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ABSTRACT During inflammation, hydrogen peroxide, produced by polymorphonuclear leukocytes, provokes cell death
mainly by disarranging filamentous (polymerized) actin (F-actin). To show the molecular mechanism(s) by which hydrogen
peroxide could alter actin dynamics, we analyzed the ability of H,O,-treated actin samples to polymerize as well as the
suitability of actin polymers (from oxidized monomers) to interact with cross-linking proteins. H,O,-treated monomeric
(globular) actin (G-actin) shows an altered time course of polymerization. The increase in the lag phase and the lowering in
both the polymerization rate and the polymerization extent have been evidenced. Furthermore, steady-state actin polymers,
from oxidized monomers, are more fragmented than control polymers. This seems to be ascribable to the enhanced fragility
of oxidized filaments rather than to the increase in the nucleation activity, which markedly falls. These facts, along with the
unsuitability of actin polymers from oxidized monomers to interact with both filamin and a-actinin, suggest that hydrogen
peroxide influences actin dynamics mainly by changing the F-actin structure. H,O,, via the oxidation of actin thiols (in
particular, the sulfhydryl group of Cys-374), likely alters the actin C-terminus, influencing both subunit/subunit interactions
and the spatial structure of the binding sites for cross-linking proteins in F-actin. We suggest that most of the effects of
hydrogen peroxide on actin could be explained in the light of the “structural connectivity,” demonstrated previously in actin.

INTRODUCTION

During phlogosis, oxidants and proteases are massively
produced by stimulated polymorphonuclear leukocytes.
Parenchimal cells (such as epithelial cells, skeletal muscle
cells, neurons, etc.) do not participate in the phlogistic event
but, because of the influence exerted by local environmental
changes, they show focal regressive phenomena that could
lead to cell death.

Hydrogen peroxide is the major oxidant generated from
superoxide produced by activated polymorphonuclear leu-
kocytes. H,O, causes cell lysis within a few hours after
exposure (Nathan et al., 1979; Simon et al., 1981; Weiss
et al.,, 1981; Sacks et al., 1978; Martin, 1984). Several
events occur with oxidant injury to cells (Schraufstatter
et al., 1985, 1986; Spragg et al., 1985; Bellomo et al., 1982;
Trump and Mergner, 1974; Jewell et al., 1982). Among
these, the onset of characteristic changes in the cell surface
morphology (so-called plasma membrane blebbing) sug-
gests that cytoskeletal elements of the cell cortex (mostly
microfilaments) could represent one of the cellular targets
of the hydrogen peroxide biological activity (Mirabelli
et al., 1988). The relationship between blebbing and damage
to actin filaments is supported by the findings that two actin
poisons, cytochalasin B and phalloidin, are able to cause
bleb formation in hepatocytes (Mesland et al., 1981; Prentki
et al., 1979). Marked changes in filamentous (polymerized)
actin (F-actin) organization follow cell treatments with ox-
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idants. After cell exposure to hydrogen peroxide, microfila-
ments appear to be shortened and collapsed into small
bundies (Hinshaw et al., 1986, 1991). Moreover, the cell
F-actin content seems to increase, but it is not clear what
conditions are able to promote this kind of cellular response.
From Hinshaw et al. (1991), the increase in cytoplasmic
F-actin is primarily related to the condition under which
sulfhydryl oxidation occurs. Furthermore, Omann et al.
(1994) suggested that the increase in polymeric actin, after
oxidative cell injury, is not related to an increase in actin
nucleation activity (which, on the contrary, significantly
falls), but it is probably ascribable to an enhanced release of
actin monomers from monomeric (globular) actin (G-actin)-
sequestering proteins, such as profilin and thymosin B,.

Actin assembly in solution, starting from the purified
protein, represents a simple system that is easy to control
and which shares most of the properties shown by poly-
meric actin formation in the cytoplasm. We used the poly-
merization of pure actin in solution as a suitable tool for the
clarification of the molecular mechanism(s) driving the hy-
drogen peroxide activity on G-actin/F-actin equilibrium.
Finally, we tested the ability of actin polymers, produced by
the assembly of oxidized monomers, to build three-dimen-
sional actin structures.

MATERIALS AND METHODS
Reagents

Analytical-grade reagents were used in our experiments. N-(1-Pyrenyl)-
iodoacetamide was purchased from Molecular Probes (Eugene, OR). ATP,
dithiothreitol, hydrogen peroxide, and N,N’-1,4-phenylenebismaleimide
were purchased from Sigma Chemical Co. (St. Louis, MO).
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Preparation of proteins

Actin was prepared from rabbit skeletal muscles according to the method
of Spudich and Watt (1971), with an additional Sephadex G-150 gel
filtration step. The protein was greater than 99% pure, as checked by
sodium dodecylsulfate—polyacrylamide gel electrophoresis (SDS-PAGE).
G-actin was stored on ice in 2 mM Tris-HCI (pH 7.5), 0.2 mM ATP, 0.5
mM dithiothreitol, 0.2 mM CaCl,, 1.5 mM NaN, (G-buffer) and used
within 5 days or lyophilized after the addition of 2 mg sucrose/mg actin
(Frieden and Goddette, 1983). G-actin (42.3 kDa) concentration was de-
termined by measuring absorbance at 290 nm, using an extinction coeffi-
cient of 0.617 mg~' - ml-cm™" (Gordon et al., 1976).

Smooth muscle a-actinin and filamin were purified from chicken giz-
zards as described by Feramisco and Burridge (1980) and stored at —20°C
in 20 mM Tris-HC1 (pH 7.6), 20 mM NaCl, 0.1 mM EDTA, 15 mM
B-mercaptoethanol, after the addition of 20% (v/v) glycerol.

Before use, both the protein preparations were dialyzed for 48 h against
G-buffer; moreover, a-actinin was centrifuged for 60 min at 100,000 X g.
a-Actinin (subunit 100 kDa; Suzuki et al., 1976) and filamin (dimer 500
kDa; Wang et al., 1975) concentrations were determined by light absorp-
tion, using E,,5 = 0.97 mg™' - ml - cm™! (Suzuki et al., 1976) and E, g, =
1.351 mg™! - ml - cm™! (Shizuta et al., 1976), respectively.

H,0, treatment on actin monomers

G-actin (24-35.5 pM) was treated with various concentrations (5, 10, 20
mM) of H,0, for 30 min, at 25°C. Given that the presence of catalase in
our protein solutions was undesirable, the removal of the H,0, was
accomplished by gel filtration on Sephadex G-25 according to the method
of Holeysovsky and Lazdunski (1968). Measurements of the absorbance at
230 nm showed the complete removal of H,0, from eluates. All reported
experiments have been carried on in H,0,-free media.

Emission spectra of H,0,-treated actin (not shown), after excitation at
300 nm, did not show the spectral redshift that characterizes denatured
actin (Kerwar and Lehrer, 1972; Gershman et al., 1988; Kinosian et al.,
1993).

Determination of thiols

After oxidation with H,0, and gel filtration on Sephadex G-25, G-actin
solutions were lyophilized under vacuum. The lyophilized samples (0.2
mg) were dissolved in 100 ul of 2 mM Tris-HCI (pH 7.5), 0.2 mM ATP,
0.2 mM CaCl,, 1.5 mM NaN,, containing 1% (w/v) SDS to denature the
protein and expose all of its cysteine residues. The presence of SDS does
not affect the determination of the number of thiols (Knight and Offer,
1978). Free thiols were determined at 412 nm by reaction with a ~20-fold
excess of 5,5'-dithiobis-(2-nitrobenzoic acid) (1 mM in 0.05 M phosphate
buffer, pH 7.5), using the extinction coefficient of the thionitrobenzoate
(E412 = 13.6 mM™! - cm™!; Ellman, 1959).

Fluorescent labeling of actin

N-(1-Pyrenyl)iodoacetamide (pyrene)-actin was prepared as described by
Tellam and Frieden (1982). The pyrene-actin concentration and the extent
of labeling were determined by measuring absorbance at 290 and 344 nm,
using E;yqy = 2.2 X 10* M™'-cm™! for the protein-dye complex, in
agreement with Kouyama and Mihashi (1981) and Cooper et al. (1983). A
pyrene/actin molar ratio of 0.8—0.9 was usually obtained.

Actin assembly conditions

G-actin concentration was 12 uM, unless stated otherwise. Polymerization
was always induced at 25°C by the addition of KCl and MgCl,, up to a
final concentration of 100 mM and 2 mM, respectively.
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Pre-formed actin filaments were prepared by polymerizing small ali-
quots of G-actin (12 uM) in test cuvettes overnight.

Nucleated actin polymerization and depolymerization tests were carried
out at salt concentrations that were, respectively, one-quarter and one-tenth
of the initial ones (for details, see figure legends).

Before all of the experiments, G-actin solutions were centrifuged for 60
min at 100,000 X g to remove small aggregates. Before sample prepara-
tion, protein solutions and buffers were filtered with 0.20 um disposable
filters and degassed.

Actin polymerization measurements
Fluorescence measurements

Actin polymerization was monitored at 25°C by measuring the fluores-
cence enhancement of trace quantities of pyrene-actin (10% of total actin)
in a Kontron SFM 25 spectrofluorimeter. In depolymerization experiments,
pyrene-actin was 20% of total actin. The excitation and emission wave-
lengths were 365 and 407 nm, respectively. The spectrofluorimeter was
equipped with a neutral density filter (50%) to avoid pyrene-actin photo-
bleaching and a cut-off filter (390 nm) to minimize light scattering.
Fluorescence intensity was converted to F-actin concentration based on the
calibration curve for fluorescence versus F-actin concentration.

Light-scattering measurements

Actin polymerization was followed at 25°C by the increase in the 90°
light-scattering at 546 nm (Wegner and Savko, 1982). Light-scattering
intensities were expressed in arbitrary units (a.u.), considering 100 the
signal from a standard sample (12 pM G-actin induced to polymerize by
the addition of 100 mM KCI + 2 mM MgCl, for 24 h, at 25°C).

Intermolecular cross-linking during
actin polymerization

Actin was covalently cross-linked with N,N’-1,4-phenylenebismaleimide
(Colombo et al., 1991a,b) according to the method of Millonig et al.
(1988). SDS-PAGE (7.5% gels) of cross-linked actin was performed
according to the method of Laemmli (1970). Gels were stained with
Coomassie brilliant blue R-250.

Light-scattering assay for actin filament bundles

The formation of actin filament bundles was measured at 400 nm under a
90° observation angle, at 25°C (Wilkins and Lin, 1986). The light-scatter-
ing intensity was expressed in arbitrary units (a.u.), considering 100 the
light-scattering intensity of control samples (9.5 uM G-actin, routinely
polymerized, in the presence of 1.0 uM a-actinin).

Low shear viscometry

Apparent viscosity measurements were carried out with a homemade
falling-ball apparatus, as described by Pollard and Cooper (1982). Glass
capillary tubes (100-u1 micropipettes) with an internal diameter of 1.3 mm
and stainless-steel balls (material 440 C) with a diameter of 0.64 mm and
a density of 7.2 g cm™* were used. For measurements, the micropipettes
were held at 80° to the orizontal, in a thermostatted water bath, at 25°C.
Samples were drawn up into the micropipettes immediately after salt
addition, so they were subjected to shear only at the beginning of poly-
merization. The apparent viscosity of the samples is given in arbitrary
units, considering 100 as the apparent viscosity of control samples (7.1 uM
G-actin, routinely polymerized, in the presence of 0.095 uM filamin).
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Electron microscopy

Protein samples were dispensed in 5-ul aliquots on collodion film-coated
grids by truncated pipette tips to avoid filament fragmentation. After 60 s,
grids were dried from the side with filter paper and negatively stained with
the addition of 5 ul of 1% uranyl acetate. After 10 s, excess stain was
removed with filter paper. The staining procedure was repeated five times.
Specimens were air dried and observed at 80 kV with a JEOL 100-SX
electron microscope.

RESULTS
Free thiols in H,0,-treated actin monomers

Native G-actin shows five free thiols, likely ascribable to
the five cysteine residues characterizing its primary struc-
ture. Under the same conditions, the absorbance at 412 nm
of H,O,-treated actin samples (Ellman, 1959; for details see
Materials and Methods) lowers to three-fifths of that of
native actin (Fig. 1), suggesting the lack of two free thiols
as a consequence of the oxidative injury. Because hydrogen
peroxide 1is a relatively nonspecific oxidizing agent
(Neumann, 1972), not only sulthydryl groups could be the
targets of H,O, on actin molecule. In particular, His-371, at
the C-terminus of actin molecule, could represent a further
molecular site affected by the hydrogen peroxide activity.

Time course of polymerization from H,O,-treated
actin monomers

Oxidized actin polimerizes slower than control actin, show-
ing a longer lag phase, a lower maximum rate of assembly,
and a reduced polymerization extent. In the H,O,-treated
samples (5, 10, and 20 mM), the light-scattering intensity,
120 min after the start of polymerization, decreased to 92%,
86%, and 73% of that of controls, respectively. The longer
lag phases observed in oxidized actin samples could be
explained by the greater time required for actin filaments to
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FIGURE 1 Effect of H,O, treatment on actin thiols. The determination

of the number of cysteine residues per actin monomer was performed in the
presence of 1% (w/v) SDS, according to the method of Knight and Offer
(1978), as described in Materials and Methods.
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reach the minimum size producing a measurable light-
scattering signal (Fig. 2 A).

The time course of fluorescence changes still shows that
oxidized actin polymerizes less efficiently than control actin
(Fig. 2 B). The lag phase increases (0.6 min for control
actin; 0.9, 1.1, and 1.5 min for actin treated with 5, 10, and
20 mM H,0,, respectively), and both the maximum rate
(1.58 uM - min~"' for control actin; 1.17, 0.79, and 0.34
M - min~"!, for 5, 10 and 20 mM H,O,-treated actin sam-
ples, respectively) and the extent of polymerization (11.7
uM for control actin; 10.8, 10.0, and 9.5 uM, for 5, 10, and
20 mM H,O,-treated actin, respectively) decrease with the
increase of the oxidative stress.

Effects of monomer oxidation on actin
polymerization steps

Nucleation, which highly depends on actin concentration, is
the rate-limiting step in spontaneous polymerization of actin
monomers (Korn, 1985), being thermodynamically unfavor-
able (Oosawa and Kasai, 1971); formation of nuclei ac-
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FIGURE 2 Effects of monomer oxidation on the time course of actin
polymerization. 24-35.5 uM G-actin (10% pyrene-actin for the fluorom-
etry experiments) was incubated with 0 mM (@, control), 5 mM (O), 10
mM (A), and 20 mM ((J) H,0, for 30 min at 25°C and then chromato-
graphed on a small Sephadex G-25 column. (A) Polymerization was
initiated by the addition of polymerizing salts (see Materials and Methods)
to 12 uM G-actin solutions (control and oxidized samples). The light-
scattering intensity enhancement was followed over the initial (20 min)
time course and at 120 min after initiation of polymerization. The steady-
state light scattering intensity (after 120 min from salt addition) for the 5,
10, and 20 mM H,0,-treated samples was 92%, 86%, and 73%, respec-
tively, of the control. (B) Polymerization was initiated by the addition of
polymerizing salts (see Materials and Methods) to 12 uM G-actin solutions
(10% pyrene-actin; control and oxidized samples). Changes in fluorescence
intensity were followed over the initial (20 min) time course and at 120 min
after initiation of polymerization. The lag phase was 0.6 min for control
actin, 0.9, 1.1, and 1.5 min for actin treated with 5, 10, and 20 mM H,0,,
respectively. The maximum polymerization rate was 1.58 uM min~' for
control actin, and 1.17, 0.79, and 0.34 uM min~' for actin treated with 5,
10, and 20 mM H,0,, respectively. The extent of polymerization at 120
min after salt addition was 11.7 uM for control actin, and 10.8, 10.0, and
9.5 uM for actin treated samples, from the lower to the stronger oxidative
treatment.
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counts for the delay time in polymer formation character-
izing early actin assembly. Unfortunately, nucleation can
only be studied indirectly. We monitored nucleation of
oxidized actin monomers by intermolecular cross-linking
with N,N’-1,4-phenylenebismaleimide, a bifunctional sulf-
hydryl reagent (Knight and Offer, 1978), which is able to
covalently cross-link Cys-374 on one actin subunit to
Lys-191 on the neighboring subunit within incoming actin
polymers. Thanks to their different molecular weights,
cross-linked actin complexes will then become separable by
SDS-PAGE (Millonig et al., 1988; Colombo et al.,
1991a,b). Fig. 3 shows that both upper dimers (UDs; ap-
parent molecular mass, of 115 kDa) and higher molecular
weight oligomers (HOs; apparent molecular mass, >200
kDa) are fewer and form slower in oxidized actin samples
than in controls. The upper dimer, the smallest elongating
actin aggregate, is a “suboptimal” nucleus because cross-
linked UDs, when added to polymerizing actin samples,
shorten, but do not completely abolish, the lag phase
(Millonig at al., 1988). UDs represent the long-pitch helix
actin dimers, which only define the intersubunit contacts
along the two long-pitch helices of the actin filament, but
not between them (Millonig et al., 1988). The delay in UD
formation could account for assembly difficulties shown by
H,0,-treated actin monomers.

To analyze the effects of monomer oxidation on elonga-
tion, we investigated the growth of pre-formed actin “seeds”
after dilution with oxidized G-actin. Fig. 4 shows the elon-
gation of pre-formed actin filaments after the addition of
oxidized monomers; the net elongation rates were calcu-
lated from the initial rates of fluorescence intensity in-
creases. Elongation of actin “seeds” occurring in the pres-
ence of oxidized monomers is slower if compared to that of
control samples. Moreover, the slackening of elongation is
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FIGURE 4 Effects of monomer oxidation on the elongation of pre-
formed actin filaments. 24-35.5 uM G-actin solutions (10% pyrene-actin)
were incubated with 0 mM (@, control), 5 mM (O), 10 mM (A), and 20
mM ([J) H,0, as described for Fig. 2. Elongation was started by the
addition of 1.5 ml of oxidized G-actin solutions (12 uM) to 0.5 m! aliquots
of actin “seeds,” prepared as described in Materials and Methods. The final
concentrations of polymerizing salts in the elongation assay were 25 mM
KClI and 0.5 mM MgCl,. For each sample, the net polymerization rate was
calculated from the initial (2 min) rates of fluorescence intensity increases
and found to be 1.55 uM min~' for control actin, and 0.97, 0.58, and 0.23
#M min~! for actin treated with 5, 10, and 20 mM H,0,, respectively.

more evident the higher the oxidant concentration used
during monomer treatment. The elongation rate reached
1.55 uM- min™! in controls and 0.97, 0.58, and 0.23
M - min~! in actin samples treated with 5, 10, and 20 mM
H,0,, respectively.

Finally, the effect of monomer oxidation on the annealing
of short actin filaments was examined. It is well established
that when actin filaments are mechanically stressed (by

A B
L o }HOS =
— e - | D e i v § UD
FIGURE 3 Effects of monomer oxidation on actin
nucleation. 24 uM G-actin solutions, treated with 0, 5, M M
10, and 20 mM H,0, as described for Fig. 2, were " Gl GlD GNP Gy W= -ggggf ,
induced to polymerize by the addition of neutral salts ) )
(see Materials and Methods). At the times indicated 0 2 . 6_ 8 10 0 2 _4 6_ 8 10
below each electrophoretic line, polymerizing actin sam- Time (min) Time (min)
ples were cross-linked with N,N'-1,4-phenylenebismale-
imide as described in Materials and Methods; cross- C D
linked actin samples were then analyzed by SDS-PAGE.
(A) control actin; (B) actin incubated with 5 mM H,0,; HO
(C) actin incubated with 10 mM H,0,; (D) actin incu-
bated with 20 mM H,O,. M, monomer; UD, upper S e i D) ub
dimer; HOs, higher molecular weight oligomers.
-—uvessewes M e
0o 2 6 8 10 0O 2 4 6 8 10
Time (min) Time (min)
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sonication, for instance; Nakaoka and Kasai, 1969), they
fragment into short pieces, increasing in number. After
sonication, steady-state actin samples show a similar distri-
bution of polymer sizes, independent of polymer mass and
determined by the energy input (Carlier et al., 1984). After
mechanical fragmentation, actin filaments rapidly increase
in length and decrease in number, as judged by electron
microscopy, viscosity, flow birefringence, and nucleation
assays. This suggested the head-to-tail binding of short
filaments to form longer polymers (Nakaoka and Kasai,
1969; Kawamura and Maruyama, 1970). Because of the
lack of methods for filament length determination in solu-
tion, direct evidence for annealing is difficult to obtain
(Murphy et al., 1988). We tested indirectly the ability of
oxidized actin filaments to anneal by checking the recovery
of filament free growing end concentration, at different
times after sonication (Fig. 5). Small oxidized G-actin sam-
ples were polymerized by the addition of neutral salts,
incubated for 24 h, and then sonicated (50 W for 5 s). At the
indicated times after sonication, unmodified G-actin (10%
pyrene-actin) was added to sonicated oxidized F-actin sam-
ples and the rates of fluorescence changes were measured.
As shown in Fig. 5, both control and oxidized filaments
annealed; all of the samples completely recovered 30 min
after sonication. These observations suggest that the anneal-
ing step is not significantly affected by oxidation of actin
filament subunits.
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FIGURE 5 Time course of oxidized actin filament annealing after son-
ication. 0.5-ml aliquots of 12 uM G-actin solutions, previously treated with
0 mM (@, control), 5 mM (O), 10 mM (A), and 20 mM ((J) H,O, as
described for Fig. 2, were incubated for 24 h in the presence of polymer-
izing salts (see Materials and Methods) and then sonicated (50 W for 5 s).
At 5, 30, 60, and 90 min after disruption, 1.5 ml of 12 uM G-actin (10%
pyrene-actin) was added to the sonicated F-actin samples. The rates of
nucleated actin polymerization (1M min~') were calculated as indicated
for Fig. 4 and were plotted versus time after sonication. The rates of
nucleated polymerizations, before the mechanical fragmentation of F-actin
“seeds,” have been considered to reflect the steady-state concentration of
growing ends in control and oxidized actin samples.
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Critical concentration and depolymerization of
oxidized actin filaments

Critical concentration for H,O,-treated actin polymerization
was determined by both “polymerization plateau” and “ini-
tial rate” methods (Selden et al., 1986).

Fig. 6 A shows the critical concentration (C,) of oxidized
actin samples, as determined by the polymerization plateau
method. Briefly, oxidized G-actin samples (total monomer
concentration, 2—-12 uM, 10% pyrene-actin) were induced
to polymerize by the addition of polymerizing salts and
incubated up to steady state. The fluorescence intensity of
each sample was then measured and plotted versus total
actin concentration. The critical concentration value corre-
sponds to the abscissa intercept of the straight line fitting the
experimental points. The obtained C, values were 0.1 uM
for control actin and 0.11, 0.28, 0.5 uM for 5, 10, and 20
mM H,0,-treated actin samples, respectively.

Critical concentration has also been determined by the
initial rate method (Fig. 6 B). Small amounts of oxidized
filaments (12 uM as a monomer, 10% pyrene-actin) were
used to nucleate the assembly of different concentrations of
actin monomers (10% pyrene-actin). Net polymerization
rates (uM * min ') for control and oxidized filaments, cal-
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FIGURE 6 Determination of the critical concentration. (A) “Polymeriza-
tion plateau” method. Increasing concentrations (2 to 12 uM) of G-actin
(10% pyrene-actin), previously incubated with 0 mM (@, control), 5 mM
(©), 10 mM (A), and 20 mM ([J) H,0, as described for Fig. 2, were
induced to polymerize by the addition of 100 mM KCl + 2 mM MgCl,
(final concentrations). The end points of fluorescence intensity were read
after 24 h and plotted versus total actin concentration; the critical concen-
tration is given by the intercept with the abscissa. The critical concentration
was 0.1 uM for control actin, and 0.11, 0.28, and 0.5 uM for actin treated
with 5, 10 and 20 mM H,0,, respectively. (B) “Initial rate” method. 0.5-ml
aliquots of 12 uM G-actin (10% pyrene-actin), previously incubated with
0 mM (@, control), 5 mM (O), 10 mM (A), and 20 mM (OJ) H,0, as
described for Fig. 2, were polymerized for 24 h in test cuvettes. F-actin
samples were then diluted fourfold with increasing concentrations of
G-actin (10% pyrene-actin). The final concentrations of polymerizing salts
in the assay were 25 mM KCl and 0.5 mM MgCl,. The net polymerization
rates (uM min~") were calculated from the fluorescence intensity changes
occurring within the first 2 min and were plotted versus the concentration
of added G-actin. The critical concentration is indicated by the intercept
with the abscissa and was about 1 uM for both control and H,O,-treated
samples.
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culated from the fluorescence intensity changes occurring
within the first 2 min of assembly, have been plotted as a
function of the concentration of added G-actin. Critical
concentration values (C,) are given by the intercept of the
straight lines, fitting the experimental points, with the x axis.
The apparent critical concentration corresponds to the con-
centration of added G-actin at which the fluorescence in-
tensity does not change, that is, the monomer concentration
at which pre-formed filaments neither grow nor shrink. The
abscissa intercepts indicate similar C_ values (about 1 uM)
for control as well as H,O,-treated samples. From Fig. 6, A
and B, we deduced that the critical concentration is not
significantly influenced by oxidative injury on actin. Inter-
estingly, differences in critical concentration values have
been recorded only by the polymerization plateau method,
where polymerization conditions were similar to those used
in the experiments reported in Fig. 2 B showing the reduc-
tion of the polymerization rate in H,O,-treated samples.

We finally examined the effect of monomer oxidation on
depolymerization of actin filaments. In solution, depolymer-
ization of actin filaments can be induced by diluting the
sample to or below the critical concentration. Depolymer-
ization experiments reported in Fig. 7 were carried out by
diluting oxidized F-actin samples (20% pyrene-actin) with
depolymerizing buffer (G-buffer); depolymerization has
been followed by measuring the decrease in fluorescence
intensity. From Fig. 7, the maximum depolymerization rate
was 0.033 uM - min~! for control actin, and 0.046, 0.19,
and 0.4 uM - min~" for actin treated with 5, 10, and 20 mM
H,0,, respectively.
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FIGURE 7 Depolymerization rate of oxidized actin filaments. 0.2-ml
aliquots of 12 uM G-actin (20% pyrene-actin), previously incubated with
0 mM (@, control), 5 mM (O), 10 mM (A), and 20 mM (OJ) H,0, as
described for Fig. 2, were polymerized in test cuvettes. After 24 h incu-
bation, depolymerization was initiated by diluting the oxidized F-actin
samples tenfold with G-buffer (see Materials and Methods). The final
concentrations of polymerizing salts in the assay were 10 mM KCl and 0.2
mM MgCl,. The maximum depolymerization rate was 0.033 uM min~!
for control actin, and 0.046, 0.19, and 0.4 M min™~"' for actin treated with
5, 10, and 20 mM H,0,, respectively.

Oxidized Actin

2715

Filament free end evaluation at steady state

Small aliquots of H,0,-treated G-actin (12 uM) have been
induced to polymerize, in test cuvettes, for 24 h, at 25°C.
The resulting F-actin samples have then been used to nu-
cleate the polymerization of native G-actin solutions (12
1M; 10% pyrene-actin). The obtained polymerization rates
reflect the concentration of free growing ends. Fig. 5 shows
that end concentration, at steady state (experimental points
before sonication), increases with the oxidant concentration.
Because of both spontaneous fragmentation and anneal-
ing, the number of actin filaments (as well as that of
growing ends) at steady state does not correspond to the
number of polymerization nuclei formed during nucleation.
Because H,0, lowers actin nuclei formation and is ineffec-
tive on annealing, we suggest that actin filaments from
oxidized monomers fragment more easily than control poly-
mers. The presence of more fragmented F-actin, at steady
state, was also supported by the higher depolymerization
rates shown by H,O,-treated actin samples after dilution
(Fig. 7) and by electron microscopic analysis (Fig. 9).

Cross-linking of oxidized actin filaments

To reveal the suitability of polymeric actin, formed from
oxidized monomers, to interact with accessory proteins, we
tested the ability of oxidized actin filaments to form either
bundles or networks in the presence of a-actinin and fil-
amin, respectively. Actin bundle formation (Fig. 8 A) was
followed by light scattering at 400 nm (Wilkins and Lin,
1986). Control and oxidized G-actin samples (9.5 uM) were
incubated up to steady state in the presence of increasing
a-actinin concentrations and polymerizing salts. The light-
scattering intensity of both control and H,O,-treated actin

-
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FIGURE 8 Interaction of oxidized actin filaments with a-actinin and
filamin. (A) 9.5 uM G-actin, previously incubated with 0 mM (@, control),
5 mM (O), 10 mM (4), and 20 mM ((J) H,0, as described for Fig. 2, was
polymerized (see Materials and Methods) in test cuvettes, in the presence
of increasing a-actinin concentrations. (B) 7.1 uM G-actin, previously
incubated with 0, 5, 10, and 20 mM H,O, as described for Fig. 2, was
polymerized in micropipettes (see Material and Methods) in the presence
of increasing filamin concentrations. Symbols as for A.
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samples was plotted as a function of a-actinin concentration
(Fig. 8 A). Clearly, a-actinin poorly bundles actin filaments
formed by H,0,-treated actin monomers.

Actin network formation was monitored by low shear
viscometry (Pollard and Cooper, 1982). Small aliquots of
G-actin (7.1 uM) were polymerized up to steady state in the
falling ball micropipettes, in the presence of increasing
filamin concentrations. The plot of apparent viscosity val-
ues versus filamin concentrations (Fig. 8 B) shows that
filamin fails to cross-link oxidized actin polymers, at all the
tested conditions.

It is important to underline that cosedimentation assays
(not shown) demonstrated that only filamin markedly low-
ers its affinity for oxidized actin filaments. The filamin/
oxidized F-actin ratio dropped from 70% to 20% of that of
controls, with the increase of the oxidative stress. The
a-actinin/oxidized F-actin ratio, in contrast, was unaffected.

DISCUSSION

H,0,-treated G-actin shows an altered time course of as-
sembly. Both light-scattering (Fig. 2 A) and fluorimetric
(Fig. 2 B) experiments showed evidence of the increase in
the lag phase and the decrease of both the maximum poly-
merization rate and the polymerization extent. All of the
observed effects are dose-related, because they increase
with the enhancement of the oxidative stress. Furthermore,
the H,O, injury on actin is not merely associated with the
protein denaturation, because of the lack of the character-
istic spectral redshift (not shown) (Kerwar and Lehrer,
1972; Gershman et al., 1988; Kinosian et al., 1993). G-actin
likely gets several oxidable sites with different sensitivities
to hydrogen peroxide. After the treatment of G-actin sam-
ples with different concentrations of H,0,, heterogeneous
populations of differently injured actin molecules probably
form. In particular, with the increase in H,0O, concentration,
the number of actin molecules showing assembly troubles
increases. This agrees with both the reduced nucleation
shown in Fig. 3 and the lowering in elongation rates docu-
mented in Fig. 4.

Fig. 5 and Fig. 6, A and B, suggest that neither the
annealing of short actin polymers into longer ones nor the
critical concentration of steady-state actin samples seem to
be markedly affected by the treatment of actin with hydro-
gen peroxide. We detected small changes in the critical
concentration only by using the polymerization plateau
method (Fig. 6 A), where polymerization conditions were
similar to those used in time-course experiments (Fig. 2 B).
In contrast, the initial rate method did not reveal any change
in C, values (Fig. 6 B). These facts suggest that only a
negligible number of H,0,-treated monomers fail to poly-
merize; most of the oxidized actin molecules merely lower
their tendency to assemble. The influence of hydrogen per-
oxide on actin assembly does not represent an “all or noth-
ing” effect.

The key point on which to build an explanation of the
molecular mechanism(s) driving the activity of hydrogen
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peroxide on actin cytoskeleton lies in the characteristics of
actin filaments assembled from H,O,-treated actin mono-
mers. Fig. 5 clearly shows that steady-state actin samples,
whose monomers have been treated with 20 mM H,0,, are
insensitive to sonication. Their end concentration (i.e., num-
ber of filaments), in fact, did not change after mechanical
stress, remaining markedly high at all of the tested time
points after sonication. This could mean that the 20 mM
H,0,-treated actin samples are characterized by the pres-
ence of short actin polymers, which fail to further fragment
under sonication. Data summarized in Figs. 5 and 7 lead to
a similar conclusion. The polymerization of fluorescently
labeled actin samples, when nucleated with F-actin from
oxidized monomers, reveals the higher fragmentation of the
added actin polymers (Fig. 5, experimental points before
sonication). The enhancement of filament ends is only par-
tially related to the increase in the oxidant concentration but,
undoubtedly, the stronger the oxidative treatment, the more
fragmented is the steady-state F-actin. Depolymerization
experiments gave similar results (Fig. 7). The depolymer-
ization rate is a function of the number of sites (i.e., filament
ends) where actin subunits are released. The number of actin
filaments at steady state is enhanced with the increase in
H,0, concentration used for the treatment of actin mono-
mers. Moreover, because the total mass of polymer steady
state does not increase, actin filaments should be shorter in
treated samples than in controls.

The fragility of actin polymers assembled from H,0,-
treated monomers could be due to the weakness of the
bonds between actin subunits. Three-dimensional recon-
structions of the actin filaments (Milligan et al., 1990)
together with NMR studies (Barden et al., 1989) predicted
that Cys-374, at the C-terminus of the actin molecule, is
close to the intermolecular interface on actin. Electron
micrographs of filaments composed of truncated actins,
devoid of the last two (O’Donoghue et al., 1992) or three
(Mossakowska et al., 1993) C-terminal residues, indicate an
increased flexibility and fragility of the polymer. This sug-
gests that C-terminal residues of actin sequence are crucial
for filament strength as well as for intermonomer commu-
nications. It is well known that Cys-374 shows one of the
more reactive sulfhydryl groups of the actin molecule.
Many of different actin labeling procedures (Kouyama and
Mihashi, 1981; Tait and Frieden, 1982; Cooper et al., 1983)
are carried out by chemical modifications of Cys-374. How-
ever, the labeling of actin molecules easily occurs with
F-actin, whereas it is more difficult when G-actin is used.

In our opinion, one of the effects of hydrogen peroxide on
actin could involve the modification of actin monomers at
their C-terminus, likely by the oxidation of the Cys-374
sulfhydryl group; in fact, our measurements showed an
average loss of two sulfhydryl groups in H,O,-treated actin.
Oxidation could not involve all actin molecules in the
sample, because of the relative inaccessibility of Cys-374 on
monomeric actin. This could also explain the interrelation-
ship between the strength of oxidative injury and the extent
of hydrogen peroxide effects on actin. During the assembly
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of H,0,-treated actin monomers, the lowered actin nuclei
formation, the partial inhibition of the elongation step, as
well as the marked fragmentation of polymers at steady
state could be ascribed to the difficulty of formation of
intermonomer bonds by C-terminus-altered actin molecules.

Crosbie et al. (1994) demonstrated that actin’s C-termi-
nus is structurally coupled to other distant parts of the
protein. Furthermore, they suggested that the C-terminus is
an important region for determining actin structure and
modulating its function by several actin-binding proteins.
These suggestions are in excellent agreement with the data
reported in Fig. 8, A and B. Actin filaments, from the
assembly of H,O,-treated monomers, do not form networks
in the presence of filamin (Fig. 8 B) and poorly bundle in the
presence of a-actinin (Fig. 8 A), confirming that the pres-
ence of altered actin subunits could rearrange the whole
structure of the filament. For example, McGough et al.
(1994) suggested that a-actinin binds together the subdo-
main 1 of two adjacent actin subunits along the so-called
long-pitch helix (Egelman, 1985) of the actin filament; most
actin-cross-linking proteins, belonging to the spectrin su-
perfamily (such as a-actinin, filamin, etc.), bind the subdo-
main 1 of actin monomers, where the C-terminus of actin
molecule is located (Kabsch et al., 1990). Our results could
be partially explained by the “structural connectivity in
actin,” whose relevance for actin dynamics has been ele-
gantly demonstrated by Crosbie et al. (1994). Nevertheless,
we have to consider that mechanical characteristics of actin
networks depend on the binding ability of the cross-linker
versus actin polymers as well as on the length of involved
actin filaments. As shown by electron microscopy (Fig. 9),
the reduction of filament size in H,0,-treated samples is
appreciable but not dramatic. In parallel, cosedimentation
assays (not shown) demonstrated that only filamin shows a
marked reduction of binding versus oxidized F-actin. Con-
sidering these results, filamin completely fails to form actin
networks because of the concomitant influence of both the
reduced length of oxidized actin filaments and the drop of
its affinity to oxidized actin polymers. In contrast, a-actinin/
oxidized F-actin interaction is mainly affected by the re-
duced size of H,0,-treated actin filaments.

In conclusion, H,O,-treated G-actin, because of its
difficulty in establishing intermonomer bonds, shows a
low nucleation activity, a slackening of the elongation, as
well as a more fragmented polymer mass at steady state.
All of these characteristics are ascribable to the unstable
structure of actin filaments, assembled from oxidized
monomers.

We have to underline some discrepancies existing be-
tween our results and those obtained by other researchers
on cultured cells. In particular, we refer to the lack of
correlation between the increase in cell F-actin content
and the actin nucleation activity, observed by Omann
et al. (1994) in a transformed murine macrophage cell
line (where the H,0,-induced F-actin increases correlate
with a decrease in actin nucleation activity). This fact is
really anomalous, as pointed out by the authors them-
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FIGURE 9 Electron micrographs of F-actin samples from oxidized actin
monomers. (A) Control actin filaments. (B) Actin polymers from 5 mM
H,0,-treated actin monomers. (C) Actin polymers from 10 mM H,0,-
treated G-actin. (D) Actin polymers from 20 mM H,O,-treated actin
monomers. Arrows indicate short actin polymers in oxidized actin samples.
Bar = 100 nm

selves. Considering that, in the presence of hydrogen
peroxide, actin polymers tend to fragment (this phenom-
enon has been observed, in vivo, by Hinshaw et al., 1986,
1988, 1991, and further confirmed in this paper), in
H,O,-treated cells the actin nucleation activity should
increase. Omann and colleagues failed to show evidence
for a direct correlation between the increase in cytoplas-
mic F-actin and the lowering of actin nucleation activity,
because of the deep differences in sample handling char-
acterizing the different applied techniques. Before cyto-
chemical F-actin staining, cell fixation procedures tend to
“freeze” the cytoplasmic F-actin pattern, whereas, in
contrast, short unstable actin filaments could be easily
reduced in number or completely disassemble during
biochemical cell fractioning. Furthermore, Omann et al.
(1994) stated that oxidized actin is still capable of poly-
merizing because pyrene-actin, with the pyrene moiety
attached to Cys-374, does it. This deduction could be
substantially correct, but it does not take into account
possible assembly differences related to the nature of the
chemical modification. Because of the “structural con-
nectivity” in actin, modifications induced at any site of
the actin molecule could be structurally transmitted to
distant regions of the monomer, but the type of the
transmitted “signal” strictly depends on the nature of
the modifying agent (Crosbie et al., 1994). For this
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reason, pyrene-actin, N-ethylmaleimide-actin, and N-
(iodoacetyl)-N'-(5-sulfo-1-naphthyl)ethylenediamine-actin
(all actins modified at Cys-374) show different assemby
kinetics (Tait and Frieden, 1982; Cooper et al., 1983;
Crosbie et al., 1994) and, above all, marked differences
in the binding of accessory proteins (Crosbie et al., 1994;
Milzani et al., 1995).
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