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ABSTRACT: Cofilin, a member of the actin-depolymerizing factor (ADF)/cofilin family of proteins, is a
key regulator of actin dynamics. Cofilin binds to monomer (G-) and filamentous (F-) actin, severs the
filaments, and increases their turnover rate. Electron microscopy studies suggested cofilin interactions
with subdomains 2 and 1/3 on adjacent actin protomers in F-actin. To probe for the presence of a cryptic
cofilin binding site in subdomain 2 in G-actin, we used transglutaminase-mediated cross-linking, which
targets Gln41 in subdomain 2. The cross-linking proceeded with up to 85% efficiency with skeletalR-actin
and WT yeast actin, yielding a single product corresponding to a 1:1 actin-cofilin complex but was
strongly inhibited in Q41C yeast actin (in which Q41 was substituted with cysteine). LC-MS/MS analysis
of the proteolytic fragments of this complex mapped the cross-linking to Gln41 on actin and Gly1 on
recombinant yeast cofilin. The actin-cofilin (AC) heterodimer was purified on FPLC for analytical
ultracentrifugation and electron microscopy analysis. Sedimentation equilibrium and velocity runs revealed
oligomers of AC in G-actin buffer. In the presence of excess cofilin, the covalent AC heterodimer bound
a second cofilin, forming a 2:1 cofilin/actin complex, as revealed by sedimentation results. Under
polymerizing conditions the cross-linked AC formed mostly short filaments, which according to image
reconstruction were similar to uncross-linked actin-cofilin filaments. Although a majority of the cross-
linking occurs at Gln41, a small fraction of the AC cross-linked complex forms in the Q41C yeast actin
mutant. This secondary cross-linking site was sequenced by MALDI-MS/MS as linking Gln360 in actin
to Lys98 on cofilin. Overall, these results demonstrate that the region around Gln41 (subdomain 2) is involved
in a weak binding of cofilin to G-actin.

The (ADF)/cofilin1 family of proteins is involved in
regulation of actin dynamics, affecting many aspects of cell
physiology, including cell division (1, 2), cell motility (3-
5), and endocytosis (6) among others. ADF/cofilin is an
indispensable and ubiquitous protein in eukaryotes (7-14).
Cofilin binds to both F-actin and G-actin and with a higher
affinity to the ADP-bound state. ADF/Cofilin exerts two

complementary activities: it severs actin filaments and
enhances their turnover (4, 15, 16) by producing new filament
ends that are available for polymerization/depolymeri-
zation (16-18). ADF/Cofilin activity is pH dependent, with
the overall depolymerizing function being more efficient at
alkaline pH (above 7.5) (8).

Several electron microscopy (19) and solution studies (20,
21) suggested that the filament severing and depolymerizing
activities of ADF/cofilin are linked to the overall weakening
of longitudinal and lateral interprotomer contacts in F-actin
by cofilin. However, understanding the mechanism of those
events requires detailed information on the actin-ADF/
cofilin binding contacts and their dynamic rearragements.
In the absence of a 3-D structure of the complex, different
approaches have been used to map binding surfaces between
the two proteins. The structural homology between ADF/
cofilin and gelsolin segment 1 (22, 23) suggested that ADF/
cofilin binds G-actin in a similar fashion. In another study,
by Yonezawa et al. (24), cofilin was chemically cross-linked
to the N-terminal portion (amino acids 1-12) of G-actin.
The portion of cofilin that was cross-linked to actin was
identified as equivalent to Arg96 and Lys98 in yeast cofilin.
A synthetic dodecapeptide including the cofilin cross-linked
amino acids, and corresponding to the sequence of Trp88-
Met99, inhibited the binding of cofilin to G-actin, but this
result was questioned as possibly reflecting nonspecific
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electrostatic interactions between the peptide and the actin
(25). Systematic mutagenesis of yeast cofilin (25) did not
confirm the assumption that gelsolin segment 1 and cofilin
shared the same binding site, because of poor sequence
conservation at the putative G-actin binding site.

In contrast, the same authors (25) concluded that the N
terminus of cofilin, a portion of helixR3, and the turn
connecting strandâ6 and helixR4 were crucial for G-actin
interaction. Others studies (26), including observations that
the activity of ADF/cofilin is regulated by reversible phos-
phorylation of a serine residue in the N-terminal region (27-
30), also support the importance of this site to actin binding.
In a more recent study, Guan et al. (31) used synchrotron
protein foot printing and implicated cofilin peptides 4-20,
10-17, 83-96, 91-105, and 106-117 in direct or indirect
interactions with G-actin, consistent with previous biochemi-
cal and mutagenesis studies.

The residues on G- and F-actin that bind to cofilin are
less well documented. Electron microscopy and image
reconstruction studies (32) revealed that cofilin is intercalated
between two actin protomers along the filament (at the cleft
between subdomains 1 and 3 of the upper protomer and at
subdomain 2 of the lower protomer). Figure 1 shows a
schematic representation of the cofilin binding surface
identified by footprinting (yellow) and the actin binding
surface based on the cryomicroscopy work by McGough et
al. (32). According to these authors, cofilin overlaps in the
filament with the subdomain 2 region. This raises the
question of whether a cofilin binding site(s) exists in the
subdomain 2 region, perhaps too weak to be easily detected
with G-actin but which may contribute to the binding of
cofilin that already interacts with the subdomain 1/3 region
on the adjacent protomer in F-actin.

The aim of this study was to probe for possible interaction
of yeast cofilin with subdomain 2 of G-actin. We used cross-

linking by transglutaminase as an approach for probing
putative weak protein-protein interactions. This procedure
involved cross-linking of Gln41 on skeletalR-actin to yeast
cofilin, enzymatic digestion of the cross-linked proteins, and
identification of the resulting cross-linked peptides by liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
and matrix-assisted laser desorption/ionization-tandem mass
spectrometry (MALDI-MS/MS). The identified actin-
cofilin contact and EM analysis of filaments prepared from
the cross-linked complex shed new light on how cofilin
severs actin filaments.

MATERIALS AND METHODS

Reagents.Phenylisothiocyanate was obtained from Pierce
(Rockford, IL); phenyl isocyanate, trimethylamine, and
n-heptane were purchased from Acros Organics (Morris
Plains, NJ). Pyrene maleimide was obtained from Molecular
Probes (Eugene, OR), and all the other reagents were aquired
from Sigma Chemical Co (St. Louis, MO).

Proteins. DNase I was purchased from Worthington
Biochemical (Lakewood, NJ). Bacterial transglutaminase was
provided generously by Dr. K. Seguro (Ajinomoto Co.,
Kawasaki, Japan). Sequencing grade modified trypsin and
endoproteinase Lys-C were purchased from Promega Cor-
poration (Madison, WI) and Wako Chemicals (Richmond,
VA), respectively.

Skeletal actin was extracted from rabbit muscle acetone
powder according to Spudich and Watt (33) and stored in
G-buffer (5.0 mM Tris-HCl (pH 8.0), 0.2 mM CaCl2, 0.2
mM ATP, 0.5 mMâ-mercaptoethanol). The preparation of
actin mutant Q41C was described earlier (34). Yeast actin
was purified from yeast cells by affinity chromatography on
a DNase I column (35). Cofilin expressed inE. coli was
purified using a standard protocol (20). The concentrations
of cofilin, actin, and DNase I were determined spectropho-
tometrically, using the extinction coefficientsε280

1% ) 9.2
cm-1, ε290

1% ) 11.5 cm-1, and ε280
1% ) 11.1 cm-1,

respectively. The concentration of yeast actin was measured
by the Bradford protein assay (36).

Actin Labeling.The actin-cofilin cross-linked complex,
FPLC-purified and free of DTT, was labeled with pyrene
maleimide at 1.5 M reagent excess for 90 min at room
temperature. The labeling was stopped with 1.0 mM DTT,
and the excess reagent was removed by dialysis. The extent
of labeling was 80%.

Transglutaminase Cross-Linking.Ca-G (skeletal)-actin
(or Ca-G (yeast)-actin) saturated with yeast cofilin (1:2 mol
ratio) was incubated with bacterial transglutaminase (0.2 unit/
mL) in G-buffer for 1 h atroom temperature. The reaction
products were analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). The cross-
linked complex was purified for subsequent experiments by
fast-performance liquid chromatography (FPLC). The reac-
tion mixture was loaded onto a Superdex-200 column
(Amersham Pharmacia Biotech, Piscataway, NJ) equilibrated
with G-buffer and operated at a flow rate of 1.0 mL/min.
Fractions containing the cross-linked actin-cofilin complex
were pooled and concentrated in the G-buffer.

Mass Spectrometry.After enzymatic proteolysis, online
peptide sequencing was accomplished by liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) on a quad-

FIGURE 1: Schematic representation of cofilin-F-actin binding.
Crystal structure of yeast cofilin is positioned along two adjacent
protomers in the long pitch helix of the Holmes (59) model of the
F-actin structure in a manner consistent with mutagenesis and cross-
linking studies. The G-actin binding surface of cofilin (peptides
colored in yellow) is identified on the basis of synchrotron protein
footprinting analysis (31).
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rupole time-of-flight Applied Biosystems (Foster City, CA)
QSTAR XL (QqTOF) mass spectrometer. The nano-LC was
equipped with an LC Packings PepMap C18 precolumn (300
µm × 5 mm) and an LC Packings PepMap C18 column
(75µm × 150 mm). The eluents used for the LC were (A)
5% ACN/water containing 0.1% FA and 0.01% TFA and
(B) 95% ACN/water acid containing 0.1% FA and 0.01%
TFA. The flow was 200 nL/min, and the following gradient
was used: 5% B to 35% B in 15 min then 35% B to 80%
B in 4 min and maintained at 80% B for 9 min. The column
was reequilibrated with 5% B for 14 min before the next
run. For online MS and MS/MS analyses, a New Objective
(Woburn, MA) Pico Tip (id. 8µm) was used for spraying
with the voltage set at 2 kV. Protein identification was based
on standard Mascot (Matrix Science, London, UK) criteria
for statistical analysis of the LC-MS/MS data. For MALDI-
MS/MS, R-cyano-4-hydroxy cinnamic acid or 2,5-dihy-
droxybenzoic acid was used as matrix. The protein mixture
was diluted (1:50) in 20%n-propanol or 0.1% octyl glucoside
for larger masses. The MS/MS fragmentation spectrum of
cross-linked peptides was analyzed using the MS2Assign
Automatic Structure Assignment Program (ASAP) (37).

HPLC Purification of Cofilin N-Terminal Peptide.Cofilin
(500µg) was reduced with 10 mM DTT (60°C for 45 min),
followed by alkylation with 24 mM iodoacetamide in
darkness at 45°C for 1 h. DTT (24 mM) was then added to
quench the alkylation reaction. Cofilin was digested with
Lys-C at a 1:50 enzyme/substrate ratio in 300 mM Tris-
HCl (pH 8.0) at 37°C for 24 h. The resulting peptides were
separated on an Agilent ZORBAX 300SB C18 column (2.1
mm × 150 mm).

Peptide Ladder Sequencing.The 2037 Da peptide gener-
ated from Lys-C digestion of cofilin (2 nmol) was isolated
by HPLC with fraction collection. The appropriate fraction
was identified using matrix-assisted laser desorption/ioniza-
tion (MALDI) on an Applied Biosystems (Farmingham, MA)
Voyager DE-STR time-of-flight mass spectrometer operated
in positive ion reflectron mode. To confirm the first three
residues as Gly-Ser-Arg, the lyophilized peptide was then
ladder sequenced (a variant of Edman degradation) (38).
Peptide ladder sequencing consisted of two steps, as shown
in Supporting Information. After two cycles, the mass spectra
of cleavage products were recorded by MALDI-MS. The
sequence was obtained by calculating mass differences
between two adjacent peaks (Supporting Information).

Analytical Ultracentrifugation.Sedimentation velocity and
sedimentation equilibrium runs were performed in a Beck-
man Optima XL-A analytical ultracentrifuge using 12 mm
path length double sector cells and absorption optics.
Sedimentation velocity was performed at speeds of 55 000
or 60 000 rpm at 20°C. Sedimentation equilibrium was
performed at speeds of 9000 and 11 000 rpm at 4°C.
Samples were examined at wavelengths of 290 nm for
unlabeled proteins and at 342 nm for samples using pyrene-
labeled actin. The protein concentration was 10-12.5 µM
for the cross-linked actin-cofilin heterodimer or pyrene
(actin)-labeled cross-linked actin-cofilin heterodimer and
10-37.5µM for cofilin. All samples were in G-buffer. For
sedimentation velocity runs, the sedimentation coefficient
distribution was determined from a g(s*) versus s* plot using
the Beckman Origin-based software (Version 3.01). This is
a corrected plot of dc/dt (wherec is the protein concentration)

on they-axis and apparent sedimentation coefficient on the
x-axis, such that they-axis gives the amount of material at
the sedimentation coefficient indicated on thex-axis.

The predicted (theoretical) sedimentation coefficient for
the actin-cofilin complex was calculated on the basis of the
following considerations. The sedimentation coefficient for
a protein is given byS ) M2/3(1 - VjF)/N6πη(3Vj/4πN)1/3(f/
fo) (39, 40), where M is the molecular weight of the protein,
Vj is the partial specific volume of the protein,F is the density
of the solvent,η is the viscosity of the solvent, and (f/fo) is
the ratio of the translational frictional coefficient to the
translational frictional coefficient of a hydrodynamicly
equivalent anhydrous sphere (this term includes the shape
and hydration terms for the protein). We may thus write two
equations, one for actin (a) and one for the actin-cofilin
complex (ac). Dividing one by the other we getSac/Sa ) (Mac/
Ma)2/3((1 - VjacF)/(1 - VjaF)(Vja/Vjac)1/3(f/fo)a/(f/fo)ac). As the
partial specific volumes of actin (0.734 at 20°C) and cofilin
(0.731 at 20°C) are similar, the second two terms are
negligible (to within 1% error). The equation thus simplifies
to Sac/Sa ) (Mac/Ma)2/3(f/fo)a/(f/fo)ac. To a first approximation,
assuming (f/fo)a) (f/fo)ac, we obtain theSac/Sa ) (Mac/Ma)2/3.
The molecular weight of the bacterially expressed cofilin
used here is 15 826 and that for actin is 41 874.

Sedimentation equilibrium runs were analyzed initially
with a nonlinear least-squares exponential fit for a single
ideal species to give a weight average molecular weight of
all species in solution and then with a two-exponential fit,
assuming two species in solution. Partial specific volumes
(mL/g) of 0.734 (20°C) and 0.727 (4°C) for actin and 0.731
(20 °C) and 0.724 (4°C) for cofilin were calculated using
the amino acid composition and a temperature correction (41,
42).

Electron Microscopy.Samples were mounted and nega-
tively stained on electron microscope grids as previously
described (43). Prior to EM observations, the actin-cofilin
purified heterodimer complex was polymerized with 2.0 mM
MgCl2. Grids were examined in a Tecnai-12 electron
microscope (Philips, The Netherlands) under minimal-dose
conditions at an accelerating voltage of 80 keV and a nominal
magnification of 30000×. Negatives were quantified with a
Leaf 45 densitometer scanner, using a raster of 3.9 Å/pixel.

Electron Microscopy Image Analysis.The SPIDER soft-
ware package (44) was used for image processing. From
images of the polymerized cross-linked heterodimer complex
of actin-cofilin, 6330 segments (each 100 pixels long, or
∼392 Å) were extracted. The overall reconstruction using
the IHRSR method (45) revealed a symmetry of 159.4°
rotation per subunit. To sort images into classes, four model
volumes were used: regular F-actin (46), T1-actin (47), T2-
actin (47), and cofilin-decorated F-actin (48). Helical twists
of 150-170° per subunit, with a step size of 4°, were applied
to each of these references, and the resultant volumes were
rotationally projected with an increment of 4° to produce
2160 reference images (4× 6 × 90). Raw images were
cross-correlated with the references, and segments that
possessed the best correlation with the cofilin-decorated
F-actin having a twist of 162° (n ) 727) were reconstructed.

A set of 9288 segments extracted from rabbit F-actin
decorated with yeast cofilin was used as a control for
decoration in the absence of cross-linking. The overall
reconstruction of this set yielded a symmetry of 162.6°. The
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same sorting procedure was used to separate images into
classes based upon occupancy and structural states of F-actin.
A class of segments that possessed the best correlation with
cofilin-decorated F-actin having a twist of 162° (n ) 4,840)
was used for reconstruction and converged to a symmetry
of 162.3°. For both the cross-linked and control actin
filaments, the error in determination of the twist was
estimated by running the IHRSR procedure from three
different starting points.

RESULTS

Cross-Linking of Actin to Cofilin and the Mapping of
Cross-Linked Sites.Earlier work showed that Gln41 on
G-actin has the highest reactivity toward transglutaminase
and that it can be coupled readily to Lys50 on the DNase I
binding loop with this enzyme (49). We used a similar
protocol (49) to cross-link actin to cofilin. A mixture of yeast
cofilin and rabbit skeletal Ca-G-actin (mol ratio 1:2 of actin/
cofilin) was reacted with bacterial transglutaminase, and the
products were examined by SDS-PAGE. The reaction results
in the appearance of a single new band, corresponding to
the molecular weight of 1:1 actin and cofilin complex (Figure
2). As estimated by SDS-PAGE stain intensities, between
50 and 85% of the G-actin can be cross-linked to cofilin in
this way. The efficiency of this reaction is likely limited by
the competing intramolecular cross-linking of Gln41 to Lys50

on G-actin. To confirm that the cross-linking indeed involves
subdomain 2 of actin, we carried out two experiments. First,
we confirmed that DNase I, which binds with high affinity
to subdomain 2 (50), completely abolished the cross-linking
of cofilin to G-actin (data not shown). In a second experi-
ment, we compared transglutaminase reactions of cofilin with
WT actin and the QC yeast actin mutant (in which Gln41

was replaced with cysteine). Although WT yeast actin was
cross-linked to cofilin to the same extent as skeletalR-actin,
only marginal cross-linking was achieved with the QC mutant
(Figure 2). This shows that similar transglutaminase-mediated
cross-linking occurs also in a homologous yeast actin/yeast
cofilin system. Moreover, this result confirms that the main
cross-linking of cofilin to actin involves Gln41 on actin and
indicates the presence of a secondary cross-linking site on

actin. Because the transglutaminase-mediated reaction de-
pends primarily on the reactivity of the glutamine residue
toward this enzyme, the fact that cofilin cross-linking to this
second site is only marginal (in QC yeast actin) does not
indicate its smaller importance to cofilin binding to G-actin.

Mass Spectrometric Identification of Transglutaminase
Cross-Linked Residues.We used LC-MS/MS analysis to
map the cross-linking sites. The cross-linked actin-cofilin
complex was purified by size exclusion chromatography,
reduced, alkylated, and then digested with endoproteinase
Lys-C in 6 M urea. Online HPLC-ESI-MS (ESI, electro-
spray ionization) of the actin-cofilin cleavage products
revealed a unique peptide with a monoisotopic mass [M+
H]+ of 5327.9 Da in the digested, cross-linked preparation
that was absent in an uncross-linked preparation (Table 1).
This is consistent with a cross-link between the N-terminal
peptide of recombinant cofilin (amino acids 1-20, theoretical
monoisotopic mass 2036.0 Da) and the Gln41-containing actin
peptide 40-50 (amino acids 19-50, theoretical monoisotopic
mass 3307.6 Da).

An aliquot of the Lys-C digest was digested further with
trypsin to obtain smaller peptides more amenable to MS/
MS. A unique peptide of mass [M+ H]+of 1472.7 Da was
identified, and the product ion spectrum of the triply charged
peptide was obtained (Figure 3). The product ions arising
from peptide backbone cleavages allowed almost complete
sequencing of the actin peptide and unequivocal assignment
of Gln41 as the cofilin-linked residue.

The identification of the cross-linked residue on the N
terminus of cofilin was more complicated. The N terminus
does not contain a lysine, which could provide anε-amino
group from the side chain for the reaction. The N terminus
could be the amino group donor but is reported as blocked
in the WT protein. The N-terminal peptide mass that we
measured was high by 57 Da, assuming initiator methionine
excision. To check possible cross-linking targets, the N-
terminal peptide of cofilin was purified by HPLC and
subjected to ladder sequencing, according to a protocol
adapted from B. Chait et al. (38) (Material and Methods).
After two cycles of manually performed ladder-generating
chemistry, a MALDI-TOF-MS spectrum of the mixture
(Supporting Information) showed two peaks atm/z 2274.9
and 2217.9 differing by 57 Da, the mass of a glycine residue.
The difference between the two following peaks in the ladder
sequencing (2217.9 and 2130.9) is 87, corresponding to
serine. Thus the amino terminus was non-acetylated glycine,
revealing that Gly1 participated in cross-linking to Gln41 on
actin. This recombinant cofilin sequence was verified by
sequencing of the cofilin plasmid DNA.

The MALDI mass spectrum of the trypsinized cross-linked
actin cofilin revealed the presence of a secondary cross-linked

FIGURE 2: Cross-linking of cofilin to Ca-G-actin by transglutami-
nase. The formation of the Ca-G-actin (10µM)-yeast cofilin (20
µM) cross-linked product was analyzed by 11% SDS-PAGE.
Reaction aliquots were examined at different time points. A pattern
of cross-linking yeast cofilin to rabbit skeletal actin (lanes 1 and
2), yeast WT actin (lanes 3 and 4), and yeast actin Q41C mutant
(lanes 5 and 6) is shown only for 0 and 60 min reaction times.
Tranglutaminase (lane 7) and molecular weight markers and their
corresponding masses (lane 8) are also shown. The symbols A, C,
TGase, and AC correspond to actin, cofilin, transglutaminase, and
actin-cofilin heterodimer, respectively.

Table 1: Transglutaminase Cross-Linked Tryptic and Lys-C
Peptides from Actin-Cofilin

peptides protease
cross-linked
amino acids

cross-linked
(MH+)

monoisotpic
theoretical

cross-linked
(MH+)

monoisotpic
observed

Gly1-Lys20 (cofilin)/
Ala19-Lys50 (actin)

LysC Gly1

Gln41
5327.70 5327.91

Gly1-Arg3 (cofilin)/
His40-Lys50 (actin)

trypsin Gly1

Gln41
1472.73 1472.71

Ser97-Lys105 (cofilin)/
Gln360-Phe375 (actin)

trypsin Lys98

Gln360
2919.40 2919.50
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site. The existence of a secondary cross-linking site on actin
was confirmed by observing this reaction, which occurred
to a minor extent with cofilin and the QC yeast actin mutant
(Figure 2). Theoretical and experimental masses of the tryptic
peptides with their corresponding cross-links are listed in
Table 1. The observed [M+ H]+ ion of m/z 2919.50 was
further sequenced by MALDI-MS/MS and the correspond-
ing tandem mass spectra results are presented in Table 2.
The MS/MS data support a cross-link between Gln360 in actin
and Lys98 on cofilin.

Analytical Ultracentrifugation.Analytical ultracentrifu-
gation was used to characterize the FPLC-purified actin-
cofilin heterodimer and its interaction with cofilin at

concentrations (10µM or greater) far above theKd of actin
for cofilin, 0.05 µM (20).

Assuming no large shape change in actin upon the
formation of the actin-cofilin heterodimer (or heterotrimer),
the ratio of sedimentation coefficients of the complex and
G-actin should be proportional to the two-thirds power of
the ratio of their molecular weights (Mw) (Materials and
Methods). Because the sedimentation coefficient of G-actin
(in G-actin buffer) was 3.25 S (data not shown), we may
calculate the sedimentation coefficient of the actin-cofilin
heterodimer asS ) 3.25(Mw,actin-cofilin/Mw,actin)2/3 ) 4.03 S.
If this heterodimer were to bind an additional cofilin, the
predicted sedimentation coefficient would be 4.74 S (For
comparison, the predicted sedimentation coefficient for a
dimer of the actin-cofilin heterodimer (i.e., actin2-cofilin2)
is 6.4 S).

The actin-cofilin heterodimer (10µM) sedimented as a
somewhat heterogeneous small aggregate with a sedimenta-
tion coefficient of 10.0-11.4 S, depending on the preparation
(Figure 4A). In the presence of additional (10µM) cofilin,
a heterogeneous peak with an approximate sedimentation
coefficient of 6.2-6.7 S was observed, indicating that
additional cofilin was breaking up the aggregates. When the
cofilin concentration was raised to 20µM, giving a cofilin/
actin-cofilin heterodimer ratio of 2:1, a slow peak (sedi-
mentation coefficient∼ 1.5 S), corresponding to unbound
cofilin, and a relatively homogeneous peak of 4.6-4.8 S,
corresponding to actin-cofilin2, were observed. To observe
this peak free of spectroscopic interference from the excess
cofilin, an actin-cofilin heterodimer labeled with pyrene on
the actin was prepared. When cofilin (25µM) was added to
the pyrene-labeled actin-cofilin heterodimer (12.5µM) and
the solution was observed at 342 nm (so that only complexes
containing actin could be seen), a major symmetrical peak
with a sedimentation coefficient of 4.75 S, corresponding to
actin-cofilin2, and a small amount of higher aggregate were
observed (Figure 4B).

Sedimentation equilibrium experiments yield the weight-
average molecular weight of all complexes observed in
solution, independent of the shape assumption used above.
Thus, to confirm the results of sedimentation velocity
experiments, we performed sedimentation equilibrium mea-
surements on the pyrene-labeled actin-cofilin heterodimer
(12.5 µM) in the presence of excess cofilin (25µM). As
above, we monitored the absorbance at 342 nm so that only
the molecular weight of actin-containing complexes was
determined. The molecular weights so determined were
82 200 at 9000 rpm and 81 500 at 11 000 rpm, consistent
with the major species in solution being actin-cofilin2 but
somewhat higher than the predicted molecular weight for
actin-cofilin2, 73 500. The speed dependence of the mo-
lecular weight and nonrandom nature of the residuals to the
fit suggested this was due to a small amount of aggregate
(seen in the sedimentation velocity runs). Alternatively, the
observed molecular weights might be due to a major actin-
cofilin3 complex and an unknown lower molecular weight
contaminant. This latter possibility could be ruled out because
fitting individual data scans to a double-exponential expres-
sion with the molecular weight of one component fixed at
that of actin-cofilin3, and the concentration of both com-
ponents and the molecular weight of the second component
allowed to float, yielded absurd results (negative molecular

FIGURE 3: MS sequencing of the transglutaminase cross-linked
actin-cofilin peptides. (A) MS/MS spectrum of the [M+ 3H]3+

of the transglutaminase cross-linked tryptic peptides atm/z 491.5.
Peptide (R) is G-actin and peptide (â) is from yeast cofilin. Singly-
and doubly-chargedy-type product ions were generated from
dissociation of the 3+-charged precursor ion. (Peptide fragments
were denoted following the nomenclature for fragmentation of
cross-linked oligopeptides (60-62). Subscripts are used to denote
the residue position, counting from the N terminus foran, bn, and
cn ions and from the C terminus forxn, yn, and zn products. A
superscript is added to indicate the product ion charge state. Lack
of a superscript denotes a singly charged fragment ion). The asterisk
refers to a+18 Da product.

Table 2: MS Sequencing of the Transglutaminase Cross-Linked
Actin-Cofilin Peptides

(m/z)
theoretical

(m/z)
observed iona sequence tag

341.23 341.20 KMV (-18) KMV
392.2 392.21 y4â ASSK
456.28 456.23 [b2R b2â]+ QE-SK
619.42 619.29 [b3R b2â]+ QEY-SK
750.37 750.33 b7â(-17) KMVYASS (-17)
768.40 768.36 y7â(-17) MVYASSK
785.38 785.38 y7â MVYASSK
846.47 846.44 y6R VHRKCF
949.63 949.39 a9R QEYDEAGPS
960.61 960.35 b9R (-17) QEYDEAGPS
1024.54 1024.54 [b1R y8â]+ Q-KMVYASSK
1153.78 1153.58 [b2R y8â]+ QE-KMVYASSK
1200.77 1200.63 y10R GPSIVHRKCF
1414.60 1414.61 [b5R b7â]+ QEYDE-SKMVYAS
1560.70 1560.71 [b8â y5R]+ QEYDE-KMVYASSK
a MS/MS ions of the [M+ H]+ of the transglutaminase cross-linked

tryptic peptides atm/z 2919.50. Peptide (R) is G-actin, and peptideâ
is from yeast cofilin.
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weights for the second component). However, when similar
fits were performed using the molecular weight of actin-
cofilin2, the data could be fit well by a mixture containing,
depending on the scan, 87-93% actin-cofilin2 and 13-7%
larger aggregate (Figure 4C). The molecular weight of the
larger component, which is present in small amounts, was
poorly constrained, varying from about 180 000 to 270 000.
Because the fundamental covalent unit here is the cross-
linked actin-cofilin, which as shown by sedimentation
velocity forms small aggregates that are broken up by
addition of cofilin, it is likely that this higher molecular
weight material represents some residual actin-cofilin ag-
gregates, consisting of (actin-cofilin)n, where n is ap-
proximately 3-5.

Electron Microscopy.Addition of 2.0 mM MgCl2 to the
solution of cross-linked AC resulted in a major transforma-
tion of the 10-11 S oligomers into mostly short actin
filaments containing the cross-linked cofilin (Figure 5B).
Although rabbit F-actin filaments decorated with yeast cofilin
are long and uniform (Figure 5A), much of the polymerized
cross-linked heterodimer complex is found in aggregates
(Figure 5B, white arrow). However, both the cross-linked
and uncross-linked filaments have the same diameter. We
did not find any substantial fraction of naked segments in
the control filaments;∼60% of the heterodimer filaments
were found to have cross-linked cofilin disordered and not
visible in our electron density maps (data not shown).
Interestingly, the mean twist found for the control filaments
decorated with cofilin was 162.62( 0.01° (SEM), and the
heterodimer filaments had a mean twist of 159.4( 0.8°
(SEM). The significant difference in twist suggests that the
cross-link introduced some small structural perturbation into
the interaction of cofilin with F-actin. Because only∼40%
of segments have cross-linked cofilin visualized as tightly
bound to F-actin, the fact that these short filament are
significantly twisted is evidence of the cooperative propaga-
tion of twist along the actin filament. Despite this small
difference, the 3-D reconstructions of the cross- and un-cross-
linked cofilin-actin filaments are nearly indistinguishable
(Figure 6), showing that the cross-link does not change the
overall mode of binding of cofilin to F-actin.

DISCUSSION

Chemical cross-linking combined with MS and MS/MS
analysis has emerged as an important approach for mapping

FIGURE 4: Analytical ultracentrifugation of the cross-linked actin-
cofilin heterodimer in the absence and presence of cofilin. (A)
Sedimentation coefficient distribution of the cross-linked actin-
cofilin heterodimer (10µM); protein concentration was monitored
by absorbance at 290 nm. (B) Sedimentation coefficient distribution
of the pyrene (actin)-labeled cross-linked actin-cofilin heterodimer
(12.5 µM) in the presence of cofilin (12.5µM), as monitored by
pyrene absorbance at 342 nm. Both runs were performed at 55 000
rpm and 20 °C. (C) Sedimentation equilibrium. A double-
exponential fit (solid line) to data (circles) collected at 4°C at a
rotor speed of 11 000 rpm, with absorbance measured atλ ) 342
nm for a mixture of 12.5µM actin-cofilin heterodimer (pyrene-
labeled actin) and 25µM cofilin. Residual errors are presented in
the upper panel. The gap in data between 7.067 and 7.079 cm is
an artifact of the data collection system.

FIGURE 5: Electron micrographs of control skeletal F-actin
decorated with yeast cofilin (A) and a product of polymerization
of cross-linked heterodimer complex of actin-cofilin (B). In the
presence of excess of yeast cofilin, actin filaments are long and
uniformly decorated (A, black arrow). Cross-linked actin-cofilin
is present as a mixture of aggregates (white arrow) and short
filaments (B, black arrow). The bar represents 500 Å.

230 Biochemistry, Vol. 46, No. 1, 2007 Benchaar et al.



protein-protein interactions. The distances between the
cross-linked sites obtained from such experiments provide
constraints on the structure of the protein compexes. Also
important to note is that cross-linking enables the detection
and mapping of weakly bound protein complexes through a
progressive accumulation of reaction products.

In the present study, we tested the premise that the likely
interaction of cofilin with the subdomain 2 region in F-actin
implies the presence of a weak or cryptic recognition site
for cofilin in that structural element of G-actin in addition
to the main cofilin binding site in the subdomain 1/3 region.
We examined the possible secondary interaction between
cofilin and subdomain 2 in G-actin by transglutaminase-
mediated cross-linking, originating from Gln41 on the DNase
I binding loop. Our cross-linking mapping reaveled that Gly1

in the recombinant cofilin’s N terminus is positioned near
Gln41 in subdomain 2 of G-actin, providing evidence for a
transient and weak cofilin interaction with that subdomain.
The complete blocking of such interaction by DNase I and
the 1:1 stoichiometry of cofilin binding to G-actin (as
determined in solution measurements (14)) demonstrated that
the interaction detected by cross-linking between subdomain
2 and cofilin must be indeed weak.

The N-terminal region of cofilin, containing the regulatory
phosphorylation site at Ser3, and the helixR3 have been
implicated in actin binding in several prior studies (24-26,
51, 52). Although cross-linking results do not impose
sufficient constrains on prior models of actin-cofilin to allow
for their refinement, we can suggest a possible orientation
of cofilin within the actin-actin interface. Transplanted to
the F-actin environment, our results suggest that Gly1 on
cofilin is proximal to Gln41 in subdomain 2 of the lower
protomer, and Lys98 on cofilin is in close proximity to Gln360

in subdomain 3 of the upper protomer. An earlier structural
model for UNC-60B (52) suggested that the N terminus and
the residues of the first half of the helixR3 (Val113-Ser113 in
UNC-60B, i.e., Val95-Ser104 in yeast cofilin) would be
positioned near the actin interface. This is consistent with
the amino acids we found to be involved in actin binding,
although the N terminus of UNC-60B is closer to subdomain
1 of the upper protomer than it is to subdomain 2 of the
lower actin. We do not consider this difference to be

significant because of the close proximity and mobility of
the subdomain 2 and C-terminal regions on the adjacent
actins (43, 53). Our results agree also with the description
by McGough et al. (32) of cofilin binding to F-actin on the
basis of electron microscopy reconstruction studies. Their
fitted cofilin makes contact with subdomain 2 of the lower
protomer, and Gln41 is included in the list of residues within
or near the cofilin binding site. Because the binding at
subdomain 2 represents a weak or cryptic binding site for
G-actin on cofilin, it is not related to or compared to prior
models of strong cofilin binding to G-actin (23).

Solution Properties.The assumption that cross-linking of
Gln41 to the cofilin N terminus captures an interaction that
is amplified and important in F-actin prompted us to examine
the solution properties and polymerization of the purified
cross-linked AC complex. The fact that in G-buffer this
complex forms heterogeneous oligomers (∼10.5 S) can be
rationalized by the affinity of cofilin cross-linked to sub-
domain 2 of one actin to bind to its otherwise primary
subdomain 1/3 target, which is in this case on another cross-
linked AC heterodimer. A simple prediction from such a
model of head-to-tail association of AC dimers, with cofilin
bridging between two actin molecules, is that the oligomers
should be dissociated with the addition of free cofilin, which
would compete with the cross-linked cofilin for binding to
the subdomain 1/3 sites on AC. The confirmation of this
prediction in our sedimentation velocity and equilibrium
experiments adds credence to the above explanation of the
AC oligomerization in G-buffer.

Electron Microscopy.The first important result of the EM
analysis of F-actin formed from the cross-linked AC is that
the position of tightly bound cross-linked cofilin in these
filaments is virtually indistinguishable from that observed
in the uncross-linked actin decorated by cofilin. This result
validates the assumption that cofilin cross-linking to G-actin
most likely captures cofilin proximity and interactions that
exist in F-actin, but only in a cryptic form in G-actin, and
does not distort the distribution of dynamic filament states.

The second important result is that a considerable fraction
of the cross-linked cofilin (∼60%) cannot be fitted into
electron density maps of the filaments, suggesting that these
cofilin molecules are disordered despite their tethering to
Gln41. Cofilin disordering, which already has been described
in the uncross-linked F-actin-cofilin complexes (48), may
be connected to the recently reported disordering of sub-
domain 2 in F-actin-cofilin (54) and may result from
transient detachment of cofilin from one of its two interaction
sites on two consecutive actin protomers in the filament. We
propose that in the latter case, when cofilin is bound
transiently to only one actin, it no longer provides a
stabilizing “bridge” to the local filament structure, thereby
facilitating its severing. Such a scenario could explain why
filaments fully saturated by cofilin undergo severing despite
the calorimetric evidence for their thermal stabilization (55,
56). The dynamic events that lead to transient populations
of cofilin bound to two- and one-actin protomers are pertinent
to the rapid severing process but may be transparent to the
time-averaged calorimetry assays. As suggested in our recent
study, the filaments are probably severed preferentially at
sites of accumulated torsional strain and unoccupied by
cofilin, i.e., free of its partial stabilizing effect. In agreement
with this, it has been shown that the predicted cofilin cluster

FIGURE 6: 3-D reconstruction of actin filaments. (A) Skeletal
F-actin (46). (B) Skeletal F-actin decorated with yeast cofilin. (C)
Segments of cross-linked actin-cofilin complex where cofilin is
tightly bound. Actin subdomains are numbered in black, and the
position of cofilin is indicated by “C”. The position of cross-linked
cofilin (C, red arrow in C) is indistinguishable from that in the
filaments where cofilin has not been cross-linked to actin protomers
(C, red arrow in B).
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sizes on F-actin required for efficient severing are small (57)
and that cofilin binding increases cooperatively the filament
tortional flexibility, therefore propagating the signal to naked
portions of the filament (58). This is consistent with our
observation that the cross-linked cofilin introduces an even
greater change of twist to a normal actin filament than
uncross-linked cofilin. At the same time, the cofilin is
visualized as bridging two adjacent protomers in only∼40%
of the segments examined, even though the cofilin must be
physically attached in all of these regions. It is under these
conditions of a large change of twist and a “partial”
occupancy of cofilin molecules bound in a regular and
ordered manner that only short filaments are observed. This
suggests that the cross-linking of the N terminus of cofilin
to Gln41 of actin enhances depolymerization abilities of yeast
cofilin.
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