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The tert-Butyl Hydroperoxide-Induced Oxidation of Actin Cys-374 Is Coupled with
Structural Changes in Distant Regions of the Prdtein
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ABSTRACT: The susceptibility of monomeric actin to both methionine and cysteine oxidation when treated
with the oxidizing agentert-butyl hydroperoxide (t-BH) was investigated. The results show that no
methionine residue was susceptible to oxidation by t-BH at concentrations2ff thM, while Cys-374,

one of the five cysteine residues of the actin molecule, was found to be the site of the oxidative modification.
Perturbations in the intrinsic tryptophan fluorescence and the decreased susceptibility to limited proteolysis
by a-chymotrypsin and subtilisin of oxidized actin give an indication of some alterations in protein
conformation in subdomain 1, and in the central segment of surface l06p139n subdomain 2. Urea
denaturation curves indicate a lower conformational stability for the oxidized actin. G-actin structural
alterations due to Cys-374 oxidation produced by t-BH result in a decrease in the maximum rate of
polymerization, an increase in both the delay time and the time required for half-maximum assembly, a
decrease in the elongation rate, and enhancement of the critical monomer concentration for polymerization.
The results suggest that oxidation of actin Cys-374 induces structural alterations in the conformation of
at least two different distant regions of the molecule. The involvement of both the C-terminus of the actin
polypeptide chain and the DNase-I-binding loop in the intermonomer interactions in the polymer could
account for the altered kinetics of polymerization shown by the oxidized actin.

Covalent changes caused by in vivo protein oxidation are activity of H,O, (6—8), a relatively nonspecific oxidizing
primarily responsible for the accumulation of catalycally agent. Analysis of the cytoskeletal fraction from isolated
compromised (inactive or less active) and structurally altered hepatocytes treated with the thiol oxidant diamide under
enzymes during agingl). Furthermore, protein oxidation nonreducing conditions suggested that actin is one of the
may play a role in several pathological states, including target molecules for protein thiol oxidation, as demonstrated
inflammatory disease, atherosclerosis, neurological disorderspy the formation of actin aggregates sensitive to thiol
and cataractogenesi®)( reductants9). Furthermore, Omann et alL@) suggested that

All biologically relevant oxidantsi.e., hydrogen peroxide ~ Oxidation of sulfhydryls in actin occurs in P38gbells (a
(H20,), superoxide anion (©), hydroxyl radicals, hypochlo- t_ransformed murine macrophage.cell line) gxp_oseq to oxida-
rite ions, chloramines, nitrogen oxide (NO), and peroxynitrite tive stress. Finally, kD alters actin dynamics in vitral(,
(formed by the fusion of NO with @ ~)—are copiously
produced by polymorphonuclear leukocytes (mainly by  With the exception of @, all the oxidants produced in
neutrophils) and other phagocitic cells on activation in biological systems oxidize methionine, which, together with
defense reactions of the host. The activated cells undergo ecysteine and tryptophan, belongs to the most readily oxidized
respiratory burst during which they produce the oxidizing amino acid residues of proteins. The oxidation product is
reagents; these are highly toxic to extracellular-invading methionine sulfoxide, which can be reduced back to me-
microorganisms, tissues, as well as the neutrophils them-thionine by chemicals or by methionine sulfoxide reductase.
selves, leading to the oxidation of several amino acid residues Methionine oxidation to the sulfoxide derivative can
of many proteins. functionally have different consequences. In general, it may

Oxidative stress causes modification of cellular macro- inactivate proteins; however, it does not necessarily cause
molecules and leads to cell damage-6). Cell rounding either structural changes or loss of biological activity.
and plasma membrane blebbing as well as shortening of Recently, Keck 13) investigated the susceptibility of
microfilaments, which aggregate side-to-side into short native recombinant interferon gamma (rlIFN-gamma) and
bundles, suggest that cytoskeletal elements of the cell cortexrecombinant tissue-type plasminogen activator (rt-PA) to

could represent one of the cellular targets of the biological Methionine oxidation induced by the alkyl hydroperoxide
tert-butyl hydroperoxide (t-BH}. The results showed that

two of the five methionine residues in rlFN-gamma were
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susceptible to oxidation by t-BH, while three of the five
methionines in rt-PA were found to be oxidizable. The
oxidized methionine residues were found to be in the

DalleDonne et al.

buffer A at 4°C. All reported experiments have been carried
on in t-BH-free media.
Chemical Cleaage at Met ResiduesOxidized actin

sulfoxide form, and no other residue(s) appeared to be samples (11.82M, 0.4 mL) were treated with 4@L of

modified during t-BH treatment. Furthermore, during treat-
ment of a native protein with t-BH, only the exposed

methionine residues were oxidized stoichiometrically. There-

fore, t-BH should be useful for oxidizing surface methionine

10% (w/v) CNBr in 70% formic acid. Afte2 h at 25°C,
formic acid and excess reagent were removed by rotary
evaporation. Lyophilized samples were dissolved in 0.1 M
NaOH and added with 6 SDS-PAGE sample buffer for

residues in a protein and for identifying surface methionine the electrophoretic run on 15% (w/v) polyacrylamide slab
residues in a protein of unknown structure. On the other hand,gels @1).

damage to cytoskeletal protein thiols by the formation of

To unfold G-actin and expose all its methionine residues,

high molecular aggregates was caused in human red bloodactin monomers (23.64«M, 1 mL) were lyophilized,
cells by t-BH treatment and was proposed to be related to dissolvedn 8 M urea, and then treated overnight with various

the hemolytic processlfl). t-BH-induced modification of

concentrations of t-BH. After exhaustive dialysis against

protein thiols, in human red blood cells, has been confirmed buffer A, oxidized actin monomers were cleaved with CNBr

by isoelectric focusing analysid%).

We describe here the susceptibility of actin to methionine

as described above.
Ellman Assay for Cys Residu€3xidized actin monomers

and cysteine oxidation when treated with t-BH and the effect (11.82u4M, 1 mL) were added with 5@&L of 3 mM 5,5-
it has on the structure of actin monomers as well as filament dithiobis(2-nitrobenzoic acid) (DTNB or Elliman’s reagent)

assembly.

MATERIALS AND METHODS

ReagentsSubtilisin Carlsberg (EC 3.4.21.62, froBacil-
lus licheniformi, a-chymotrypsin (EC 3.4.21.1, tosyllysine-
chloromethane-treated, type XllI: from bovine pancreas),
ATP (disodium salt)N,N-1,4-phenylenebismaleimide (1,4-
PBM), phalloidin, andert-butyl hydroperoxide (t-BH) were
purchased from Sigma Chemical Co. (St. Louis, MO).
Cyanogen bromide (CNBr) was purchased from Aldrich
Chimica (Milan, Italy). N-(1-Pyrenyl)iodoacetamide was
obtained from Molecular Probes (Eugene, OR). All other
reagents were of analytical grade.

Preparation and Modifications of ActirRabbit skeletal

which reacts with the free sulfhydryl side chain of cysteine
to form an S-S bond between the protein and a thioni-
trobenzoate (TNB) residue. After incubatiorr & h at 25

°C, the number of cysteines was determined by measuring
the absorbance of the released TNB anion.

To unfold G-actin and expose all its cysteine residues,
oxidized actin monomers (11.82, 1 mL) were lyophilized
under vacuum and then dissolved6 M guanidine hydro-
chloride (GdmCI). After incubation for 15 min at 2&, the
number of cysteines was determined by measuring the
absorbance of the released TNB anion.

Solutions of DTNB and GdmCI were prepared in 0.1 M
phosphate buffer, pH 7.3. The molar absorbance of the TNB
anion isEs1, = 13.7 mMtcmtin 6 M GdmCIl andEs., =

muscle actin was prepared according to the method of 14,15 mM cm™ in its absence2?2).

Spudich and Watt1(6) with an additional Sephadex G-150
gel filtration step. G-actin in 2 mM Tris-HCI, pH 7.5, 0.5
mM DTT, 0.2 mM ATP, 0.2 mM CaGl| 1.5 mM NaN
(buffer G) was lyophilized after the addition of 2 mg of
sucrose/mg of actin and stored at20 °C. To prepare
G-actin, the lyophilized powder was dissolved in and
dialyzed for at least 24 h against buffer G depleted of DTT
and NaN (buffer A). G-actin (molecular mass 42.3 kDa)

Cross-Linking between Cys-374 and Lys-191 in Adjacent
Subunits of Actin Filament&ross-linking between adjacent
subunits of F-actin was performed according to Millonig et
al. (23). Immediately before each assay, an aliquot of the 5
mM PBM stock solution in 100% dimethylformamide was
diluted to twice the final cross-linker concentration with 10
mM sodium borate, pH 9.2, containing 100 mM KCl and 2
mM MgCl,. Then 100uL of the PBM-containing sodium

concentration was determined by measuring the absorbanceorate solution was added to 190 of F-actin (actin:PBM

at 290 nm, using an extinction coefficient of 0.617 Thg
mL cm™ (17).

N-(1-Pyrenyl)iodoacetamide-labeled actin (pyrene-actin)
was prepared by the method of Tellam and Fried&s). (

molar ratio 1:2). Ten minutes later, the cross-linking reaction
was quenched by the addition of 100 of 3x SDS-PAGE
sample buffer containing 5% (v/A8rmercaptoethanol. SDS
PAGE of cross-linked actin oligomers was performed ac-

The pyrene-z_;\ctin concentrat?on and the extent of labeling cording to Laemmli21) on 7.5% (w/v) polyacrylamide slab
were determined by measuring the absorbance at 290 andjels. The gels were stained with Coomassie brilliant blue

344 nm, by usingEzss = 2.2 x 10* Mt cm! for the
protein—dye complex, in agreement with Kouyama and
Mihashi (L9) and Cooper et al.2Q).

Prior to use, G-actin solutions were clarified by a 60-min

R-250. Densitometric scans of protein bands were performed
with a Umax UCB840 scanner.

Enzymatic Cleaage at Met-44 and Met-47 Residuddl.
digestions were carried out at the actin concentration of 23.64

centrifugation at 1000@) Before sample preparation, protein M, at 25°C. Enzymes were dissolved just before use and

solutions and buffers were filtered with 0.2én disposable

kept in ice before digestiom-Chymotrypsin digestion was

filters and degassed. The experiments were executed in buffecarried out at an enzyme:protein mass ratio of 1:50 and was

A, unless stated otherwise.

tert-Butyl Hydroperoxide Treatment on Actin Monomers.
G-actin (23.64uM) was treated overnight with various
concentrations of t-BH, at 25C. The removal of t-BH was

stopped with 2 mM PMSF. Subtilisin digestion was carried
out at an enzyme:protein mass ratio of 1:1500 and was
stopped with 2 mM PMSF. The samples were mixed with
6x SDS-PAGE sample buffer. Digestion products were

accomplished by gel filtration on PD-10 columns (Sephadex analyzed by SDSPAGE 1) on 15% (w/v) polyacrylamide
G-25 M, Pharmacia Biotech) or by exhaustive dialysis against slab gels, which were stained with Coomassie brilliant blue
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R-250. Densitometric scans of protein bands were performedlengths were 365 and 407 nm, respectively. Fluorescence
with a Umax UC840 scanner. intensities were expressed in percentage, considering 100%

Since methionine oxidation of botl-chymotrypsin and  the signal from a standard sample (11.8%1 G-actin
subtilisin directly correlates with loss of enzymatic activity polymerized by 100 mM KCl and 2 mM Mgght 25°C)

(24, 29, we evaluated the possible inhibitory effect of t-BH when no further changes in fluorescence intensity were
on enzyme activity, in case trace quantities of t-BH remained observed.

in the medium after gel filtration or exhaustive dialysis. The  High-Shear Viscosity Measuremerttgh-shear viscosity
activity of botha-chymotrypsin and subtilisin was assayed was measured at 2Z& in Ostwald-type viscometers with a
by digesting native G-actin in the presence ef5lmM t-BH. sample volume of 0.5 mL and a buffer flow time of-230

No differences were observed in digestion products in t-BH- s. Results are expressed as specific viscosity) (in
containing samples compared to control. Therefore, we cancentiStokes (1 Stoke= 1074 m? s71), which is defined as
rule out a loss of enzymatic activity due to possible trace follows: 7, = (t/ts) — 1, Wherets is the sample flow time
amounts of t-BH in the medium. andt, is the buffer flow time.

Tryptophan Intrinsic Fluorescence of G-Actifine tryp- Preparation of Phalloidin-Stabilized Actin Seedsstock
tophan fluorescence of G-actin (11,81) was obtained by  solution of phalloidin-stabilized actin seeds was prepared by
excitation at 297 nm2g). Intensity changes in the emission  polymerizing G-actin at a concentration of 248 in the
fluorescence were measured at 45 at all wavelengths  apsence of salt by incubation for 24 h at 26 with

ranging between 300 and 400 nm. Fluorescence data werequimolar phalloidin 28). To use the seeds, aliquots of the
collected with a Kontron SFM-25 spectrofluorometer, using stock solution were diluted 10-fold with buffer A and

10 x 10 mm quartz cuvettes. . . sonicated at 50 W for two 30-s periods with a Braun sonifier.
Urea Denaturation Cures.To unfold G-actin, both native  Seed solution was then stored in ice at &k before using

and oxidized actin monomers (4.781) were treated with jt, thereby ensuring a negligible reannealing process.
various concentrations of urea for 20 h at 26. The
tryptophan intrinsic fluorescence at 324 nm was obtained RESULTS
by excitation at 297 nm. Since solutions of urea slowly  Tryptophan Intrinsic Fluorescenc@he fluorescence of
decompose to form cyanate and ammonium ions, which areproteins originates from phenylalanine, tyrosine, and tryp-
capable of chemically modifying the amino groups of tophan residues. In proteins that contain all three aromatic
proteins, urea stock solution (10 M, in buffer A) was prepared amino acids, fluorescence is usually dominated by the
and used within 1 day. contribution of the Trp residues, because both their absor-
For analyzing denaturation curves, we assumed a two- bance at the wavelength of excitation and their quantum yield
state mechanism for the folding/unfolding reaction. This of emission are considerably greater than the respective
method assumes that at equilibrium only the fully folded or values for Tyr and Phe. Fluorescence emission is much more
native protein and the fully unfolded or denatured protein sensitive to changes in the environment of the chromophore
are present at significant concentrations. The fraction of total than is light absorption. As the lifetime of the excited state
protein in the unfolded conformatiorf] was calculated is long, a broad range of interactions or perturbations can
using influence this state and thereby the emission spectrum.
Fluorescence is thus an excellent spectroscopic probe to
fu = (IFg = IF)/(IFg — IFy) investigate conformational changes of proteins. Changes in
protein conformation, such as unfolding, very often lead to
where IF is the actin intrinsic fluorescence measured at 324large changes in fluorescence emission. In proteins that
nm and IF and IR, represent the values of the intrinsic contain tryptophan, both shifts in wavelength and changes
fluorescence characteristic of the folded and unfolded protein,in intensity are generally observed upon unfolding. Trp
respectively. The values of gland IR, for any point in the emission spectra (Figure 1) reveal a remarkable reduction
transition region are obtained by extrapolation of the pre- (approximately by 20%) of the fluorescence intensity of actin
and post-transition base lines. oxidized with t-BH compared to that of native G-actin. The
Light Scattering Measuremenictin polymerization was ~ fluorescence intensity lowering, not accompanied by the
followed at 25°C by the increase in the 9(ight scattering spectral red shift characterizing denatured actin, indicates
at 546 nm 7), with excitation and emission slits set at 10 that a perturbation of G-actin structure occurred during
and 5 nm, respectively. The spectrofluorometer was equippedtreatment with t-BH.
with Wind 25 software. Light scattering intensitieR({)] Urea Denaturation Cures and Conformational Stability.
were expressed in percentage, considering 100% the signabince tryptophan fluorescence showed that changes in the
from a standard sample (11.8% G-actin polymerized by  specific three-dimensional structure of the polypeptide chain
100 mM KCI and 2 mM Mgd] at 25°C) when no further (i.e., the correctly folded structure) accompany actin oxida-
changes irR(®») were observed. tion induced by t-BH, we assessed whether protein stability
Pyrene-actin Fluorescence Measuremer@sactin po-  was affected by actin oxidation.
lymerization was monitored by measuring the fluorescence Figure 2 illustrates the fraction of total protein in the
enhancement of trace quantities of pyrene-actin (10% of unfolded conformationf(, or fractional denaturation) for
11.82uM total actin), in a thermostated cuvette at Z5. both native and oxidized actin as a function of urea
The spectrofluorometer was equipped with a neutral density concentration. The mole fraction of denatured actin goes from
filter (50%), to avoid pyrene-actin photobleaching, and a a minimum of O at low urea concentrations to a maximum
cutoff filter (390 nm), to minimize the contribution of light  of 1 above a critical urea concentration. Denaturation curves
scattering to the data. The excitation and emission wave-allow us to determine the concentration of urea required to
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of the actin band. The time courses of cleavage by subtilisin

< 100 of the peptide bond between Met-47 and Gly-48 to produce

9; a 35-kDa C-terminal fragmen8() are illustrated in Figure

E 80 3B. Oxidation of G-actin produced by increasing concentra-

§ tions of t-BH results in a dose-dependent decrease in the

£ 60y rate of decay of the actin band.

§ Chemical Cleaage by Cyanogen Bromid&ince t-BH

2 40 was found to be a methionine-specific oxidahB)( besides

o being a cysteine oxidant, the sensitivity of actin methionine

g 20 residues to oxidation with t-BH was investigated by CNBr

i treatment (Figure 4). Cyanogen bromide causes cleavage of
0 ' ‘ ‘ - proteins at the level of their methionines, but not if Met
300 320 340 360 380 400 residues are oxidized to methionine sulfoxide. Oxidation of

Emission wavelength (nm) both native and unfolded actin with 1, 10, and 20 mM t-BH

Ficure 1: Fluorescence emission spectra of G-actin. After over produces SDSPAGE pattems of the CNBr fragments
night treatment with t-BH and remO\r/)aI of excess oxidizing agent identical W'_th that (.)f (_:ontrol actin (Figure 4A,B, (_:entral
as described under Materials and Methods, tryptophan fluorescence?@nels). This result indicates that, at the concentrations used
emission spectra were taken at 11,82 G-actin with A set at in this work, t-BH treatment does not modify any methionine
297 nm. G-actin treated with 1 mM (thin dashed trace), 10 mM residue in the actin molecule.
(thick dashed trace), and 20 mM (thin solid trace) t-BH shows a At higher (0.5 M) t-BH concentration , i.e., at higher molar
reduction in the fluorescence intensity in comparison with native . S . - e
G-actin (thick solid trace). _ratlo of t-BH to methlon_m_g residues, :_jlctm oxidation resu_lts
in a decreased susceptibility to CNBr-induced fragmentation
(Figure 4A, right panel), indicating that t-BH oxidized one
or more methionine residues, which are on the surface of
the actin molecule and/or exposed to the solvent. Treatment
of unfolded actin with 0.5 M t-BH leads to an almost

1.2
1

08 complete failure of CNBr cleavage, indicating the conversion
. 06 of almost all methionine residues to their sulfoxide derivative
e 04 (Figure 4B, right panel).

' Free Thiol QuantificationRabbit muscle actin contains

0.2 five cysteine residues (Cys-10, Cys-217, Cys-257, Cys-285,
and Cys-374) existing in the reduced forBi). The most
0t> reactive thiol group of actin has been identified as the
0.2 cysteine residue next to the carboxy terminus which, ac-
0 1 2 3 4 5 6 7 8 cording to Vandekerckhove and Webgg), is Cys-374 83).

[urea] (M) G-actin, prepared as normally in the presence of ATP,

Ficure 2: Conformational stability of actin following chemical exposes one fast-reacting thiol group, that s, Cys-374. In
modification by t-BH. Urea denaturation curves were constructed addltlpn to OX|dat|0n. of methlon!ndB), t-BH also OXIdIZ.eS .
for native and oxidized G-actin, prepared as described in Figure 1, CySteine 15). Then, it was considered that the alteration in
from measurements of the tryptophan intrinsic fluorescence at 324 the actin monomer structure due to the effect of t-BH resulted
nm with e« set at 297 nm. The mole fraction of unfolded protein from the oxidation of Cys residue(s) to cysteic acid.
(fu) as a function of urea concentration was calculated as describedAccordingly, the Cys content of G-actin treated overnight

under Materials and Methods. Native G-actin (filled circles); G-actin . . . .
treated with 1 mM (open triangles), 10 mM (open squares), and with different concentrations of t-BH was determined. The

20 mM (open circles) t-BH, respectively. Error bars represent the Number of exposed Cys residue(s) in folded actin, determined

standard deviations of three replicate measurements. by reaction with DTNB 84), diminished from about 1 in
native G-actin to 0.2 in G-actin oxidized with 10 and 20
reach 50% unfolding (or denaturation), i.e., whigre= 0.5; mM t-BH (Figure 5). In accordance with data on the amount

this value is referred to as, (the midpoint concentration).  of Cys per actin monomegB(), we found 4.8 Cys residues
For the data in Figure 2, values ag 5 M urea for control per unfolded monomer by titration with DTNB in the
actin as well as actin oxidized with 1 mM t-BH, and 4.6 presence of 6 M guanidine hydrochloride. When G-actin
and 4.4 M urea for actin oxidized with 10 and 20 mM t-BH, solutions were previously incubated with increasing con-
respectively. centrations of t-BH, the number of Cys per unfolded
Enzymatic Cleaage by Subtilisin andx-Chymotrypsin. monomer progressively decreased from 4.8 to 4.0 (Figure
We used proteolytic susceptibility as a probe for identifying 5). These observations indicate that oxidation of actin thiol
regions of the actin polypeptide chain where structural groups produced by t-BH involves only Cys-374.
rearrangements took place as a consequence of the oxidation Cross-Linking between Cys-374 and Lys-191 in Adjacent
produced by t-BH. The time courses of cleavagebghy- Subunits of F-Actinin filamentous actin, subunit contacts
motrypsin of the peptide bond between Met-44 and Val-45 occur between subdomain 1, at Cys-374, on one actin subunit
to generate a 35-kDa C-terminal fragment, which is subse- and subdomain 4, at Lys-191, on the adjacent subunit along
quently degraded from its N-terminus to produce a 33-kDa the genetic helix of the actin flamen2g, 35. To confirm
derivative @9), are illustrated in Figure 3A. t-BH treatment that t-BH oxidizes Cys-374 in actin monomer, we used the
of monomeric actin results in a decrease in the rate of decaybifunctional sulfhydryl cross-linking reagent 1,4-PBM to
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Ficure 3: Electrophoretic patterns and time courses of decay of native and t-BH-oxidized G-actin during enzymatic digestion with
a-chymotrypsin and subtilisin. Digestions of oxidized G-actin, prepared as described in Figure 1, were carried out at the actin concentration
of 23.64uM, at 25°C. (A) o-Chymotrypsin digestion of t-BH-treated G-actin was carried out at an enzyme-to-protein mass ratio of 1:50.
The upper panel shows the electrophoretic pattern of the disappearance of the intact actin band and of the appearance of main digestion
products. The C-terminal 35-kDa fragment and its 33-kDa derivative are indicated. In the lower panel, the concentration of undigested
actins is expressed as a percentage of the initial actin concentration. (B) Subtilisin digestion of t-BH-treated G-actin was carried out at an
enzyme-to-protein mass ratio of 1:1500. The upper panel shows the electrophoretic pattern of the disappearance of the intact actin band and
of the appearance of the main digestion products. The C-terminal 35-kDa fragment is indicated. In the lower panel, the concentration of
undigested actins is expressed as a percentage of the initial actin concentration. In both (A) and (B): native G-actin (filled circles); G-actin
treated with 1 mM (open triangles), 10 mM (open squares), and 20 mM (open circles) t-BH, respectively. Error bars represent the standard
deviations of three replicate measurements.

covalent cross-link Cys-374 to Lys-191 in adjacent subunits ~ Kinetics of Actin PolymerizationPolymerization of G-
of oxidized F-actin. actin is thought to occur as a result of partial neutralization

In native F-actin, the cross-linking assay yielded a 86- of surface charge by cationg present as _neutral_salts in the
kDa apparent molecular mass dimer (i.e., the so-called “lower 25Se€mbly buffer. The G-actin assembly in solution can be
dimer”, LD), a major “upper dimer” band with anomalous initiated by_ the _addmon of nucleating salts at physiological
electrophoretic mobility corresponding to an apparent mo- concentration (i.e., 100 mM KCl and 2 mM Mggl The
lecular mass of about 130 kDa (UD), and higher molecular kme_ucs of salt—mducgd ox|d|zed G-actin ass_embly are shown
mass bands (HOs; 200 kDa) that probably represent F-actin N Figure 7. Ponmenzaﬂqn qf oxidized actin monomers as
trimers and higher oligomers28, 36, 3] (Figure 6).  followed by the increase in light scattering intensiB(#)]
According to protein chemical analysis, Lys-191 of one actin 1S slower and less efficient than the corresponding poly-
subunit is cross-linked to Cys-374 of another subunit in the Merization of control actin (Figure 7, left panel). The max-
UD (37). The LD cross-link most likely occurs between Cys- Imum polymerization rate [expressed as enhancemeR(tf
374 of both subunits2@). The LD can migrate very similarly S '] Shows 29%, 52%, and 55% inhibition in the 1, 10, and
to a polypeptide chain of twice the molecular mass of an 20 MM t-BH-treated actin samples, respectively. In addition,
actin monomer by SDSPAGE, whereas the UD cannot N oxidized actin samples, the plateau levels of light scattering
adopt a relaxed linear conformation and hence exhibits anintensity decrease in a dose-dependent fashion compared to
anomalous mobility by SDSPAGE. In oxidized F-actin  the steady-state value of the native F-actin sample.
samples, the UD concentration markedly decreases with the The retarded polymerization was also observed when it
increase in the t-BH concentration used to oxidize actin was followed by the fluorescence enhancement of trace
monomers (that is, probably, with the amount of oxidized quantities of pyrene-actin (Figure 7, right panel). In agree-
monomers in F-actin samples), whereas both LDs and HOsment with light scattering data, oxidized actin shows a
cannot be detected (Figure 6). decrease both in the maximum rate and in the extent of
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anis Jeain Ficure 5: Effect of t-BH treatment on actin sulfhydryls. t-BH-
treated G-actin solutions (11.82M), prepared as described in
Figure 1, were added with DTNB, and the increase in absorbance
caused by TNB anion release upon reaction of a thiol with DTNB

—-— - was measured (filled circles). To unfold oxidized G-actin, thereby
exposing and making reactive all actin sulfhydryl groups, actin

- monomers were lyophilized and then dissolvedéi M GdmCI.

- - After addition of DTNB, the absorbance of the TNB anion was
measured (open circles). From the increased absorbance in protein
samples caused by DTNB, the molar concentration of thiols present
was calculated from the molar absorbance of the TNB anion. Error
bars represent the standard deviations of three replicate measure-

1 10 20 T ments.

[t-BH] (mM) '
Ficure4: Cyanogen bromide cleavage of native and t-BH-oxidized _at 35.000@ and pellets v_vere SUbJeC.ted t(.) SBBAGE' Th_e
G-actin. (A) CNBr-induced fragmentation of oxidized actin, inhibitory effect 0f_t-B_H-mduced_ actin oxidation on the f_|nal
prepared as described in Figure 1, was performed at the proteinextent of polymerization is confirmed by the decrease in the

concentration of 11.82M with 1% (w/v) CNBr in 70% formic amount of F-actin pelletable at high speed (not shown).

acid. The cleavage reaction was allowed to procee?fo at 25 o . . .
°C. SDS-PAGE analysis of undigested actin (G, left panel), actin _ C'itical concentrationG) values for oxidized F-actin were

treated with CNBr after oxidation with different concentrations of determined by measuring the steady-state values of high-
t-BH (central panel), and actin treated with CNBr after oxidation shear viscosity (Figure 8). The.@alues (the intercept with
with 0.5 M t-BH (T, right panel). (B) Lyophilized actin was  thex-axis of the line connecting the specific viscosity values

dissolved m 8 M urea and then treated overnight with t-BH at ; ; : - )
different concentrations. After exhaustive dialysis against buffer at various actin concentrations) for oxidized F-aclh €

A for removing urea and the excess of t-BH, CNBr-induced 1.6, 3.0, and 3'@‘“" for actin treated with 1, 101 and 20_
fragmentation of oxidized actin was performed as described above. MM t-BH, respectively) are higher than that for native F-actin
SDS-PAGE analysis of undigested actin (G, left panel), actin (C. = 1.35uM). These data confirm that F-actin oxidized

treated with CNBr after oxidation with different concentrations of - \ith t-BH reaches a final polymerization extent lower than
t-BH in 8 M urea (central panel), and actin treated with CNBr after that reached by native F-actin

oxidation with 0.5 M t-BH h 8 M urea (T, right panel).

Effect of t-BH-Induced Oxidation on Actin Filament
polymerization, during which the fluorescence intensity does Elongation.To study the effect of oxidation produced by
not change. This is a steady state, with the amount of polymert-BH on actin filament elongation, we examined the nucleated
determined by the rates of monomer addition to and loss polymerization of oxidized actin monomers. The lag phase
from the ends of filaments3g). The steady-state fluorescence at the onset of actin polymerization, initiated by the addition
in actin samples oxidized with 1, 10, and 20 mM t-BH is of neutral salt (spontaneous polymerization), is generally
about 5%, 14%, and 30% lower, respectively, than that of attributed to the actin nucleation reaction. However, when
control. The lag prior to the fluorescence increase, i.e., thethe nucleation is circumvented by adding phalloidin-
delay time, is due (at least in part) to actin nucleation, which stabilized nuclei (“seeds”) with the polymerizing salt to
is the formation of small actin oligomers acting as growing initiate the polymerization, the increase in polymerization
points for filament elongation. The delay tintg)( calculated signal, at early times, is only due to the bidirectional growth
as suggested by Cooper et &89, is 1.34 min in control of the added nuclei (elongation process). There is no lag
actin, and 1.34, 1.5, and 3.5 min in the actin samples oxidized phase, and the initial rate of polymer formation is linear with
with 1, 10, and 20 mM t-BH, respectively. The timi,4 time and proportional to the elongation ratg). Figure 9
required for half-maximum assembly is about 4.4 min in shows the elongation of phalloidin-stabilized actin nuclei
control, and 4.4, 6.3, and 9.9 min in the actin samples following addition of t-BH-treated actin monomers and
oxidized with 1, 10, and 20 mM t-BH, respectively. polymerizing salts. Elongation of actin “seeds” occurring in

To characterize further the effect of oxidation produced the presence of oxidized actin monomers is considerably
by t-BH on the extent of actin polymerization, a high-speed slower than that of control sample. The extent of inhibition
sedimentation assay was used as an independent assay aff elongation rate depends on the t-BH concentration used
polymerization. F-actin samples were centrifuged for 15 min to oxidize actin monomers. The maximum rate of fluores-
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FIGURE 6: Intermolecular cross-linking between Cys-374 and Lys-
191 in adjacent subunits of actin filaments. Oxidized G-actin
solutions (11.82uM), prepared as described in Figure 1, were
incubated overnight in the presence of 100 mM KEI2 mM
MgCl,. Thereafter, aliquots were withdrawn and cross-linked with
1,4-PBM and then analyzed by SB8AGE on a 7.5% (w/v) gel.

Biochemistry, Vol. 38, No. 38, 19992477

100 — 100 4
. f=
I emawams o
80 |80 @
: o
o 60 l‘ - 60 8
X ' ®
1 3
40 ' —H40 T
1 =}
: 2
20 5 -20 3
=z

0 ‘ ' 0

0 700 1400 0 700 1400

Time (s)

FiGure 7: Time courses of actin polymerization. t-BH-treated
G-actin solutions, prepared as described in Figure 1, were poly-
merized by the addition of 100 mM KCt+ 2 mM MgCl,. (Left
panel) Light scattering intensity changes at 546 nm were followed
continuously over the first 30 min time course. (Right panel)
Fluorescence intensity changes were followed continuously over
the first 30 min time course by the enhanced fluorescence of added
pyrene-actin (5% of total actin). In both panels, native G-actin (thick
solid trace), and G-actin treated with 1 mM (thin dashed trace), 10
mM (thick dashed trace), and 20 mM (thin solid trace) t-BH,
respectively.
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Ficure 8: Determination of the critical concentration. Increasing
concentrations (4.7318.91uM) of oxidized G-actin (prepared as
described in Figure 1) were induced to polymerize by the addition
of 100 mM KCI + 2 mM MgCl,.. The end points of specific
viscosity were read after 18 h and plotted vs total actin concentra-

Densitometric scans of Coomassie blue-stained protein bands areion. Extrapolation of the line connecting the specific viscosity
shown. Positions of monomer (G), lower dimers (LDs), upper values at various actin concentrations toxkeis yields the critical
dimers (UDs), and higher molecular weight oligomers (HOs) are concentration. Native F-actin (filled circles), and F-actin assembled

indicated.

from monomers treated with 1 mM (open triangles), 10 mM (open
squares), and 20 mM (open circles) t-BH, respectively. Error bars

cence increase (elongation rate, determined from the initial "ePresent the standard deviations of three replicate measurements.

rates of fluorescence change) is 0.7 IR & control, and
0.53, 0.29, and 0.18 IF &in actin samples oxidized with 1,
10, and 20 mM t-BH, respectively.

DISCUSSION

is complicated by the presence of four Trp residues (Trp-
79, Trp-86, Trp-340, and Trp-356) in rabbit muscle actin;
therefore, intrinsic fluorescence changes are of uncertain
origin. All four Trp residues of actin are confined to

The intrinsic tryptophan fluorescence of actin provides an subdomain 1. Trp-79 and Trp-86 are in helix-RR, the
effective and sensitive probe for measuring conformational former partly exposed to the solvent and the latter fully
changes occurring as a consequence of denaturation, exexposed. Trp-340, in helix 33848, and Trp-356, in loop

change of the tightly bound €afor Mg?*, or polymerization

355—359, are completely buried, the latter being in a flexible

(26, 47). In the present study, we have used the Trp intrinsic region of the structure4@).

fluorescence as a probe for alterations in G-actin conforma-

Tryptophan residues are among the preferred targets for

tion induced by t-BH treatment. We observed a reduction the attack of oxidizing compounds, such as hydrogen
of actin Trp fluorescence, without the spectral red shift peroxide andN-bromosuccinimide (NBS), resulting in the
characterizing denatured actin. The interpretation of the dataoxidation of the indole ring (e.g., see ref3—46). Therefore,
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denaturation and has a greater thermodynamic spontaneity
60 |- to denature in the absence of denaturant, indicating that t-BH
treatment has caused the monomers to become less stable.
P As a valuable tool for probing local alterations in the
- tertiary structure of t-BH-treated actin monomers, we have
40 - e used limited proteolysis by trypsiry-chymotrypsin, and
- - subtilisin. There are three regions in monomeric actin where
.7 .-’ its polypeptide chain can be enzymically cleaved by proteases
20 - e Ple with different specificity 62). These are surface loop 39
> e 51, whereo-chymotrypsin 29), subtilisin 30), and other
- enzymes cleave; segment-689 containing chymotryptic
0 ! ' ' ' ‘ and tryptic cleavage site$3); and the C-terminal segment
0 20 40 60 80 100 120 which is accessible to numerous proteagss. (Oxidation
Time (s) of G-actin with t-BH did not influence the kinetics of actin
FiIGURe9: Elongation of phalloidin-stabilized actin nuclei (“seeds”) decay during dlge_stlon with tryp_sin at Arg-§2 é-md at Lys-
Elongation ae startedpby the addtion of 1260 of 11.82.M 08 (not shown). Differently, t-BH-induced oxidation renders

oxidized G-actin (prepared as described in Figure 1 and added withthe a-chymotrypsin cleavage site between Met-42 and Val-
5% pyrene-actin) and 50 mM KCF 1 mM MgCl, to 150uL of 43 as well as the subtilisin cleavage site between Met-47

actin seeds (2.46M). Native G-actin (thick solid trace), and G-actin  and Gly-48 less accessible, resulting in a decreased protease
treated with 1 mM (thin dashed trace), 10 mM (thick dashed trace), susceptibility of the surface loop 3%1 in subdomain 2 of
and 20 mM (thin solid trace) t-BH, respectively. the actin polypeptide chain. Thus, the structural perturbation
experiments were done to test for tryptophan oxidation by of subdomain 2 by t-BH appears to be limited to loop-39
t-BH, although all the previous studies on this hydrophobic 51.
hydroperoxide reported that its amino acidic targets are Normal-mode analysis of the actin structusd)(predicts
cysteine and methionine residues (e.g., seel&fd7—49). considerable movements of subdomains and individual loops
Monitoring the possible loss of tryptophan by the change in in the molecule. Subdomain 2 of actin and its DNase-I-
the absorbance spectrum at 280 8, @4, 46), we did not binding loop are the most mobile regions of the molecule
observe the characteristic UV absorption spectrum associatedreviewed in reb5). Our observation that oxidation produced
with Trp oxidation (not shown). As actin tryptophans are by t-BH renders loop 3951 less susceptible to proteases
not oxidized by t-BH, the lowering of intrinsic fluorescence suggests that in t-BH-treated G-actin this region assumes a
observed after t-BH treatment could reflect structural alter- more compact (less mobile) structure compared to native
ations in the G-actin molecule. G-actin. One of the possibilities is that loop-391, extended
The observed structural changes induced by t-BH could and mobile in native G-actin, collapses onto théelix and
be localized if we define the contribution of each of four S-sheet strands constituting the core of subdomain 2. Changes
Trp residues to intrinsic fluorescence. Given their location in the conformation of surface loop 3%1 induced by t-BH
in different microenvironments (see above), the fluorescencecould influence actin polymerization in view of the involve-
spectra of the buried Trp-340 and Trp-356 residues must bement of the N-terminal portion of this loop (residues—-40
blue, while those of the partially exposed Trp-79 and Trp- 45) in intermonomer interactions, as predicted by the atomic
86 must be more red. In addition, quenching groups of model of F-actin 85, 54, 5 and supported by evidence
tryptophan fluorescence are in close vicinity to Trp-79 and from biochemical studies5f¢, 58. Our results on t-BH-
Trp-86 @2, 50). Therefore, the quantum yield of these red oxidized actin polymerization support this evidence (see
spectrum tryptophan residues must be small. Hence, thebelow).
fluorescence spectrum of G-actin must mainly be formed At the t-BH concentrations used in this work, the CNBr
by the buried residues Trp-340 and Trp-38)( If Trp- cleavage pattern of oxidized G-actin appeared unaffected by
340 and Trp-356 determine actin fluorescence, we canthe oxidative chemical treatment, indicating that oxidation
conclude that the t-BH treatment induces structural alterationsof methionine residues did not occur. At much higher t-BH
in helix 338-348 and/or in loop 355359 of the actin concentration (i.e., 0.5 M), the observed alteration in the
molecule. CNBr cleavage pattern could result from the oxidation of
Since fluorescence spectroscopy suggested that oxidatiorexposed methionine residues, since t-BH appears to be
produced by t-BH results in changes in the correctly folded capable of distinguishing between exposed methionine and
structure of monomeric actin, the conformational stability buried methionine residues, being a specific oxidant for
of oxidized actin has been determined. The study of protein surface or exposed methionine residu&3)(
unfolding by denaturation curves using urea is a convenient Determination of both exposed and total thiols in G-actin
method for estimating the actin conformational stability. indicated that the effect of different concentrations of t-BH
Under physiological conditions, the equilibrium of most is the oxidation of Cys-374, which is far more reactive than
proteins so greatly favors the native state that measuring thethe other four Cys residues of the actin molect8)(
equilibrium constant for the folding/unfolding reaction is Intermolecular cross-linking with 1,4-PBM, which co-
difficult. Titration of a protein solution with urea shifts the valently cross-links Cys-374, on one actin subunit, to Cys-
equilibrium between the native and denatured states of the374 (in the LD) or to Lys-191 (in the UD), on the adjacent
protein to gradually favor the denatured form. Analysis of subunit in the actin flament2@), showed that the quantity
denaturation curves showed that oxidized actin unfolds at of LDs, UDs, and HOs decidedly decreased with the increase
urea concentrations lower than that required for native actin in t-BH concentration used to oxidize G-actin. This finding

Fluorescence intensity (%)
\




Actin Oxidation bytert-Butyl Hydroperoxide Biochemistry, Vol. 38, No. 38, 19992479

could be due to either or both of two different mechanisms: addition, actin oxidation produced by t-BH alters the extent
oxidized G-actin could polymerize less than native actin, of polymerization, causing an increase (&266-fold) in
forming a lower amount of polymer; alternatively, oxidation the steady-state monomer concentration and, consequently,
of the SH group of Cys-374 renders it unsuitable for cross- a decrease in the final F-actin concentration.

linking by 1,4-PBM. Considering that the amounts of cross- At present, we can only speculate what in molecular terms
linked dimers and oligomers in all the oxidized F-actin caysed the weakening of the interaction between the actin
samples are less than 10% compared to control, while thesypunits. By oxidation with t-BH, an additional negative net

quantity of oxidized F-actin sedimented in the high-speed charge is introduced into actin. This charge may increase
centrifugation assay decreased by 30 and 41% compared tqhe repellent forces between the anionic surfaces of the

control in samples assembled from monomers oxidized with monomers that are thought to be neutralized by counterions
10 and 20 mM t-BH, respectively, the second mechanism when polymerization is started.

seems to be more plausible.

Many studies on derivatives of actin modified at Cys-374
showed that modification of this residue does not alter the
rate or the extent of polymerization of actin (e.g., rés
39, 59-62). Alternatively, Tait and Frieder6@) showed that
chemical modification of rabbit skeletal muscle actin at Cys-
374 withN-ethylmaleimide (NEM) or with (iodoacetamido)-
tetramethylrhodamine (IATR) accelerates the rate of poly-
merization and partially inhibits network formation. More-
over,S(cysteine-374)glutathionyl actin polymerizes slowly
and less efficiently compared to native actin and forms
filaments that exhibit a diminished mechanical stability and
an enhanced ATPase activity when exposed to shearing stres
(64, 69. On the other hand, Crosbie et &#6] showed that
both the pyrene and 1,5-IAEDANS probes attached to actin
Cys-374, though not affecting actin polymerization, alter the

strur?ture oAleghe guﬂeotlde IE'?‘;ta.][fedUC;;"% Its ab'lr']ty ﬂt}o also within G-actin. Drummond et al74) as well as Crosbie
exchange and change, albeit diferently from each Other, o 5 ©6) demonstrated that structural changes at the

the activation of myosin ATPase activity by actin and the_ N C-terminus are transmitted to distant regions within the actin
vitro motlllty of actin filaments. Moreover_, using proteolytlc_ monomer and that these long-range communications may
Q|gest|on, they ;howed that the .C—termmal region on actin a6 fynctional significance. The structural alterations in
is coupled to a distant DNase | site. Thg opposing effects of surface loop 3951 could be due to the allosteric intra-
1’5.'IAEDANS "’.‘r.‘d pyrene iodoacetamide on the ATPase monomer coupling between the DNase-I-binding loop and
activity and motility demonstrate that the nature of the probe the C-terminal region of actin (the so-called “structural

determines the conformation of the C-terminus, and the connectivity”). Studies wittDrosophila melanogastekct88F

lr_|esult|ng ct?]anges at;e gans_mlttead thr?UQhotl_Jt thle- E]Olecme'mutants containing altered C-terminal sequences showed that
owevgr', ese probe-dominateéd conformational changes athe substitutions and deletions in the C-terminus modulate
the actin’s C-terminus were not defined. The local structure not only the binding of ATP and profilin to actin, but also

around Cys-374 in native actin is also uncertain given that that of DNase | at a more distant part of actitf, DNase

tget’ crystalll st_rélcture Ort f(|:|tm 'Sthlatcg!fnfg thte Last _thrlee | binding to the loop has been shown to introduce a new
) if}[?“”t"?‘ rest futiS‘lQ)‘ 0 qwsl at di efef‘d ¢ e_r;lca cleavage site at the distant C-terminus of G-act).(
modilications of the same, SiNgle amino acid residue can \,qraqyer, in the atomic model of F-actin, the DNase-I-

alter the properties of I?Ctm ?lﬁireptly. £ th ¢ acti binding loop is involved in actifractin contacts35s, 54, 56.
t-BH causes a mar e_d slackening of the rate of actin y;qq specifically, the DNase-I-binding loop of monomer

polymerization. Polymerization of G-actin is commonly makes contact with loops 16276 and 286-295 in sub-

believed to involve at least three distinct steps: fast MoNomer yomain 3 B66) or with residues in the cleft between

activation, rate-limiting nucleation (both causing the initial subdomains 1 and F4) of subuniti+2. This is consistent
lag phase), and modere}tely fast elongation (for r'evi.ews, S€€yith the inhibition of actin polymerization by chemical
refs 67 and 68). Nucleation can only be studied indirectly, modification of His-40 §7) and by proteolytic cleavage of
because assays for dimers and trimers are not available. Thugy,o loop with subtilisin 80). Recently, Hegyi et al.76) found

to understand whether the slower polymerization rate of that theN-(4-azido-2-nitrophenyl)putrescine (ANP) cross-
oxidized actin was due to the slackening of nucleation and/ links GIn-41 to Cys-374 on two adjacent actin monomers

or of the bidirectional growth of polymers, we monitored of the same strand in the long-pitch helix in F-actin.

the elongation of preformec_j phalloidin-s_:tgbilized _ac_:tin seegls Therefore, given all of these various pieces of evidence, it
so as to circumvent nucleation. The addition of oxidized actin o (aasonable to expect that the formation of these inter-

monomers to the ends of phalloidin-stabilized actin seeds is o mer contacts is altered by structural changes directly
very slow compared to that of native G-actin; this SUggests . jqirectly related to Cys-374 oxidation induced by t-BH.
that the decrease in the maximum polymerization rate is due

(at least partly) to the slackening of oxidized monomer REFERENCES
addition to growing ends of actin filaments. However, the
involvement of an altered nucleation cannot be excluded. In 1. Stadtman, E. R. (1998cience 2571220-1224.

Both the oxidation of Cys-374 and the structural changes
in surface loop 3951 produced by t-BH could explain the
slower and less efficient assembly of oxidized actin mono-
mers. The structure of the C-terminal region, like that of the
DNase-I-binding loop, is also highly mobiléZ?) and also
has a role in the intermonomer interactions and in the
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and the C-terminus in F-actin has been demonstratad (
The C-terminus is conformationally coupled to other regions
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