, the dependence for
initially native actin is quasi-stationary, as at low concentra-
tions of GdnHCl the RTP values did not reach their maxima
even after an overnight incubation. At GdnHCl concentra-
tions exceeding 3 M RTP the intensity became so low that
any further measurement was not possible. Meanwhile, for
initially inactivated actin, RPT can be reliably recorded up
to 4 M GdnHCl concentration.

DISCUSSION

In the absence of molecular oxygen, most proteins have
been found to phosphoresce in aqueous solution at room
temperature (22-24). Quantum yield (qp) and consequently
integral intensity of phosphorescence depends in a compli-
cated way on certain photophysical processes that occur both
in triplet and in singlet states, whereas the lifetime of
phosphorescence is determined by rate constants of radiative
and nonradiative processes of the triplet state (22, 53).

The dominating quenching mechanism of tryptophan
phosphorescence in the oxygen-free medium is deactivation
of triplet-exited states due to collisions of the indole ring of
a tryptophan residue with the surrounding structural elements
of macromolecules. The frequency and energy of these
collisions resulting in out-of-plane vibrations of the indole
ring and relaxation of triplet states define the efficiency of
dynamic quenching of the tryptophan phosphorescence. If
tryptophan residues are located within rigid parts of the
protein globule with a high microenvironment packing
density, the typical RTP lifetime is in the range from 1 to 2
s to hundreds of milliseconds. It is in such an environment,
whose rigidity is similar to that of a crystal, that the
tryptophan residue Trp 109 ofEscherichia colialkaline
phosphatase is located (τ ≈ 2 s). The RTP lifetime of residues
located in more mobile environments is reduced down to
values from several tens of milliseconds to 1-0.5 ms. The
triplet-excited states of tryptophan residues located at the
periphery of the globule in the highly mobile environment

FIGURE 4: Kinetics of actin denaturation induced by different
concentration of GdnHCl. (A) Kinetics of the change of the mean
RTP lifetime. (B) Kinetics of the change of RTP integral intensity.
Final concentrations of GdnHCl (M) are green circles- 0; blue
up triangles- 0.5; red squares- 0.7; green down triangles- 1.0;
magenta hexagons- 1.2; cyan diamonds- 1.5; blue circles-
1.8. Protein concentration was 1.0 mg/mL,λex ) 297 nm,λem )
445 nm.

FIGURE 5: Dependencies of tryptophan RTP of native (red circles)
and previously inactivated (blue triangles) actin on GdnHCl
concentration. (A) The mean RTP lifetime. (B) Integral RTP
intensity. Protein concentration was 1.5 mg/mL,λex ) 297 nm,
λem ) 445 nm.
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are deactivated mainly via a nonradiative mechanism result-
ing in the effective dynamic quenching of RTP, which
considerably decreases the decay times (19-28).

Along with the dynamic quenching of the tryptophan
phosphorescence, static quenching may be present, which
takes place when the indole ring of a tryptophan residue is
in close contact with side chains of some phosphorescence-
quenching amino acids. By their ability to quench tryptophan
phosphorescence, the side chains of amino acids can be
divided into three classes: (i) strongly quenching (kq ≈ 5 ×
108 M-1 s-1), such as cysteine; (ii) intermediately quenching
(kq ) 5 × 105 - 2 × 107 M-1 s-1), such as tyrosine, histidine,
and tryptophan; (iii) weakly quenching or nonquenching (kq

e 105 M-1s-1), all other amino acid residues (23). Static
quenching of RTP by side chains of cysteine, tyrosine, and
tryptophan is possible only if the distance between the indole
ring and the quenching group is comparable to the van der
Waals radius (i.e., does not exceed several angstroms).

A special role in the intramolecular quenching is played
by disulfide groups. Their pronounced ability to quench RTP
is due to their capability to accept electron from tryptophan
in the triplet-exited state (24, 54, 55). Intramolecular quench-
ing may occur not only if the indole ring is in permanent
contact with the quenching amino acid residue (static
quenching), but also if it is transiently brought into contact
with the quencher by protein structural fluctuations (23).
Consequently, efficiency of the quenching action of groups
that are potential quenchers of phosphorescence, located in
the vicinity of the indole ring, is also determined to a great
extent by intramolecular mobility of the chromophore
microenvironment. The quenching efficiency depends not
only on the distance between the tryptophan residue and the
quenching group, but also on its orientation relative to the
tryptophan residue indole ring. Therefore, the presence of
the potential RTP quenching residues in the tryptophan
residue microenvironment does not necessarily result in
phosphorescence quenching. Because of the difficulty of
taking into account all factors causing the triplet-exited state
deactivation, it is not always possible to precisely define
parameters of phosphorescence of individual tryptophan
residues in multitryptophan proteins.

Room Temperature Tryptophan Phosphorescence of In-
actiVated Actin.As mentioned above, actin inactivation leads
to a considerable increase in RTP lifetime. A several fold
increase ofτ1, τ2, and<τ> values of the actin RTP after
the 24-h protein incubation with 1.8 M GdnHCl indicates a
reduction of the protein internal mobility at locations of RTP-
capable tryptophan residues. The most probable reason for
this increase of the tryptophan residue microenvironment is
stabilization of the inactivated actin structure due to associa-
tion of partially folded macromolecules. It was shown earlier
that inactivated actin is a thermodynamically stable mono-
disperse associate with the sedimentation constant 20 S,
consisting of 15 monomeric units (31, 40). An increase ofτ
of RTP after the protein associate formation was reported
earlier in studies of muscle glycogen phosphorylaseb (26).
It is important that according to the RTP parameters obtained,
values of intramolecular mobility of inactivated actin ob-
tained with different methods are rather similar. The existence
of RTP is in line with the pronounced signal in the near UV
CD spectrum. Both suggest the low mobility of the tryp-

tophan residue microenvironment in inactivated actin (31,
41).

The dependencies ofτ1, τ2, R1 (not shown),<τ>, andI int

(Figure 5A) on GdnHCl concentration for the initially native
and initially inactivated actin in the range of GdnHCl
concentrations from 0.8 to 1.8 M almost coincide. At a
concentration of GdnHCl lower than 0.8 M the values ofτ1,
τ2, <τ>, and I int are lower, while that ofR1 are higher for
the initially native than for the initially inactivated actin. This
is because in this range of GdnHCl concentrations the values
of these RTP characteristics of the initially native actin are
quasi-stationary and do not reach their equilibrium values,
which are characteristic of inactivated actin, even after
incubation at these GdnHCl concentrations overnight and
longer. The values ofτ1 and τ2 of the initially inactivated
actin decrease slightly with increase of GdnHCl concentration
in the range from 0 to 1.8 M (data are not shown). Due to
the redistribution of the contribution of the fast and slow
components, the mean values of the phosphorescence decay
time remain constant in this range of GdnHCl concentrations.
The fluorescence intensity and the value of parameterA
characterizing the spectrum position decrease slightly with
the increase of the GdnHCl concentration from 0 to 1.8 M
(41, 42). At the same time, the integral phosphorescence
intensity significantly decreases with the increase of the
GdnHCl concentration from 0.8 to 1.8 M (Figure 5B). This
decrease is so pronounced that on its background the change
of integral intensity of the phosphorescence caused by the
inactivated actin unfolding at GdnHCl concentrations in the
range from 1.8 to 3.5 M cannot be observed clearly. At
present, it is hard to explain unambiguously the significant
decrease ofIint with the increase of the GdnHCl concentra-
tion, while phosphorescence decay time changes only slightly
under the same conditions. On the other hand, this is not
entirely surprising, as the phosphorescence decay time is
determined only by the processes of the triplet state, whereas
the integral RTP intensity is determined by the processes of
both the triplet and singlet state.

The significant change of the integral intensity of RTP
from the concentration of GdnHCl in the range of concentra-
tion from 0.8 to 1.8 M cannot be explained by the change
of protein structure. It is shown by intrinsic fluorescence and
CD (41). This phenomenon cannot be explained by dynamic
quenching of RTP due to the increase of structural mobility
because RTP lifetime remains constant in this range of
GdnHCl concentration. It also cannot be explained by the
process in singlet state because fluorescence intensity (31)
and fluorescence lifetime (unpublished data) changeinsig-
nificantly in this range of GdnHCl concentration. The
possible explanation of this phenomenon is the existence,
together with inter system crossing, of the alternative way
of triplet level populating which arises from geminate
recombination of the indole radical cation and solvated
electron (53). One can assume that the change of GdnHCl
concentration significantly affects the structure of the solvent
and thus causes changes in the probability of the appearance
and recombination of the indole radical cation and solvated
electron. Another possible explanation could be provided by
the changes of inactivated actin structure (disintegration of
aggregate) with the increase of GdnHCl concentration. The
examination of this assumption is in progress.

Actin Tryptophan Phosphorescence Biochemistry, Vol. 42, No. 46, 200313555



Integral intensity of the completely unfolded RTP of actin
is equal to zero. Therefore, the integral intensity is reduced,
while the RTP decay time remains constant, equal to that of
inactivated actin, with decrease of the inactivated actin
portion in the range of the inactivated actin unfolding (1.8-
3.5 M GdnHCl). It was shown earlier that the process of the
initially inactivated actin unfolding is very slow when it is
transferred to 4 M GdnHCl (43) and even after 24 h of
incubation in solution of 4 M GdnHCl, some amount of
inactivated actin is still present. Therefore, it was still possible
to recordI int at a concentration of GdnHCl up to 4 M. The
decay lifetime of the initially inactivated actin after incuba-
tion for 24 h in 4 M GdnHCl, as was expected, retained the
value characteristic of inactivated actin.

Kinetics of Actin Unfolding by GdnHCl.The fact that the
kinetics of actin RTP changes when protein at a relatively
low concentration (0.8 mg/mL) is transferred to 1.8 M
GdnHCl confirms the conclusion that the essential unfolding
precedes formation of inactivated actin. These experiments
also suggest that integral intensity of actin RTP is equal to
zero in this essentially unfolded state U*. Under these
conditions, a weak RTP can be recorded only for several
minutes after beginning the measurements (an additional 7
min were required for oxygen removal). During further
incubation in solution of 1.8 M GdnHCl the integral intensity
of RTP gradually increases and in 70 min reaches the
maximum value that is close to that of inactivated actin.
Hence, the increase of RTP intensity reflects the process of
inactivated actin formation from the essentially unfolded state
U*. If this formation had been the single-stage process “all
or nothing”, the intensive characteristic of the system, such
as<τ>, would have been equal to the corresponding value
of inactivated actin in the whole range ofI int changes from
zero to its maximal value. However, in reality this is not so.
The value of<τ> increases in a symbate way withI int. The
reason for this is quite clear. Inactivated actin, a homoge-
neous associate consisting of 15 macromolecules of actin,
could not be formed from the essentially unfolded state of
actin by the single-stage transition U*f I. Inactivated actin
is formed from the unfolded state U* by a gradual increase
of associate:

which is accompanied by an increase of rigidity of this
associate.

Although evident, this scheme has not been previously
proven experimentally. The dependence of the rate of
inactivated actin formation on the concentration of protein
in solution is an additional confirmation of the correctness
of this scheme. Figure 4A,B shows that the time needed to
reach maximal values ofI int and<τ> of RTP, corresponding
to that of inactivated actin, decreases with the increase of
protein concentration. It suggests facilitation of complexation
with increase of the protein amount in solution. When protein
concentration is 1.5 mg/mL and higher, the amount of
inactivated actin having a rigid structure, which allows valid
RTP recording, is accumulated as early as within 7 min after
the beginning of protein incubation in 1.8 M GdnHCl. The
high maximum values ofτ1, τ2, and<τ> of RTP of actin
incubated in 1.8 M GdnHCl suggest that the slow intramo-
lecular mobility of inactivated actin is significantly lower

than that of the native and completely unfolded states of the
protein (Table 1, Figure 4B). Thus, the data obtained by RTP
confirm the earlier proposed scheme of the actin folding-
unfolding. These data also demonstrate that the U*f I
transition is a gradual process of increasing mass of associate
and allows the characterization of the slow intramolecular
mobility of actin in different structural states.
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