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Molecular and Structural Basis for Redox Regulation
of β-Actin
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Anessential consequence of growth factor-mediated signal transduction is the
generation of intracellular H2O2. It operates as a second messenger in the
control of actin microfilament dynamics, causing rapid and dramatic changes
in the morphology andmotile activity of stimulated cells. Little is understood
about the molecular mechanisms causing these changes in the actin system.
Here, it is shown thatH2O2 acts directly upon several levels of this system, and
some of the mechanistic effects are detailed. We describe the impact of
oxidation on the polymerizability of non-muscleβ/γ-actin and compare with
that of muscle α-actin. Oxidation of β/γ-actin can cause a complete loss of
polymerizability, crucially, reversible by the thioredoxin system. Further,
oxidation of the actin impedes its interaction with profilin and causes
depolymerization of filamentous actin. The effects of oxidation are critically
dependent on the nucleotide state and the concentration of Ca2+. We have
determined the crystal structure of oxidized β-actin to a resolution of 2.6 Å.
The arrangement in the crystal implies an antiparallel homodimer connected
by an intermolecular disulfide bond involving cysteine 374. Our data indicate
that this dimer forms under non-polymerizing and oxidizing conditions. We
identify oxidation of cysteine 272 in the crystallized actin dimer, likely to a
cysteine sulfinic acid. In β/γ-actin, this is the cysteine residue most reactive
towards H2O2 in solution, and we suggest plausible structural determinants
for its reactivity.Noother oxidativemodificationwas obvious in the structure,
highlighting the specificity of the oxidation byH2O2. Possible consequences of
the observed effects in a cellular context and their potential relevance are
discussed.
© 2007 Elsevier Ltd. All rights reserved.
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Introduction

In many eukaryotic cells redox effects appear to
have central roles in signal transduction, and H2O2
is essential for growth factor-induced signaling,
to this work.

TT, 1,4-dithiothreitol;
OS, reactive oxygen
oxin reductase.
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since reactive oxygen species (ROS) quenching
abolishes it.1 Intracellular H2O2 is transiently gen-
erated upon activation of receptors for peptide
growth factors and cytokines as well as integrin-
mediated cell adhesion. It acts as a rapidly produced
and effective second messenger, whose spatiotem-
poral presence in cells often correlates with changes
in the microfilament system.2,3

Growth factor-stimulated H2O2 production is also
closely interrelatedwith increases in the intracellular
concentration of Ca2+,4 and appears to correspond to
the kinetics of actin polymerization-dependent out-
growth of lamellipodia and filopodia.5,6
Actins are highly conserved eukaryotic proteins

existing in different cellular isoforms. Non-muscle
d.
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β-actin and γ-actin, amongst the most abundant
proteins in many cell types, are pivotal in maintain-
ing and mediating the infrastructure of the cellular
matrix. They form an essential part of chemo-
mechanical transduction systems in non-muscle
cells, where they, together with actin-binding pro-
teins, generate force for various activities involved
in translocation and cell shape change.
The constant and rapid reorganization of the actin

microfilament system during cell motility and
migration, mitogenesis, and phagocytosis depends
on nucleation, elongation, and depolymerization of
actin filaments as elementary processes.6,7 The
dynamic reorganization of cellular actin is highly
regulated, and ROS appear to be one vital regula-
tory element.2 Experiments have indicated that actin
could constitute a direct target for oxidative mod-
ification in vivo.8–10 Moreover, actin was shown to be
oxidatively modified in pathophysiological states
suggestive of oxidation as a cause of mechanical
dysfunction.11,12 Thus, an explanation of the mole-
cular basis of redox-regulated microfilament pro-
cesses requires an understanding of the mechanism
Figure 1. Illustration of the position of cysteine residues an
atom cartoon represents the β-actin structure.17 The color sch
stated otherwise, is as follows. Ball-and-stick representation
phosphorus, orange; sulfur, yellow. Amino acid residues invo
actin–DNase I complex104) are colored magenta and those in
of assembly/disassembly and related changes of
actin during redox conditions as well as its regula-
tion by associated proteins.
Most of the research on actin has been dedicated

to characterizing its attributes under reducing
conditions. Equally important is an understanding
of its properties in an oxidizing environment,
representative of the circumstances during signal
transduction by H2O2. Experiments to study an
effect of oxidation on actin in vitro have been done
with muscle α-actin,13 whereas the non-muscle β/γ-
actins would seem to be the more relevant isoform
with respect to cell shape and motility. Indeed, one
of the few significant differences between α-actin
and β/γ-actin is the number of cysteine residues, the
thiol groups of which are the protein moieties
generally most reactive towards H2O2. Non-muscle
β and γ-actins have six cysteine residues (Figure 1),
and α-actin has five.
Here, we have examined the biochemical effects of

oxidation by H2O2 on the capacity of the actin iso-
forms to form filaments and characterized the
structural consequences of oxidation in β-actin.
d the profilin and DNase I interaction sites in actin. The Cα

eme for this and the following model illustrations, unless
for the atoms: carbon, grey; nitrogen, blue; oxygen, red;
lved in the interaction with DNase I (derived from the α-
contact with profilin are colored light-blue.



Table 2. Effect of calcium on oxidation of cysteine
residues in ADP-β/γ-actin

[Ca2+]free

Oxidized cysteine
residues
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The results show that oxidation by H2O2 has
profound and differential effects on both mono-
meric and filamentous non-muscle actin, and can
lead to the formation of disulfide-linked antiparallel
homodimers.
Oxidation conditions (μM) Number Identity

5 mM H2O2, 10 min, 25 °C 1 2 Cys272/Cys374
5 mM H2O2, 15 min,

at 25 °C
10 0.6 Cys272

5 mM H2O2, 15 min, 37 °C 10 2.3 Cys272/Cys374
5 mM H2O2, 15 min, 37 °C 100 1 Cys272
20 mM H2O2, 40 min,

37 °C
100 2 Cys272/Cys374

Number of oxidized SH-groups after incubation with H2O2 in the
presence of different concentrations of Ca2+.
Results

Actin thiol groups and their reactivity towards
5,5′-dithiobis(2-nitrobenzoic acid) (DTNB)
and H2O2

The number of accessible SH-groups in α-actin
and β/γ-actin in the presence of ATP or ADP (see
Materials and Methods), is given in Tables 1 and 2.
At high concentrations (0.1 mM) of Ca2+, mono-
meric α-actin and β/γ-actin in the presence of both
ATP and ADP had one and two accessible cysteine
residues, respectively. At submicromolar concentra-
tions of Ca2+, an additional DTNB-reactive SH-
group appeared in α-actin-ADP, as shown earlier.14

Similarly, the ADP-form of β/γ-actins exposed an
extra DTNB-reactive cysteine residue at 1 μM Ca2+.
In the ATP-form of β/γ-actin, the additional SH-

group was only partially accessible and, in the
presence of 0.1 mM Ca2+, its appearance required a
higher concentration of H2O2 or prolonged incuba-
tion time. Thus, one of the three cysteine residues
could not be oxidized by H2O2, even though it was
accessible to DTNB. Notably, for the extra cysteine
to become unavailable, it was sufficient to increase
the concentration of Ca2+ to 10 μM, under otherwise
similar conditions (Table 2).

Effect of oxidation on actin polymerizability

Oxidation of ATP-β/γ-actin with 5 mM H2O2 at
1 μM of Ca2+ (one cysteine oxidized) did not affect
Table 1. Number of DTNB reactive SH-groups/actin
molecule before and after oxidation with H2O2

Total SH
SH groups in

non-denatured actin

A. In 0.1 mM Ca2+

ATP-α-actin 5.0 (n=1) 1.0 (n=1)
ADP-α-actin 5.0 (n=7) 1.0 (n=7)
Oxidized
ATP- α-actin 4.0 (n=1) 0.5 (n=1)
ADP-α-actin 4.1 (n=4) 0.5 (n=3)

ATP-β/γ-actin 5.9 (n=3) 2.0 (n=3)
ADP-β/γ-actin 6.0 (n=8) 2.0 (n=4)
Oxidized
ATP-β/γ-actin 4.3 (n=2) 0.9 (n=2)
ADP-β/γ-actin 4.0 (n=7) 1.0 (n=3)

B. In 1 μM Ca2+ (non ox.)
ADP-β/γ-actin 6.0 (n=1) 3.0 (n=1)
ATP-β/γ-actin 6.0 (n=1) 2.3 (n=1)

The total number of SH groups reactive towards DTNB was
assayed in the presence of GdnHCl, and SH groups available in
non-denatured monomers were analyzed in G-buffer. Oxidized
samples were exposed to 20 mM H2O2 for 40 min at 37 °C.
the lag phase or the steady-state level of polymer-
ization significantly (Figure 2(a)). In contrast, oxida-
tion of ADP-β/γ-actin at 1 μM Ca2+ (two cysteine
residues oxidized) led to a complete loss of poly-
merizability (Figure 2(b)). Incubation of ADP-β/γ-
actin with H2O2 with 0.1 mM Ca2+ (one cysteine
oxidized; Table 2) resulted in an actin which
polymerized more slowly but reached a steady-
state level comparable to that of the non-oxidized
control (data not shown). Similarly, oxidation of α-
actin in the ADP form at 0.1 mM Ca2+, for a
prolonged period, led to decreased polymerizability
(data not shown).

Effect of the thioredoxin system on oxidized
ADP-β/γ-actin

The reversibility of oxidation by H2O2 and its
effect on the polymerizability of ADP-β/γ-actin at
1 μM Ca2+ are illustrated in Figure 2. Oxidized
protein was incubated with the thioredoxin system,
which reduces disulfide bonds and cysteine sulfenic
acids, products of oxidation of cysteine residues
with H2O2. Indeed, thioredoxin rapidly reduced the
oxidized cysteine residues in ADP-β/γ-actin. All
components of the thioredoxin (Trx) system
(NADPH, thioredoxin reductase (TR), and Trx; see
Materials and Methods) were required for the
reduction of the cysteine residues and subsequent
restoration of the capacity of the protein to form
polymers (Figure 2(d)). Incubation of ADP-β/γ-
actin under more oxidative conditions (higher
concentrations of H2O2, longer incubation time)
led to a product that could not be reduced by the
Trx-system, likely due to formation of cysteine
sulfinic or sulfonic acids.

Molecular status of oxidized ADP-β/γ-actin

The molecular mass distribution of the non-
polymerizable ADP-β/γ-actin, formed at 0.1 mM
Ca2+ incubated with 20 mM H2O2 for 40 min, is
illustrated in Figure 3(a). The protein was essentially
recovered as a major peak at the position expected
for monomeric actin, with smaller amounts of
protein appearing next to it in the higher molecular
mass region. The predominant monomeric nature of



Figure 2. Effect of oxidation on actin polymerizability. (a) Polymerization of ATP-β/γ-actin (0.4 mg/ml) before (○)
and after oxidation (●) with 5 mM H2O2 (see Materials and Methods). (b) Polymerization of ADP-β/γ-actin before and
after oxidation with H2O2. Actin was incubated for 10 min with 5 mM H2O2 (oxidant not removed); symbols have the
same meaning as in (a). (c) Reduction of oxidized cysteine residues with the Trx system. Upon removal of H2O2, oxidized
ADP-β/γ-actin in G buffer with ADP and 50 μM Ca2+, was incubated with the Trx system for increasing lengths of time
and the number of SH groups was determined with DTNB in guanidine-HCl (see Materials andMethods). (d) Restoration
of polymerizability of ADP-β/γ-actin inactivated by H2O2. Oxidized actin was incubated with the Trx system for 60 min
at 37 °C, after which polymerization was induced by adding polymerizing salts at time zero and the viscosity was
measured at 25 °C.
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the oxidized ADP-β/γ-actin was confirmed by SDS-
PAGE in the absence of reducing agents (see Figure
3(a) and (b)). The major peak had ∼4 cysteine
residues available for reaction with DTNB (i.e. two
cysteine residues oxidized). In contrast, the actin in
the higher molecular mass fraction contained ∼2.0
cysteine residues available for DTNB in guanidine
hydrochloride (Gdn-HCl), suggesting that a total of
∼4 cysteine residues had been oxidized.
Similarly, gel-filtration of the oxidized, non-

polymerizable ADP-β/γ-actin in the presence of
polymerizing salts resulted in one major peak with
monomeric actin, and a second peak of higher
molecular mass. Approximately 90% of the applied
protein was recovered, and the major peak con-
tained more than ∼60% of the applied protein,
demonstrating that the monomeric form of oxi-
dized actin remained in the non-polymerizable
form. The actin sample from the major peak had
two oxidized cysteine residues, in agreement with
the results obtained under non-polymerizing con-
ditions. Actin from this fraction could be concen-
trated to more than 15 mg/ml in G-buffer (see
Materials and Methods) without the solution
becoming viscous, confirming that the self-associat-
ing capacity of the actin monomers had been
eliminated by oxidation.
ATP-induced polymerization of oxidized
ADP-β/γ-actin

Intriguingly, addition of 0.5 mM ATP to oxidized
ADP-β/γ-actin led to recovery of polymerizability,
although polymer formation occurred after a con-
siderable lag phase (Figure 4). Exposure of ADP-β/
γ-actin to more oxidative conditions (higher con-
centrations of H2O2, longer times) resulted in a
product that could not be recovered in a polymeri-
zable form by the Trx system, again presumably
indicating that cysteine sulfinic or sulfonic acids had
formed. However, even after such treatment, ATP
restored the polymerizability of the protein.

Interaction of oxidized ADP β/γ-actin with
profilin and DNase I

In order to obtain information about potential
changes in the structure of actin upon oxidation, its
interactions with profilin and DNase I were studied.
The results shown in Figure 5 illustrate the dif-
ference in affinity of non-oxidized and oxidized
ADP-β/γ-actin for profilin. Here, the ADP-β/γ-
actin samples were incubated with a twofold molar
excess of profilin and then applied to poly-l-proline
Sepharose resin, which binds profilin as well as



Figure 3. Size distribution of oxidized ADP-β/γ-actin.
(a) Analysis of oxidized ADP- β/γ-actin by chromato-
graphy on S-300 in 5 mM KH2PO4/K2HPO4 (pH 7.6),
0.5 mM ADP, 0.1 mM CaCl2, 10 μM EDTA. Inset: protein
from fractions 39 (lane a) and 49 (lane b) after non-
reducing SDS-PAGE (10% polyacrylamide gel) and
stained with Coomassie brilliant blue (trace amounts of
actin dimers, trimers etc. are seen above the oxidized actin
monomers; no protein band was seen below the major
actin band). (b) Chromatography of oxidized β-actin
under polymerizing conditions. The shaded area indicates
fractions used for crystallization. Inset: lane a fr. 39, lane b
from shaded area.
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profilin:actin complexes, but not actin alone. The
major fraction of the non-oxidized actin bound to
the poly-l-proline Sepharose, indicating stable com-
plex formation, whereas oxidized actin was recov-
ered mostly in the flow-through. These results
demonstrate clearly that oxidation of ADP-β/γ-
actin weakens its interaction with profilin. Notably,
ADP-β/γ-actin with only one cysteine oxidized was
retained by poly-l-proline Sepharose; i.e. its interac-
tion with profilin was not affected significantly (data
not shown).
The effect of oxidation of ADP-β/γ-actin on the

binding to DNase I was analyzed with the DNase I
inhibition assay.15 Oxidation of two cysteine resi-
dues in ADP-β/γ-actin caused a two- to threefold
increase in the Kd for the interaction with DNase I,
suggesting that oxidation at the C terminus of the
actin affected the interdomain relationship and
conformation of the DNAse I interaction site of the
actin molecule. However, oxidation of the most
reactive cysteine did not influence the binding of
DNase I.

Effect of H2O2 on filamentous actin

The effect of H2O2 on actin, polymerized to
steady-state, was followed by monitoring the
viscosity. The oxidant caused an immediate drop
in viscosity of the solution (Figure 6(a)). Centrifuga-
tion of H2O2-treated samples at 30 psi (1 psi
≈6.9 kPa) for 30 min showed that almost all of the
actin was in the supernatant (Figure 6(a)), suggest-
ing that exposure to H2O2 had resulted in fragmen-
tation or depolymerization of the filaments.
When pyrenyl-containing filaments were exposed

to 5 mM H2O2, no significant change in the
fluorescence could be detected, demonstrating that
the filaments were not disassembled into mono-
mers, but rather had become fragmented (see Figure
6(b)). Increasing the concentration of H2O2 to
20 mM, however, decreased the fluorescence to
background levels within 2 h (Figure 6(c)), indica-
tive of complete depolymerization.
Oxidation of filaments in the presence of a low

concentration of Ca2+ (1 μM) did not seem to cause
significant depolymerization, regardless of whether
they had been formed in a low concentration of
Ca2+, or in 0.1 mM Ca2+, with subsequent addition
of EGTA to lower the concentration of Ca2+ (Figure
6(c)). However, at concentrations of Ca2+ above
10 μM, significant depolymerization did occur
(data not shown).

Effect of diamide on SH groups and
polymerizability of β/γ-actin

Incubation of eukaryotic cells with diamide, a
relatively thiol-specific oxidizing agent, causes
reorganization of the microfilament system.16

Here, β/γ-actin incubated with equimolar amounts
of diamide, which eliminated the DTNB-reactivity
of one SH-group, still polymerized (Figure 7).
However, incubation of the actin with a higher
concentration of diamide, oxidizing two to four
cysteine residues, significantly decreased the poly-
mer-forming capability of the actin, in agreement
with the results obtained with H2O2. In these cases,
addition of ATP to the inactivated actin rapidly
restored its polymerizability, except in the case
where five out of six SH-groups had become
oxidized.

Crystal structure of β-actin after incubation with
H2O2

An ADP-β-actin sample, which had been incu-
bated with 20 mM H2O2 and had retained its
polymerization potential, was crystallized in the
presence of ADP. The structure solution (Table 3) is
consistent with four molecules, here referred to as A,
B, C, and D, respectively, in the asymmetric unit.
Interpretable electron density is present for the full-



Figure 4. ATP-induced polymerization of oxidized
ADP-β/γ-actin. The first part of the graph (0–60 min)
represents the polymerization of non-oxidized actin in
ADP (□), oxidized actin in ADP (△ and ▴), and oxidized
ADP-actin, to which ATP was added before polymerizing
salts (●). The second part shows that addition of 0.5 mM
ATP restores the polymerizability of oxidized ADP-β/γ-
actin, even after incubation for 60 min (▴). Addition of
0.5 mM DTT to oxidized ADP-actin after 60 min of incu-
bation is shown (△). Polymerization of actin (0.4 mg/ml)
was monitored by the pyrenyl-assay (see Materials and
Methods).

Figure 5. Interaction between profilin and actin,
before and after oxidation of actin. Non-oxidized, and
oxidized, actin wasmixedwith a twofold excess of profilin
and then fractionated on a poly-l-proline Sepharose
column. Fractions from the flow-through (lanes 2 and 4)
show actin not interacting with profilin, and lanes 1 and 3
show the protein recovered from the matrix (profilin and
profilin:actin) stained with Coomassie brilliant blue after
SDS-PAGE (15% polyacrylamide gel).
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length protein, except for residues 1–5 (1–3 in
molecules B and C), 40–49 (DNase I binding loop),
372–375 in molecules A and C, as well as residue 375
in molecule B. At the nucleotide-binding site,
contiguous electron density for the presumed posi-
tion of three phosphate groups was visible after
simulated annealing refinement in the initial σA-
weighted omit map of the 2Fo–Fc type at a level of
greater than the 3.0σ providing a convincing
argument for the presence of an ATP, rather than
an ADP, molecule. The presence of ATP in the actin
molecule was unexpected. However, although β-
actin was purified in the presence of ADP, a
subfraction of β-actin with bound trace amounts of
ATP could have been copurified and this sample
crystallized. Alternatively, actin may have crystal-
lized with ADP, in a closed state, and ADP then
exchanged to ATP because of the greater affinity of
actin for ATP. However, interpretable electron
density for the histidine 73 methyl group, present
in the profilin:β-actin structure was not observed.17

Superposition on previously solved actin struc-
tures demonstrates that, overall, the structure
closely resembles those, except for the relative
position of subdomain 2 in the open profilin:β-
actin structure.18 The actin is consequently in a
conformation typically referred to as the closed
state, and the four molecules in the asymmetric unit
are conformationally congruent. However, this is
the first time that this particular arrangement of the
actin molecules has been observed. In the asym-
metric unit, three protomers are oriented almost
identically, whereas another molecule is located in
an antiparallel orientation to them. Protomers B and
D are related by a nearly 2-fold, non-crystallo-
graphic axis located between their C termini (angle
of rotation 178°) and the interface between them
buries a calculated solvent-accessible surface area of
∼780 Å2 per protomer (Figure 8(a)). Protomers A
and C are arranged in an essentially identical way
with a crystallographic 2-fold axis relating them to
their counterpart molecules.
The interaction interface is composed of residues

from subdomains 1 and 3,19 and displays a mixed
electrostatic character with ∼60% non-polar atoms.
In protomers B and D, the interface comprises
residues 166–173 located in a loop in subdomain 3,
which together with residues 286 and 289 (sub-
domain 3) line up against residues 350–355 located
in an α-helix in subdomain 1 from the adjacent
molecule. Apparent hydrophilic interactions include
a hydrogen bond formed across the gap of the two
molecules between the hydroxyl group of Tyr143
(subdomain 1) and the carboxyl group of Glu167
(subdomain 3). The interface further consists of
residues 370–374 (subdomain 1), which are situated
alongside the equivalent, mainly α-helical, range of
the adjacent molecule.

Structural effects of oxidation by H2O2

Inspection of difference Fourier electron density
maps indicated a covalent modification of cysteine
272 (Figure 9(a)) in all four molecules, essentially
consistent with an oxidation to cysteine sulfenic or
sulfinic acid. Modeling of either form agrees with
the data and the corresponding real space density fit
and cross-validated R-factor display no significant
differences. Also, a cysteine sulfonic acid residue fits
the electron density of the 2Fo–Fc type and no
negative peaks in electron density maps of the Fo–Fc
type at below the −2.0σ contour level at the site of
the modeled oxygen atoms became apparent. How-
ever, modeling of a sulfinic acid residue was



Figure 7. Effect of diamide on the polymerization of
ADP-β/γ-actin. Diamide was added to the protein
(0.5 mg/ml, 2% (w/v) pyrenyl-actin) in G-ADP buffer at
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eventually preferred, because of indications for such
a form in positive difference Fourier peaks (Figure
9(a)). Nonetheless, it is not unlikely that the
observed electron density represents a superposi-
tion of several oxidation states in the crystal,
consistent with mass spectrometry analysis of the
protein sample (data not shown). No significant
conformational change in the protein is observable
in the vicinity of cysteine 272, apart from the side-
chain of glutamate 276. It is displaced from its
corresponding position in the structure of profilin:β-
actin,17 which seems attributable to electrostatic
repulsion with the oxygen atoms of the oxidized
Cys272 in our β-actin structure (Figure 9(a)).
Upon reprocessing of the diffraction data using

images, where radiation damage was less severe,
contiguous electron density between the presumed
Figure 6. Effect of H2O2 on filamentous actin. (a) Poly-
merization of ADP-β/γ-actin (0.4 mg/ml) in G-ADP buffer
(see Materials and Methods) at 0.1 mM Ca2+, induced by
the addition of polymerizing salts at time zero. After
32 min, 5 mM H2O2 (final conc.) was added and polymer
formation was monitored by viscometry at 25 °C. Inset:
Status of the actin after the drop in viscosity: 0.25 ml
samples of the oxidized actin were centrifuged for 30 min
in an airfuge at 30 psi at room temperature. Pelleted
material and precipitated protein from the supernatant
was resuspended in 0.2 ml of G-ADP buffer boiled with
sample buffer, and analyzed by SDS-PAGE (10% poly-
acrylamide gel). The supernatant and pellet obtained with
non-oxidized F-actin were used as a control. (b) Effect of
adding 0.1 mM EGTA before polymerizing salt (final
Ca2+free is 1 μM), and 5 mM H2O2 (final conc.) at 20 min,
followed by the addition of 0.1 mMCaCl2 at 40 min. (c) The
effect of H2O2 on ADP-β/γ-actin polymers monitored by
the pyrenyl assay (see Materials and Methods). For this,
ADP-β/γ-actin (0.1 mM Ca2+) was polymerized. In one
sample, the Ca2+ concentration was lowered to 1 μM by the
addition of 0.1 mM EGTA 45 min after initiation of poly-
merization (○). After 55 min, 5 mM H2O2 (final conc.) was
added to both samples, and after 100min 20mMH2O2 (final
conc.) was added.

10 μM CaCl2 to give final concentrations of diamide of
10 μM (●), 30 μM (▴), 0.1 mM (Δ), 1 mM (■), 10 mM (□),
and the control without diamide (○) (total volume 200 μl).
Polymerization was induced by addition of 2 mM MgCl2
and 100mMKCl. After 80min, 2 μl of 0.5MATPwas added
to all samples and the reaction was followed for another
30 min. In a parallel experiment, the number of oxidized
cysteine residues was determined by the DTNB method.
position of the sulfur of Cys374 in molecules B and D
could be interpreted as a disulfide bond (Figure
9(b)). It displays an architecture consistent with that
of a right-handed conformation with most of the
parameters refining close to the expected values.20

However, the dihedral angle around the S–S bond
refined to 132°, deviating from the energetically
favorable 100°,21 and the torsion angle around the
Cα–Cβ bond in protomer B to 155°, deviating from
the mean value of −60°. This may indicate an
energetically less favorable conformation of the



Table 3. Crystallographic data statistics

A. Data collection and integration
Wavelength (Å) 1.0000
Space group C2221
Unit cell dimensions

a (Å) 119.17
b (Å) 222.59
c (Å) 133.71

Resolution range (Å) 35-2.60 (2.68-2.60)
No. unique reflections (multiplicity) 52 031 (3.6)
Rmeas

a 0.15 (0.79)
Mean bIN/σbIN 9.34 (1.72)
Completeness (%) 94.7 (76.4)
Wilson B-factor (Å2) 39

B. Refinement
Rcryst

b 0.210 (0.279)
Rfree

c 0.288 (0.371)
No. reflections: working/test set 48 371/2548
Average refined B-factor (Å2)d 42
No. non-H atoms

Protein 11 028
Water 494
Ligand 161

C. Model analysis
Estimated coordinate error (Å)e 0.37
r.m.s. deviation

Bond lengths (Å)f 0.010
Bond angles (deg.)f 1.389

Ramachandran plotg

No. residues in most favored region 1375
No. residues in generously allowed region 40
No. residues in disallowed region 0

Values in parentheses are for the highest resolution shell.

a Rmeas ¼

X
h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nh

nh � 1

r Xnh
i

jhIhi � Ih;ij
P
h

Pnh
i

Ih;i

;

with 〈Ih〉 =
1
nh

Xnh
i

Ih,i and nh multiplicity.

b Rcryst ¼

X
h

jjFobsj � jFcalcjj
X
h

jFobsj ; where Fobs and Fcalc are the observed

and calculated structure-factors respectively.
c Rfree: cross-validation of Rcryst.

95

d Total refined B-factor including the TLS component.
e Estimated coordinate error of the structure based on Rfree as

calculated by Refmac.94
f Calculated with Refmac.
g Calculated with MolProbity.99
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disulfide bond and/or the onset of radiation
damage.22 The latter is supported by calculations
of electron density maps using the data ranging
from 90° to 180° (see Materials and Methods), where
no interpretable contiguous electron density for the
position of the disulfide bond was observable, likely
symptomatic of the radiation sensitivity of it, its
breakage, and subsequent mobility of the C termini.
The C-terminal five residues of molecules B and D

are viewed down the rotational axis, oriented
towards the protein part of the D protomer (Figure
8(a)). A similar arrangement may exist in molecules
A and C. Although the electron density for residues
C-terminal of His371 was not interpretable, plau-
sibly an intermolecular disulfide bond with their
counterpart molecule, related by the crystallo-
graphic 2-fold axis could be present.
Noticeably, the hydroxyl groups of four tyrosine

residues, Tyr133 and Tyr169 from bothmolecules, are
positioned around the disulfide bond (Figure 9(b)).
The oxygen atoms of the hydroxyl groups of Tyr169
are at a distance of ∼4 Å and ∼4.5 Å, respectively,
from the closest sulfur atom (with the valency state of
sulfur in the disulfide bond corresponding to a van
der Waals radius of ∼1.8 Å), whereas those of Tyr133
are at a distance of ∼5 Å and ∼6.5 Å, respectively. In
the crystal structure of oxidized β-actin these are the
only hydrophilic protein moieties, apart from back-
bone carbonyl groups and amides, in the immediate
vicinity of the disulfide bond.
No other oxidative modification was obvious,

suggesting that the applied concentration of H2O2
was not excessive. It is notable that Cys217 and
Cys257, which are in close proximity in the
structure, did not seem to be affected. Likely, this
is a reflection of the specificity of the oxidation.
Discussion

Cys272–the most reactive cysteine

Oxidative modifications of cysteines in response
to transmembrane signaling has emerged as a highly
relevant regulatory and reversible mechanism of
central function in a wide variety of systems.23,24

Here, we show that exposure of non-muscle ADP-
β/γ-actin to H2O2 at high concentrations of Ca2+

(0.1 mM) in G-buffer results in the oxidation of one
cysteine, and that a second cysteine is modified by
prolonged incubation with H2O2 at higher tempera-
ture. Importantly, it is only after the second cysteine
had been oxidized that an interference with the
polymerizability of the protein and its binding to
profilin was observed. Since chemical modification
of Cys374 by various means affects polymerizability
and profilin binding by the actin,25 these results
imply that another cysteine in non-muscle actin
reacts more readily than Cys374, and that this is
Cys272. Consistently, our crystal structure revealed
that Cys272 is oxidized and displays a higher
oxidation state than Cys374, showing it to be the
most reactive cysteine in β-actin. Significantly, in α-
actin and non-vertebrate actin isoforms the amino
acid in position 272 is alanine and no cysteine is
present in the structurally equivalent location.

Reactivity of Cys272: structural considerations

The intrinsic reactivity of thiol groups is modu-
lated by their chemical microenvironment and by
the extent to which they are accessible to reactive
groups. In β-actin, the oxidized Cys272 is located at
the surface of the protein, is solvent-exposed (Figure
9(a)), and therefore easily accessible to H2O2 in
monomeric or dimeric actin. The only notable pro-



Figure 8. Illustration of the antiparallel β-actin homodimer. (a) Secondary structure representation of the β-actin
dimer in an orientation with the approximately 2-fold non-crystallographic axis approximately perpendicular to the plane
of the paper. The disulfide bond (green) and the ATP molecule are shown in ball-and stick-representation. Color scheme:
red, α-helices; blue, β-strands; grey, loops. (b) Stereo-representation of the structural variability of the β-actin homodimer
(black, without ligands) and the superimposed α-actin dimer49 (magenta, without ligands) via the protomer to the right.
The disulfide bond is shown in ball-and-stick representation for both dimers.
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tein moieties in the microenvironment of Cys272 are
the side-chains of Glu276 and Asn280. A cysteine
thiol would be expected to have a pKa near 9 and
largely protonated at physiological pH, and thus
have a low reactivity. While the microenvironment
of Cys272 does not appear to lower the pKa value of
Cys272, the removal of the thiol proton in the
reaction might be facilitated by the carboxyl group
of Glu276. An activation mechanism involving an
aspartate/glutamate and a catalytic cysteine has
been proposed for proteins of the thioredoxin-like
family, where the carboxyl moieties are thought to
assist in deprotonation of the thiol group of the
reactive cysteine.26,27 In β-actin, Glu276 might play
a role in the reaction with H2O2 in mediating proton
transfer to generate a leaving water molecule.
Moreover, in solution the effect of metal ions on
the reactivity of Cys272, though not directly infer-
able from our data, cannot be excluded.
Oxidation of Cys374 and the exposure of Cys17

It is known from studies on α-actin that the
highly conserved Cys374 is available for reaction
with various types of thiol reagents, and that
manipulation of the C terminus affects the ability
of the protein to form polymers.25,28,29 However,
the mechanism by which the C terminus is in-
volved in monomer–monomer interactions during
filament assembly is not known. Yet, there is
evidence for a reciprocal allosteric communication
between the C terminus and both the nucleotide-
binding site and the DNase I interaction site within
the actin molecule.25,30–32 In this respect, it is worth
pointing out that the C terminus with the carboxyl
group of Phe375, in the conformation observed in
molecule D in our crystal structure, forms a hydro-
gen bonding interaction with the backbone nitrogen
atom of Ile136. This residue, in turn, is situated next



Figure 9. Illustration of the effects of oxidation on Cys272 and Cys374 in the β-actin structure. (a) Stereo-
representation of the omit electron density withmFo–DFc coefficients contoured at 3.0σ (0.13 e−/A3, blue) before modeling
the side-chain oxygen atoms of sulfinic acid and the final refined cysteine sulfinic acid model. A potential hydrogen
bonding interaction of one of the sulfinic acid oxygen atoms of oxidized Cys272 with Asn280 is indicated by a broken light
blue line. (b) Stereo-representation of the omit electron density with mFo–DFc coefficients contoured at 3.7σ (0.15 e−/A3,
blue) before modeling the sulfur atoms and the final refined disulfide bond coordinates. Amino acid residues at the C
termini and in the vicinity of the disulfide bond are shown.
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to Gln137, proposed to form the hinge point for
domain motions in the actin molecule,19 and
potentially involved in ATP hydrolysis. Of note,
the carboxyl group of Phe375 in the oxidized
structure, positioned this deep in the hydrophobic
pocket, has not been observed in other actin crystal
structures, where instead the corresponding space
is occupied by water molecules or co-crystallized
ligands. This interaction may constitute a contact
point between the C terminus and the nucleotide-
binding site, and in this way relay changes from the
C terminus to the DNase I interaction site via the
nucleotide-binding site, explaining how different
chemical modifications of Cys374 alter the proper-
ties of actin.
Faulstich and co-workers showed that at low

concentrations of Ca2+, modification of Cys374 in
ADP-α-actin results in a slow, reversible conforma-
tional transformation, exposing a second cysteine,
identified as Cys10.14 Additionally, the presence
of ATP or metal ions in concentrations sufficient
for binding to moderate-affinity sites shielded
Cys10.
Here, it is shown that non-muscle ADP-β/γ-actin
also has a DTNB-reactive cysteine, in addition to
Cys272 and Cys374, accessible at low levels (1 μM)
of Ca2+ but shielded at increased concentrations of
Ca2+ (N10 μM) and not oxidized by H2O2. Amino
acid residue 10 in non-muscle actins is valine.
However, Cys17 occupies a similar position in the
interior of subdomain 1. The appearance of an addi-
tional DTNB-reactive cysteine at low concentrations
of Ca2+ in the absence of ATP suggests strongly that
Cys17 is exposed via a conformational change
similar to that occuring in α-actin under these
conditions. The high degree of flexibility in this
region of the molecule is of particular interest, since
alterations in the structure are expected to affect the
configuration and/or position of the DNase I
binding loop crucial for the formation of actin
filaments. The fact that chemical modification of
Cys374 influences Cys17 provides further evidence
for a communication between the C terminus and
the DNase I binding loop.25,30–32 Significantly, our
present results imply that these conformational
changes are under Ca2+ control.
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Oxidation of Cys374: Ca2+ sensitivity and loss of
polymerizability

The reversibility of the inactivation of the poly-
mer-forming capacity of ADP-β/γ-actin caused by
H2O2 at low concentrations of Ca2+ implies that the
structural changes associated with this effect may be
physiologically relevant. Notably, Ca2+ at concen-
trations above 10 μM shields Cys374 from the
oxidative effects of H2O2, including exposure of
Cys17. Stimulation of cells with various kinds of
agonists, such as growth factors and cytokines, is
almost invariably linked to increases in the intracel-
lular concentration of Ca2+, from submicromolar
values in resting cells to more than 10 μM.33 It is
within this concentration range that calcium ions
modify the sensitivity of actin to H2O2.
Interestingly, mere addition of ATP, even to the

over-oxidized form, restored the capacity of actin to
polymerize, showing that ATP is effective at restor-
ing interdomain connectivity and the normal posi-
tioning of subdomain 2 involved in filament
formation.

Cys272, Cys374 and the actin filament

Clearly, Cys374 of actin is of importance from a
regulatory point of view. Changes in its avail-
ability upon polymer formation and effects of
chemical modification of this residue on polymer-
izability and stability of the actin polymer25,28,29
indicate a high degree of flexibility of the C
terminus of the protein, and that the penultimate
Cys374 has an important role in establishment of
intermonomer contacts. During polymerization,
Cys374 on one monomer is near residue 41 in
subdomain 2 and residues 262–274,31,34,35 compris-
ing the “hydrophobic plug”, allegedly involved in
stabilizing the interstrand relationship in the actin
filament.36 Thus, intermonomer interactions would
be expected to be destabilized by oxidation of
Cys374, a reaction that, as shown here for β-actin,
results in depolymerization.
H2O2 influences the organization of actin micro-

filaments and motility of many eukaryotic cells,
which are known to contain significant amounts of
glutathionylated actin. It is conceivable that oxida-
tion of both Cys272 and Cys374 with subsequent
glutathionylation could be important in the disas-
sembly of filaments as the environment becomes
more oxidative during a shift in the reduced/oxi-
dized glutathione (GSH/GSSH) equilibrium. Fur-
thermore, oxidative modification of Cys272 might
alter the interaction of filamentous actin with actin-
binding proteins.

Disulfide bond: architecture and environment

In the crystal structure of the oxidized β-actin,
Cys374 in protomers B and D are engaged in an
intermolecular disulfide bond, which is partly
solvent-accessible in the crystal lattice. The disulfide
bond appears to be in an energetically unfavorable
state and susceptible to breakage by radiation-
induced radicals.22,37

The protein context of the disulfide bond in the
oxidized β-actin structure is largely hydrophobic,
with the exception of the hydroxyl groups of Tyr133
and Tyr169. It has been pointed out that hydroxyl
groups or aromatic rings through interactions with
the disulfide bond confer stability and restrict
accessibility to reducing agents.20,38

Cys374 is partially solvent-accessible in mono-
meric and filamentous actin.36,39 It is oriented
towards the protein interior in most monomeric
actin structures having intact C termini.17,40–42 In
this orientation, the aromatic ring of Tyr133 may be
involved in π-bonding to the sulfur of Cys374,
which are at a distance of 3.4–4.0 Å in these struc-
tures. Sulfur–π aromatic interactions have been
suggested to modulate the reactivity of cysteine
residues.43 Alternatively, Arg116 is a potential
residue involved in facilitating the reactivity of
Cys374, as it is situated in its proximity in many
actin structures.

Antiparallel homodimer formation

The interaction between actin molecules B and D
in the crystal is consistent with an antiparallel β-
actin homodimer connected via an intermolecular
disulfide bond (Figures 8 and 9). In solution, α-actin
antiparallel dimers, inferred to be cross-linked via
Cys374, have been observed.44–48 However, from
comparison of the crystal structures (Figure 8(b)) it
would appear that the discrepancies in interatomic
distances between the reported dimers could be due
to the inherent structural plasticity rather than
fundamentally different species.
Oxidized β-actin in our preparations is predomi-

nantly in the monomeric form in solution. Even so,
the presence of an antiparallel dimer in the crystal
implies that a subpopulation existed in the prepara-
tions of oxidized actin (see Figure 3; higher
molecular mass species). Consequently, the dimer
is arranging under non-polymerizing conditions.
Previously, it was shown that an antiparallel dimer
can assemble during different polymerizing con-
ditions.45,49 However, the driving force for its
origination seems to be the tendency of actin to
form a disulfide bond via Cys374 due to oxidation of
its sulfur atom. This is consistent with reports that
slow thiol oxidation of monomeric α-actin by
atmospheric oxygen gives rise to disulfide-bonded
antiparallel dimers.48 In the presence of crosslinking
reagents, oxidized Cys374 may react readily with
those, which then may restrict certain functional
conformational changes.44 In light of our observa-
tions, it seems conceivable that the observed
disulfide bond in the α-actin antiparallel dimer did
form due to oxidation of a fraction of non-cross-
linked α-actin, present together with cross-linked
protein.49 The modeled intermolecular disulfide
bond in α-actin homodimer crystal structures
appeared to be susceptible to breakage by synchro-
ton radiation or refined to an unfavorable torsion
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angle, corroborating our argument for the general
lability of the intermolecular disulfide bond in actin
dimers of this kind.49–51

Implications of an antiparallel dimer formed
under oxidizing conditions

Transient interactions are increasingly being
recognized as crucial in modulating protein–protein
recognition and function in regulatory and signal
transduction processes.52 The cellular significance of
an antiparallel dimer is unclear. The apparent
lability of the dimer assembly and the disulfide
bond implies that the association represents a non-
permanent interaction. Thus, the antiparallel dimer
may play a role as a rapidly activated regulatory
component, reactive and reversible towards changes
in the oxidative environment. A dimer interaction
could be generally unstable but, upon formation of a
disulfide bond, become more lasting under oxidiz-
ing conditions, such as signal transduction by H2O2.
The in vitro formation of disulfide-bonded anti-

parallel actin dimers might be important for under-
standing cellular redox responses to growth factor
or integrin stimulation, including branching of
filaments within lamellipodia of motile cells.7 The
advancement of a cell edge depends on polymeriza-
tion of actin, formation of dynamic filament ensem-
bles, and disassembly of the actin filaments. During
the process of lamellipodia formation, the multi-
protein complex Arp2/3 appears to be engaged in
nucleation of branches, though the exact mechanism
by which Arp2/3 causes filaments to branch is
unknown.53 In electron microscopy images, long,
unbranched filaments are the dominating structures
in lamellipodia, and bundles of long seemingly
unbranched filaments constitute the core of filopo-
dia, suggesting that more than one mechanism
exists for the formation of actin filaments in ad-
vancing cell edges.
Integration of an entire antiparallel β-actin dimer,

in the conformation observed in the crystal, into a
single helical actin filament is not compatible with
the polarity of the filament. However, it has been
demonstrated that antiparallel α-actin dimers
become integrated into growing actin filaments in
vitro and participate directly in actin filament
growth.48,54 Small protrusions at intervals along
the filaments were observed by electron microscopy,
suggesting that one of the protomers of the dimer
had been incorporated into the filaments. Evidence
for branched filaments was also detected, reminis-
cent of the branching filaments seen in the leading
edge of highly motile cells. One could imagine that
incorporated dimer sites constitute platforms for the
binding of Arp2/3 to commence the formation of
daughter filaments. It is possible that the inherent
flexibility around the disulfide bond of a filament-
integrated antiparallel dimer would necessitate
actin-binding proteins to stabilize a defined struc-
tural state. Thus, Arp2/3 could enforce a particular
conformation of the dimer to facilitate directed
growth of the filament at a particular angle. Since
the actin filaments further away from an advancing
cell edge are long and apparently unbranched,6
there must be a mechanism for remodeling the
filaments within a short time-span.7,55 If, as sug-
gested here, the Arp2/3 were bound to the junction
formed by an antiparallel dimer, dissociation of the
branched filaments could be achieved by reduction
of the disulfide bond in a more reducing environ-
ment, further away from the cell edge. Such a
mechanism could explain the fact that in vitro,
branches form primarily on newly formed filaments,
rather than on older ones.7 In the absence of actin-
binding proteins, mechanical strain on the unstable
disulfide bond, produced by the branched filaments,
may suffice to break it, consistent with the observa-
tion of debranching of filaments with integrated
antiparallel dimers.54

H2O2 and the impact on the actin microfilament
system

ROS appear to be required effectors in the control
of actin-based activities in various cell types.2,3

However, a central question is whether ROS act
directly on actin in vivo. Recent redox proteomics
studies detected actins amongst the most prominent
proteins oxidized in response to exposure of cells to
oxidants.8–10 Given our observations about the
profound mechanistic impact of H2O2 on actin in
vitro, we reason that in vivo a direct redox control of
actin could be one of the most important processes
regulating the dynamics of the microfilament sys-
tem. Indeed, observation of a direct interaction in
vivo between ROS and actin was reported recently.8

Clearly, for H2O2 to play a role in signaling to the
microfilament system, its site of production must be
localized near the system, because efficient reduc-
tion systems, such as glutathione peroxidase, per-
oxiredoxins, and catalase rapidly eliminate H2O2.

56

An initial oxidative burst would first have to
overcome such oxidative defenses and necessitate
amplification.57 However, a H2O2 gradient may also
have differential oxidative effects of functional
relevance, leading to dimer formation, glutathiony-
lation, and depolymerization in the actin system,
depending on the location of the actin molecules, the
source of the oxidant, the availability of surrounding
reducing systems, and the presence of glutathione.
The major sources of ROS within both phagocyto-

tic and non-phagocytotic cells are NAD(P)H oxi-
dase-like protein complexes and lipoxygenase. Both
function downstream of cytokine receptors,58,59 and
a direct interaction of their components with actin
was confirmed.60,61 These enzyme complexes are
membrane-associated and activated by association
with the GTPase Rac,62 over-expression of which
leads to increased levels of ROS in endothelial cells.63

Consistently, ROS generation was inhibited by over-
expression of a dominant negative form of Rac1.64 In
turn, in all cell types examined so far, Rac serves as a
pivotal regulator of actin assembly and seems to
determine where and when actin polymerizes.65

Association with guanine nucleotide exchange
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factors appears to target Rac1 to the membrane
where, in migrating cells, actin reorganization also
appears to be maximal, and causes its concomitant,
spatially restricted activation.66 Amplification of an
H2O2 signal in vivo seems to occur through the
integration of the Rac and phosphatidylinositol lipid
kinase pathways.57 Increased phosphorylation,
through oxidative inhibition of phosphatases, is a
hallmark of H2O2 signaling, and H2O2 is known to
downregulate PTEN by oxidation, leading to
increased formation of lipid kinase products (phos-
phatidylinositol 4,5 bisphosphate, PIP2 and the 3,4,5-
trisphosphate, PIP3).67 These phosphoinositides, in
turn, appear to target guanine nucleotide exchange
factors to the membrane, thus activating Rac1.68

Consequently, the impact of Rac on the actin-
containing network in vivo, in addition to its apparent
protein interaction-mediated role,69 could be ratio-
nalized to a significant extent by its induction of
the generation of ROS. This may explain Rac activ-
ities previously assumed to be unrelated, such as
activation of lipoxygenase and NAD(P)H oxidase-
like protein complexes and actin reorganization. The
potential role of ROS as initiators and central
molecules in the process may not have been appre-
ciated sufficiently, since research into the signaling
cascades has focused primarily on identifying pro-
tein–protein interactions, mostly under reducing
conditions.
The formation of PIP2 caused by binding of

agonists to cell-surface receptors in platelets peaks
in 5–10 s after the addition of agonists.70,71 Hydro-
lysis of PIP2 releases inositol trisphosphate, which in
turn releases Ca2+ from cytosolic stores with about
the same kinetics.71 Lamellipodia 2–4 μm long grow
out in about 30–60 s after addition of agonists as
seen with platelets and serum-starved cells.72,73

Accumulation of PIP2 in the plasma membrane in
local areas, lipid rafts, could bind profilin:actin, with
the consequent release of actin monomers in the
neighborhood of the PIP2-producing centers.74,75 At
the same time, the receptor-associated mechanisms
could deliver increasing amounts of H2O2 into the
advancing cell edges, although maximal concentra-
tion of the oxidant is not reached until 5–10 min after
addition of a growth factor, and later in spreading
cells.1,76 The peak of H2O2 is reached long after
initial waves of PIP2-formation, Ca2+ release,33 and
polymerization of actin have passed, and at a time
when depolymerization has become a significant
contributor to steady-state turnover of filaments in
advancing cell edges.
It is plausible that in the early phase of oxidation,

the release of monomeric actin from profilin:actin,
interacting with PIP2 in the periphery of the cell,
becomes involved in actin dimer formation, and that
Arp2/3-dependent polymerization of actin involves
dimer incorporation into filaments, augmenting
branch formation. It is not inconceivable that in the
later phase, when the H2O2 level is at a maximum,
glutathionylation and depolymerization of fila-
ments potentiate the turnover of filaments. Rela-
tively little is known about the mechanism of actin
filament disassembly in vivo. The in vitro results
shown here suggest that the possibility of oxidation
of filaments as a step in the depolymerization
should be given serious consideration.
In conclusion, the evidence suggests strongly that

many aspects of the actin response to various cellular
stimuli occur under oxidizing conditions. This view
is further strengthened by observations that a per-
turbed oxidative balance with increased ROS levels
seems to be symptomatic of a number of disease
types as well as cellular senescence.77,78 Over-
oxidation may have severe consequences, as oxida-
tive damage is surmised to occur in neurodegenera-
tive diseases.79 Actin oxidationwas elevated in brain
extracts of patients with Alzheimer's disease,80 actin
glutathionylation was increased in cells of patients
with Friedreich's ataxia,11 and disulfide-linked actin
oligomers in post-ischemic reperfusion in rat hearts
were reported.12 In autism, a serious neurobiological
condition, neuronal migration defects and synaptic
deficiencies have been suggested as the causes of
hippocampal and amygdalar dysfunctions. PTEN,
discussed above in connection with it being the link
between oxidation by H2O2 and Rac, is implicated in
the etiology of autism and would appear to exert its
influence on brain development via the actin micro-
filament system.81

The relevance of ROS action on the actin system in
vivo remains to be determined. Our results provide a
basis for an understanding of the effect of H2O2 on
the microfilament. Undoubtedly, future studies will
have to take into account also the effect of ROS on
actin in conjunction with actin-binding proteins.
Materials and Methods

Chemicals

ATP and ADP were from Roche; Hypatite C was from
Clarkson Chromatography Products, South Williamsport,
PA; DTTwas from SaveenWerner AB; guanidine-HCl was
from Fluka; and N-(1-pyrene) iodoacetamide was from
Molecular Probes. All other chemicals were from Sigma.
The purity of ADP was confirmed by chromatography on
Mono Q resin (GE Healthcare). Thioredoxin and thior-
edoxin reductase were produced in Escherichia coli.82

Vivaspin protein concentrators were from Vivascience.

Preparation of actin and profilin

Calf thymus profilin:actin was prepared and profilin and
actin were isolated as described.83 Filamentous actin was
disassembled by extensive dialysis against 5 mM Tris-HCl
(pH 7.6), 0.2 mMATP, 0.1 mMCaCl2, 10 μMEDTA, 0.5 mM
DTT at 4 °C, and finally gel-filtered using Sephacryl S-300
(S-300, HR, GE Healthcare, Sweden) equilibrated with
G-buffer (5 mM KH2PO4/K2HPO4 (pH 7.6), 0.5 mM ATP,
0.1 mM CaCl2, 10 μMEDTA). To lower the concentration of
free Ca2+ to micromolar levels, 0.1 mM EGTAwas added to
the buffer. For preparation of ADP-actin the S-300 column
was equilibrated with G-buffer containing 0.5 mM ADP.
Before experiments, DTT was removed by filtration on
PD-10 columns (GE Healthcare, Sweden) or by S-300
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chromatography equilibrated with G-buffer without DTT.
In some experiments, actin was kept in G-buffer containing
50 μM CaCl2. α-Actin from rabbit muscle was prepared as
described,84 and subjected to S-300 chromatography as
above. Concentrations of actin were determined spectro-
photometrically.85 SDS-PAGE was performed with or with-
out reducing agents.86

Determination of SH groups

Protein thiol groups were determined using DTNB and
applying a molar extinction coefficient of 13,600 M−1cm−1

at 412 nm (A412).
87 The total number of reduced thiol

groups was verified by mixing one volume of actin (7–
20 μM) with five volumes of DTNB in guanidine
hydrochloride (Gdn-HCl). DTNB was dissolved in 99.5%
(v/v) ethanol (10 mM) and mixed in a 1:9 (v/v) ratio with
6 M Gdn-HCl in 0.2 M Tris (pH 8.0). The background
signal was established by mixing one volume of G-buffer
with five volumes of DTNB in Gdn-HCl. Accessible thiol
groups in the folded protein in G-buffer were determined
by mixing one volume of actin sample (7–20 μM) with six
volumes of 0.5 mg/ml DTNB in G-buffer, while monitor-
ing A412 for 8 min.

Oxidation and reduction of actin

Oxidation of actin for preparative work was performed
by incubating the protein with H2O2, after which the
oxidant was removed by passing over a PD10 or an S-300
column equilibrated with G-buffer (4 °C). The polymeriz-
ability of oxidized ADP-actin and ATP-actin was analyzed
by incubating 0.4–0.5 mg/ml protein in 10 mM KH2PO4/
K2HPO4 (pH 7.6), 0.1 mM CaCl2, 0.1 mM EGTA, 10 μM
EDTA, supplemented with 0.2 mM ADP or ATP, respec-
tively, with 5 mM H2O2 for 45 min at 25 °C. Then,
polymerizing salts were added to a concentration of 2 mM
MgCl2 and 100 mM KCl, and the change in viscosity at
25 °C was monitored. Reduction was performed by
incubating the actin with the Trx-system (2 μM thioredoxin,
50 nM thioredoxin reductase, 0.2 mMNADPH) at 37 °C for
the lengths of time indicated. A sample containing the Trx-
system components in G-buffer was used to determine
their contribution of DTNB-reacting thiol groups.

Actin polymerization

Actin polymerization was monitored by high-shear
viscometry at 25 °C using a Cannon-Manning viscometer,
with a buffer flow-time of 60 s and a sample volume of
0.7 ml. Filament formation was also recorded using the
pyrene assay with 2% pyrene-labeled β/γ-ADP-actin.88

Pyrene-labeled actin was isolated by gel-filtration on an S-
300 chromatography column equilibrated with G-buffer
containing ADP. Polymerization was induced by addition
of polymerizing salts as indicated in the Figure legends.
Crystallization of oxidized ADP-actin

Isolation of profilin:β-actin was performed as described
above. Fractions eluted from the column were immediately
supplemented with ATP and the protein was precipitated
with 80% (w/v) (NH4)2SO4 and stored at 4 °C. The ADP-
form of β-actin was prepared as described above. The
protein was then incubated with 20 mM H2O2 at 37 °C for
40 min and finally passed over an S-300 column in 5 mM
Tris-HCl (pH 7.6), 0.5 mM ADP, 0.1 mM CaCl2, 10 μM
EGTA, 100mMKCl.Actin from fractions 45–50 (Figure 3(b))
was concentrated to 5 mg/ml. Crystals were grown at 4 °C
in hanging drops (Linbro plates), mixing equal volumes of
protein (5 mg/ml) and crystallization buffer (0.1 M Hepes
(pH 7.5), 1.6 M (NH4)2SO4, 0.1 M NaCl). Crystals with
maximal dimension of 140 μm appeared after about three
months. They were transferred to a cryo-solution (0.1 M
Hepes (pH 7.5), 1.8 M (NH4)2SO4, 0.1 M NaCl, 0.1 M KCl,
1mMCaCl2, 10mMADP)with 5% (v/v) glycerol, and then
to a cryo-solution containing 25% (v/v) glycerol, with
incubation periods of 1–5 min for both.

Diffraction data processing, structure solution, and
refinement

Crystals, mounted in cryoloops, were flash-frozen in
liquid N2. X-ray diffraction data, extending to ∼2.45 Å
resolution, weremeasured from a single crystal at −173 °C,
in 180 frames of 1° increment, at the X06SA PXI beamline
(Swiss Light Source) with a Mar225 CCD detector.
Reflections were indexed and integrated with XDS and
scaled in XSCALE.89 A decrease in the intensity of the
higher-resolution reflections and amarked deterioration of
the data-merging statistics with increasing data collection
time were indicative of significant radiation damage. Data
conversion into structure factor amplitudes and subse-
quent format adaptions were performed with programs of
theCCP4 suite (version 6.0.0-2).90 The crystal structurewas
determined bymolecular replacement using Phaser91 with
the protein part of α-actin (PDB-code 1J6Z) as a search
model.92 Data processing is consistent with space group
C2221 with four molecules in the asymmetric unit.
Crystallographic rigid body refinement and torsion-angle
molecular dynamics simulated annealing refinement with
a slow-cooling protocol starting at 4726 °C (5000 K) with
CNS,93 using diffraction data to 2.5 Å resolution were
followed by restrained, isotropic B-factor refinement with
Refmac.94 A 5% test set of randomly selected reflections
was used for cross-validation throughout refinement,95

which was iterated by manual rebuilding cycles in σA-
weighted electron density maps with COOT.96 Correction
of the amino acid sequence register for β-actin, addition of
ligands, non-crystallographic symmetry averaging with
differential weighting for variable parts, and refinement of
protein domain-specific TLS parameters improved the
data fit.97 Refinement parameters forATP, sulfate, andCa2+

were retrieved from the CCP4 library,90 and those for
cysteine sulfinic acid, added in progressed refinement
cycles, were generated with PRODRG.98 Refinement was
continued until convergence of the cross-validated R-
factor. It was then realized that the electron density at the
C termini of two molecules was potentially indicative of a
disulfide bond. The data were reprocessed including only
the first 90° of data (to 2.6 Å resolution), where radiation
damage was less severe. Using the same reflection indices
as before for cross-validation, simulated annealing refine-
ment was performed (as described above), with the
previously refined model and residues C-terminal of
His371 removed (Table 3). Analogously, data from 90–
180° were processed separately and the model refined
with (data not shown).

Model analysis

The protein model was evaluated with MolProbity,99

SFCHECK,100 and WHATCHECK.101 Structural super-
position was done with LSQKAB.90 Surfaces were
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analyzed with the Protein-Protein interaction server,102

PISA,103 and programs of the CCP4 suite. Molecular
representations were prepared with PyMol‡.

Protein Data Bank accession number

Atomic coordinates and structure factors for the protein
model have been deposited in the RCSB Protein Data Bank
with accession code 2OAN.
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