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ABSTRACT. The actin depolymerizing factor (ADF)/cofilins are an essential group of proteins that are
important regulators of actin filament turnover in vivo. Although protists and yeasts express only a single
member of this family, metazoans express two or more members in many cell types. In cells expressing
both ADF and cofilin, differences have been reported in the regulation of their expression, their pH
sensitivity, and their intracellular distribution. Each member has qualitatively similar interactions with
actin, but quantitative differences have been noted. Here we compared quantitative differences between
chick ADF and chick cofilin using several assays that measure G-actin binding, actin filament length
distribution, and assembly/disassembly dynamics. Quantitative differences were measured in the critical
concentrations of the complexes required for assembly, in the effects of nucleotide and divalent metal on
actin monomer binding, in pH-dependent severing, in enhancement of filament minus end off-rates, and
in steady-state filament length distributions generated in similar mixtures. Some of these assays were
used to compare the activities of several ADF/cofilins from across phylogeny, most of which fall into one
of two groups based upon their behavior. The ADF-like group has higher affinities fér-MgrP—G-

actin than the cofilin-like group and a greater pH-dependent depolymerizing activity.

Actin-binding proteins of the actin depolymerizing factor required for the generation of free barbed ends of actin at
(ADF) (1)/cofilin (AC)* family are ubiquitous among eu- the leading edge of stimulated adenocarcinoma cells (re-
karyotes ). ACs play an essential role in regulating actin viewed in ref12) and for polarized migration of fibroblasts
filament turnover needed for many actin-based processes in(13).
nonmuscle cells. ACs typically localize to regions of cells A structural basis for the enhancement of filament turnover
characterized by high actin dynamics, including neuronal py AC was proposed by McGough et al4j, who found
growth cones, ruffling membranes, cleavage furrows of cells that AC proteins bind to a twisted form of actin that might
undergoing cytokinesis, and yeast cortical actin patcheshave weaker longitudinal interactions. Galkin et al5)(
(2—5). AC proteins are essential to cell divisid) 7). Yeast  identified the twisted form of actin as a minor component
cells expressing mutant cofilin with reduced activity have of normal actin filaments, suggesting that AC proteins might
defective filament turnoveB]. XenopusAC andArabidopsis  bind selectively to this conformer and stabilize it.

ADF1 increase the turnover rate of the actin comet tail of Single-cell eukaryotes express only one member of the
Listeria monocytogene®, 10), and a member of the AC Ac family, whereas metazoans express two or more mem-
family is one of the essential proteins in an in vittisteria bers. Within and between any vertebrate species, ADF and
motility system with defined compositiold{). Arabidopsis — ¢qfilin have about 70% amino acid sequence identity. In
ADF1 increases the dissociation rate at the filament pointed 5 ition, they share qualitative similarities in biochemical
(minus) end and was reported to enhance the association rat‘ﬁroperties. They bind monomeric actin in a 1:1 complex and
at the barbed (plus) end@, although this latter point is  jnnibit nucleotide exchange 6—18). Many AC proteins are
controversial and may depend on whether severing of raported to bind to ADP-G-actin with 30- to 80-fold higher
filaments took place 12). Furthermore, AC proteins areé  inity than they bind to ATP-G-actin at physiological ionic
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vitamin D binding protein (also called group-specific component); EM, LIM kinases £8—32) and the related TES kinase33(-35)
electron microscopy; G-actin, monomeric or globular actin; F-actin,

filamentous actin; PAGE, polyacrylamide gel electrophoresis; Ptdins- Phosphorylate AC. Dephosphorylation of phosphorylated AC
(4,5)R, phosphatidylinositol-4,5-bisphosphate. can be accomplished by ubiquitous phosphatases (reviewed
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in ref 1) but is likely to be more highly regulated in vivo  Salmonellanvasion of mammalian cells, whereas expression
through binding of the phosphorylated species by 14¢3-3  of either active mutant by itself has no effed®y.

(36—38) and by the activity of specific phosphatases,

particularly those of the slingshot famil3g, 40; reviewed EXPERIMENTAL PROCEDURES

in ref 41).

Not all AC homologues show pH dependence. Chick ADF
(16) and human ADF 18) have a pH-sensitive actin
depolymerizing activity, but actophorin does né2); Human
ADF showed greater pH dependence tAaabidopsisADF1
(20). Shifting to higher intracellular pH in mammalian cells
expressing both ADF and cofilin resulted in greater co-
localization of ADF with G-actin and reduced co-localization
with F-actin, whereas the distribution of cofilin, which co- EGTA for 10 min on ice §1). The Mg’ —ATP—G-actin

localized more with F-actin, was unchanged by pH SHE8)( was converted to Mig—ADP—actin by the addition of 1

ADF and cofilins are separate gene products that appear ; . :
to have evolved from a single ancestral protein. The three hml(\gzgglucose and 20 U/mL hexokinase and incubation for 1

distinct vertebrate subclasses, named ADF (also called ) ) -
destrin), nonmuscle cofilin (cof-1), and muscle cofiin  Chick brain ADF was purified from frozen 14- to 17-day-
(cof-2), emerged before the divergence of birds and mammals®!d eémbryonic chick brain¥3). Recombinant chick ADF
(44). In single-cell organisms, such as yeast, that expressa”d chick cofilin were prepared as o_lescnbed by Adams et
only one member of the AC family, functional defects in @al- (54) and Abe et al.§5, 56), respectively. Both ADF and
cofilin are lethal, but mutant yeast can be rescued with either COfilin were bound to and eluted from a Green A column
mammalian ADF or nonmuscle cofili(45). These results (Millipore) as the final step of pur|f|c§t|on. ADF was bound
demonstrate that the two mammalian AC proteins have {0 @ Green A column in 10 mM Tris, pH 7.5, and 5 mM
sufficient functional overlap to provide the regulation needed DTT; cofilin was bound to a Green A column in 10 mM
for actin dynamics in yeast, PIPES, 10 mM Tris, pH 6.5, and 5 mM DTT. Both ADF
Differences between the activities of members of the AC @nd cofilin were eluted with salt gradients up to 200 mM
family within a single organism have been reported. In NaCl in the respective buffer.
Caenorhabditis eleganshe ubiquitous unc60A has amuch ~ Recombinant human ADF was prepared as described by
stronger filament severing and dynamizing activity than the Hawkins et al. {8). As a final step, the human ADF was
muscle-specific unc60B46), which is presumably more  bound and eluted from Green-fagarose as described for
closely related to cof-2 in mammals. Indeed, mouse cof-2 is chick ADF (53). RecombinanXenopusKAC was prepared
the weakest of the three mammalian isoforms in its ability as described by Abe et al7)( XAC1 and XAC2 were
to sever and depolymerize actin filament&)( The ADF cleaved from GST fusion proteins with thrombin. Recom-
and cofilin-1 from human48) and mouse47) appear to be binantDrosophilaADF/cofilin (product of the twinstar gene)
much more similar in their effects on actin dynamics, with was expressed iescherichia colistrain BL21pLysS and
only some minor differences in quantitative binding being purified by chromatography on DEAEcellulose and Green
observed. A resin, similar to the purification scheme for recombinant
This study investigates the interaction of chick ADF and chick ADF (54) but with the pH of the Green A-binding
chick cofilin with G- and F-actin using assays that allow us buffer reduced to pH 7.5 at%C. Recombinan#rabidopsis
to determine quantitative differences in their interactions. It ADF1 was expressed iB. coli strain BL21DE3 as a GST-
differs from other studies in that we purify and characterize ADF1 fusion protein, purified on a glutathione column, and
the recombinant proteins using similar methods and utilize cleaved by thrombinAcanthamoebactophorinSaccharo-
a few novel assays, including a double-end-capping assaymycescofilin, starfish depactinDictyosteliumcofilin, and
to characterize their interactions with actin. Here, we dem- C. elegansUNC-60A and UNC-60B were kindly provided
onstrate that there are differences between chick ADF andby Drs. Blanchoin, Drubin, Mabuchi, Condeelis, and Ono,
chick cofilin in G-actin binding, filament severing, off-rate  respectively.
enhancement, and pH sensitivity. Furthermore, comparative All AC proteins were dialyzed against 2 mM Tris, pH 8.4,
assays with similarly prepared recombinant AC proteins from containing 0.5 mM DTT before incubation with actin in
across the eukaryotic phyla show that they fall into two major studies using non-denaturing polyacrylamide gel electro-
subclasses. Members of the ADF group are more effective phoresis (PAGE). The purity of proteins was determined
in filament depolymerization (which includes severing, off- using SDS-PAGE. The concentration of G-actin was
rate enhancement, and monomer sequestering) than are thdetermined spectrophotometrically using the extinction coef-
members of the cofilin group. Unlike ADF, members of the ficient of 0.63 L/g at 290 nm&7). The extinction coefficients
cofilin group promote filament assembly by severing without at 280 nm are 11 650 M cm™? for chick ADF, 18 020 M?®
substantially increasing the critical concentration. These cmfor chick cofilin, 19 540 M* cm™* for Xenopus<AC1,
findings help explain previously reported comparative activi- 16 530 Mt cm™* for Drosophila ADF/cofilin (tsr), 12 690
ties as well as behavioral and morphological differences thatM~1 cm™® for ArabidopsisADF1, 12530 M! cm™ for
have been observed in cells in which either an ADF or a Acanthamoebactophorin, and 8040 M cm™ for Cae-
cofilin has been overexpressed. They might also help explainnorhabditisUNC-60A and UNC-60B, all calculated by the
the requirement for the coexpression of both constitutively method of Gill and von Hippel58), which was developed
active forms of ADF and cofilin to obtain an effect on for denatured proteins. The concentrations of AC proteins

Proteins.Ca&"—ATP—G-actin was extracted from chick
muscle acetone powder and purified according to Pardee and
Spudich 60). G-Actin was gel filtered over Sephadex G-150
in G-buffer (2 mM Tris, 0.2 mM ATP, 0.5 mM DTT, 0.2
mM CaCl, 0.01% NaN, pH 8.0), and the final ATP was
adjusted to 0.5 mM prior to freezing 13 aliquots in liquid
N2. Mg?"—ATP—G-actin was prepared from €a-ATP—
G-actin by incubation with 0.1 mM Mggland 0.2 mM
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were first calculated by spectrophotometric measurement inln these equations, [actiris the concentration of free actin
G-buffer and then checked by quantification on Coomassie measured directly from the gel; [ACk the concentration
Blue R-250-stained SDSpolyacrylamide gels using actin  of free ADF or cofilin and was estimated as the difference
for generating a standard curve. AC concentrations deter-between the total AC and the amount of AC in the -AC
mined by this method were within 10% of the value actin complex; [AC-actin] is the concentration of A€actin
determined spectrophotometrically. complex measured directly from the gel; [AG] the total
Recombinant human gelsolin was prepared as describedconcentration of ADF/cofilinA is the total concentration of
by Pope et al.§9). The extinction coefficient for gelsolinat ~ actin, 5uM for Coomassie-stained gel and 1.8 for
280 nm is 114 230 M cmt (59). Gelsolin-actin 1:1 SYPRO red-stained gel. In entering eq 2 into Kaleidagraph,
complex was prepared by mixing equal molar amounts of the following substitutions are made: m9[AC]; ml =
gelsolin and G-actin in the presence of 10 mM Gadiid Kp. Since this is not a true equilibrium system, measurements
incubating for 10 min prior to adding 30 mM EGTA. The are reported only akp app
complex was gel-filtered over Sephadex G-150 in 10 mM  The amount of actin displaced by DBP from ABERctin
HEPES, pH 7.0, 5@M MgCl,, 0.1 mM EGTA, 1 mM NaN, 1:1 complex was also measured by non-denaturing gel
and 0.2 mM DTT 60). Because the peak of free gelsolin electrophoresis. To form this complexu® MgATP—actin
overlaps the peak of the complex, care must be taken toand 15uM ADF were incubated in 2 mM Tris, pH 8.4, 0.5
exclude any fractions containing free gelsolin as determined mM DTT, 0.2 mM ATP, 0.21 mM MgG, and 0.2 mM
by non-denaturing gel electrophoresis (bicittgethanol- EGTA for 10 min on ice. A 3:1 ADF-to-actin ratio was used
amine system described below) of the column fractions. to drive most of the actin into complex. Increasing concen-
Human vitamin D-binding protein (DBP), also called trations of DBP were incubated with the ABfactin complex
Gc-globulin, was purchased from Calbiochem-Novabiochem for 15 min at room temperature. The proteins were separated
Co. (La Jolla, CA). Spectrin:actin:protein 4.1 complex was on a 7.5% non-denaturing polyacrylamide gel &C4using
kindly provided by Drs. James Casella and Susan Craig 50 mM bicine, 40 mM triethanolamine, 0.2 mM ATP, pH
(Johns Hopkins University). 8.4, as the running buffer. The gel was stained with
Non-denaturing Polyacrylamide Gel Electrophoresisn- Coomassie Blue R250. Digitized gel images were obtained
denaturing polyacrylamide gel electrophoresis was used toand analyzed as above.
study the effect of actin-bound nucleotide and divalent cation ~Job Plot.Because ADF/cofilins bind to G-actin in a 1:1
on the interaction between AC protein and G-actin. The AC molar ratio as determined by gel filtration and chemical
at concentrations from 0 to 46M was mixed with G-actin ~ Cross-linking (7, 53), a Job plot §1) was used to determine
in 2 mM Tris, pH 8.4, and 0.5 mM DTT containing either if the different AC preparations and actin were equally active
0.2 mM ATP or ADP. The mixtures were incubated for 15 and homogeneous in binding affinity. In this method, the
min at room temperature, and the free actin and the complextotal molar concentration of AC and either®CaATP—actin
of actin-AC protein were then separated on a 7.5% non- or C&"—ADP—actin was held constant and the mole fraction
denaturing polyacrylamide gel at 4C. The 1x running of each was varied. Ga—ATP—actin was used in the
buffer contained 50 mM bicine, 40 mM triethanolamine, pH interaction with chick ADF and XAC1, and CaADRctin
8.4,0.2 mM ATP or ADP, and, if assaying for the interaction Was used in the interaction with chick cofiliBrospohila
with Mg—actin, 5 mM EGTA, at an ionic strength of 34 AC, actophorinArabidopsisADF1, UNC 60A, UNC 60B,
microsiemensy(S). The concentration of bicine and trietha- and human ADF. The mixtures were then subjected to non-
nolamine in the running buffer was varied from @.50 3x denaturing polyacrylamide gel electrophoresis to separate free
to adjust the ionic strength from 20 to 965. Gels were actin and AC-actin complex. The concentration of complex
stained with Coomassie Blue R-250 when aliquots from was plotted against the molar ratio of ADF or cofilin to actin.
samples containing &M G-actin were used, and stained If recombinant protein preparations contai@0% of inactive
with SYPRO red (Molecular Probes) when aliquots from protein, the position of the peak will deviate substantially
samples containing 1,6M G-actin were used. An internal from its position at a 1:1 molar ratio. No such deviations
actin standard was run on each gel to normalize the stainingwere observed.
so that standard curves run on other gels could be used to Timed Sedimentation Assayhe steady-state filament
guantify the concentration of free actin and A&ctin length distribution in the presence of AC protein was studied
complex. Digitized images were obtained with a Photomet- by a timed sedimentation assay. Actin at 2M was
rics chilled CCD camera, and band densities were quantified polymerized alone or in the presence of 2d AC in pH
using 1D Phoretix software (Non Linear Dynamics Ltd, 8.1 F-buffer (final concentrations of 0.1 M KCI, 2 mM
England) and analyzed by KaleidaGraph analysis/graphicsMgClz, 1 mM DTT, 0.2 mM ATP, 0.2 mM EGTA, 15 mM
software (Synergy Software, Reading, PA). An estimate of Tris, 15 mM PIPES, with a calculated ionic strength of 130
the apparent dissociation constakp) defined in eq 1 was ~ #S) containing an ATP-regenerating system (10 U/mL
obtained by curve fitting to the transformed form of eq 1 creatine phosphokinase and 10 mM creatine phosphate). The

shown as eq 2. samples were incubated at’@ overnight and then centri-
fuged at 4°C from 5 min to 60 min at 4360@Din the
[actink[AC]; Beckm_an TLA10O rotor. The total supernatant was removed
Dapp— m (1) and mixed to ensure uniform sampling, and the pellet was
resuspended in SDS-containing buffer (0.25 M Tris, pH 6.8,
[AC—actin]= ([AC], + K, + A)/2 — {[AC] [AC], + 10% glycerol, 10%pj-mercaptoethanol, and 1% SDS).

0s Fractions from supernatant and pellet were subjected to
2(Kp = AIAC] + (Kp T A)Kp + A} 72 (2)  SDS-PAGE (15% T, 2.67% C).
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SDS-PAGE.Samples with unknown protein concentration
and five actin standards (G-1..6 «g) were loaded on an

erization at room temperature, ADF or cofilin and gelselin
actin 1:1 complex (77 nM at pH 6.8 or 154 nM at pH 7.8)
18-well SDS-polyacrylamide mini gel (15% T, 2.67% C) were added and allowed to incubate at room temperature
(62). After electrophoresis, the gel was stained with Coo- for 10 min. The gelsoliractin 1:1 complex caps the free
massie Blue R-250. The gel image was digitized using a barbed ends generated by the severing action of ADF or
CCD camera, and bands were quantified using the 1D cofilin. DBP was then added to induce depolymerization
Phoretix program (Synergy Software). The amount of protein from the pointed ends of the filaments. Changes in fluores-
in each sample was obtained from the actin standard curve,cence intensity were monitored at 48 with an AVIV ATF
which was determined to be in the linear range for analysis. 105 spectrofluorometer. The dead time was about 10 s, and
Electron MicroscopyAliquots from samples used for non-  the final concentrations for actin and DBP were 3.34 and
denaturing PAGE were also used for electron microscopy. 3.5uM, respectively. The wavelengths and bandwidths are
G-Actin and ADF or cofilin were mixed in 2 mM Tris, 0.5 the same as described above. The assay was also run without
mM DTT, 0.2 mM ATP, 50 mM Bicine, 40 mM triethano-  pyrene-labeled actin using light scattering at 400 nm to
lamine, and 5 mM EGTA, pH 8.4, at room temperature for follow filament depolymerization.
30 min. Aliquots (10uL) of the mixtures were applied to The initial off-rate from pointed endd/{) is proportional
0.5% Formvar-coated copper grids. After 15 s, filaments to the total number of free pointed endX and the pointed
adhering to the grid were negatively stained by applying 5 end off-rate constankg-). The total number of free pointed
drops of 1% uranyl acetate and blotting off the excess. Grids ends,N,, can be expressed as the summation of the initial
were examined in a JEOL electron microscope at 100 kV. number of filamentsl,), taken to be identical to the gelsolin
Aliquots of the total sample and supernatants from a timed concentration used to nucleate filament growth, and the
sedimentation assay were fixed with 0.1% glutaraldehyde number of filaments created by ADF or cofilin severimg; (
and diluted with water to give a concentration of actin of

about 1uM. A 2 ulL aliquot of the diluted sample was applied

to a Formvar-coated copper grid, air-dried to adhere all

filaments, and negatively stained as described above.
Filament Seering AssayFilament severing by different

Vi =k, N, =k, (N, +n)

Calibration of Nucleating Actiity of Gelsolin and Spec-
trin:Actin:Protein 4.1 ComplexThe concentration of spec-

AC proteins was measured by the relative depolymerization trin:actin:protein 4.1 complex was determined from Coo-
rates from newly generated pointed ends. In this assay, 60massie-stained SDS polyacrylamide gels using actin as the
nM spectrin:actin:protein 4.1 complex (only about 3.1% standard. The activity of spectrin:actin:protein 4.1 complex
active as measured by nucleated filament elongation ratewas estimated from its ability to nucleate actin seeds for
assays) and 3.8M actin (5% pyrene-labeled) were mixed polymerization. In brief, various amounts of spectrin:actin:
in pH 6.8 F-buffer (100 mM KCI, 2 mM MgG| 0.2 mM protein 4.1 complex were mixed with MgATFRG-actin (3.3
ATP, 0.2 mM EGTA, 0.5 mM DTT, and 10 mM PIPES) or  uM final concentration, 5% pyrenyl-labeled). Polymerization
pH 7.8 F-buffer (same salts but with 10 mM Tris instead of was initiated by adding concentrated salts and Tris to achieve
PIPES; both buffers passed through Qéh filters and pH 7.8 F-buffer conditions and was followed with an AVIV
degassed) to nucleate filament growth from the barbed endsspectrofluorometer. The initial rate of polymerizatio)(
Changes in fluorescence intensity were monitored a&@d8  was obtained from the raw plot. The number of nucleation
with an AVIV ATF 105 spectrofluorometer set for excitation seeds ) was derived from the equationy = ko [N][GA]
at 365 nm and emission at 404 nm. The bandwidth was 2 — k*o[N]. The concentration of G-actin ([GA]) is 3,3V,
nm for excitation and 4 nm for emission. The steady state, the plus end on-rate constant is 384 s ™%, and the plus
as determined by the fluorescence signal reaching a plateauend off-rate constant is 0.327%s (65). The amount of
was reached in 6 min (followed for up to 60 min in some nucleation seeds was calculated to be 3.1% of total spectrin:
experiments). Upon reaching steady state, 200 nM gelsolin actin:protein 4.1 complex.
actin 1:1 complex and 0,6M AC protein were added, and The concentration of active gelsolin was calculated on the
the sample was incubated for 10 min. Gelselactin 1:1 basis of its ability to nucleate actin seeds for polymerization
complex will cap free barbed ends including initial free from the minus ends. C&G-actin (5«M final concentration,
barbed ends and those generated by severing. DBP, a poteri% pyrenyl-labeled) was incubated with MgQlL molar
actin monomer sequestering proteiko(= 1 nM; ref 63), equiv and 5Q:M in excess) on ice for 10 min and then mixed
was added in excess to sequester monomers and thus inducgith 25 nM gelsolin and incubated on ice for 10 min.
depolymerization from the pointed ends of the filaments by Polymerization was initiated by adjusting to pH 7.8 F-buffer
maintaining the actin concentration below the critical con- conditions with concentrated stocks and followed by fluo-
centration. rimetry. The initial rate of polymerization obtained from the
Measurement of Filament 8&ring and Rates of Depo- raw plot was used to determine the number of nucleation
lymerization at Pointed EndJhe rate of depolymerization  seeds from the equationh = k o [N][GA] — k o[N]. The
from pointed ends was measured using a modification of concentration of G-actin ([GA]) is &M, the minus end on-
the method of Moriyama and Yahai@dj. Ca—G-actin (5% rate constant is 0.26M~* s™%, and the minus end off-rate
pyrenyl-labeled, 0.2 mM Cagl2 mM Tris, pH 8.0) was constant is 0.27 8 (65). The amount of nucleation seeds
incubated with MgGl (1 molar equiv and 5@M in excess) was calculated to be 8.5% of total gelsolin.
on ice for 10 min and mixed with various concentrations of ~ Measurement of Critical ConcentratioActin at 16 uM
gelsolin for 10 min to form gelsolinactin seeds, and then was polymerized fo5 h in pH 7.8F-buffer in the absence
F-buffer either at pH 6.8 or pH 7.8 was added to initiate or in the presence of ADF or cofilin. ADF and cofilin were
polymerization from the pointed ends. Afté h of polym- in 2.5 molar ratio to actin. The samples were then diluted
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Ficure 1: Purity and actin binding stoichiometry of representative ADF/cofilin proteins. (A)-SBSGE of purified actin (1.6:g), chick

ADF (1 ug), and chick cofilin (1xg). The 15% gel was stained with Coomassie Blue R-250. Positions of molecular mass markers (kD) are
shown. (B) Job plots of the complex formed between chick ADF and chick cofilin and actin on non-denaturing gels. Gels show complex
formed between actin and chick ADF (left) or chick cofilin (right), using constant total protein and varying the ratios. For ADF the total
protein was held at GM, whereas for cofilin the total protein was kept gt®l, because cofilin induced assembly at higher concentrations

(see Figure 3 and Results). Job plots of the scanned gels showing peak of complex formed at a 1:1 ratio of the AC protein to actin for ADF
and cofilin. Similar results were obtained fétenopusADF/cofilin (XAC1), Drosophila ADF/cofilin (tsr), Acanthamoebactophorin,
ArabidopsisADF1, C. elegandJNC60A and UNC60B, antHomosapiemPADF.

with pH 7.8 F-buffer to final actin concentrations from 2 to forms of actin (Figure 3¢f; Table 1). However, cofilin

14 uM. The light scattering signals of the steady-state F-actin formed only trace amounts of complex when mixed with 5
were monitored at 17C with an AVIV ATF 105 spectro-  uM Mg?"—ATP—actin (Figure 3b), although the free actin
fluorometer at 400 nm. The signal is plotted against actin disappeared from the gel as cofilin levels increased. This
concentration, and the critical concentration is derived from observation suggested either that cofilerctin had a lower

the intercept by linear regression. critical concentration for assembly or that nucleated assembly
was better than actin alone and thus induced filament
RESULTS formation even at the relatively low (34S) ionic strength

Characterization of the Proteins for Purity and Homoge- ©f the running buffer. We repeated the binding study between

neous Binding Actity. The purity of actin and AC proteins  ¢Ofilin and Mg?*—ATP—actin using a lower concentration
used here was determined by densitometric scanning off actin (1.5xM) and the more sensitive, but linearly
Coomassie Blue R-250-stained SBolyacrylamide gels ~ '€sponsive protel_n stain SYPRO red _t_o detect the Iow_er
(Figure 1 and data not shown). The purity was estimated to amounts of protein. Under these conditions, the total actin
be 87% for human ADF, 97% for XAC1, 94% for XAC2, (free actin and the cofiliractin complex) was fully recov-
and >98% for the other AC proteins and actin. Job plots of ©€réd in the gel (Figure 3g,h). Cofilin binds to fg-ADP—
AC binding to G-actin were used before each experiment to 8ctin with about 2& higher apparent affinity than to Mg-
verify that each protein was active and homogeneous with ATP—actin (Figure 3i; Table 1). Thus, chick ADF and cofilin
respect to actin binding. The maximum formation of the show similar high apparent affinity binding for €a-ATP—
AC—actin complex was reached at a 1:1 molar ratio of AC &ctin, Cé&'—ADP—actin, and M§"—ADP—actin, but only
to actin (Figure 1 and Supporting Information Figure 1) for chick cof|_I|n shows a marked decrease in affinity for Mg
each of AC proteins tested. Since ACs bind to G-actin in a ATP—actin.
1:1 molar ratio 17, 53), our preparations of ACs and actin Effect of lonic Strength on the Interaction between G-Actin
do not contain a significant fraction of inactive protein. We and Chick ADF or Chick Cofilin.We varied the ionic
were unable to demonstrate a complex between G-actin andstrength of the running buffer for the non-denaturing gels
either yeast cofilin orToxoplasma gondiiADF by non-  from 20 to 90uS (0.5x to 3x running buffer). Consistent
denaturing gel electrophoresis, either because the complexwith previous observationd.(), apparent affinities of ADF
migrated identically to free actin or because binding was too for MgZ*—ATP—actin and M§*—ADP—actin decreased in
weak to measure. parallel about 40-fold with increasing ionic strength (Table
Effect of Actin-Bound Nucleotide and@ient Metal on ~ 2). At the highest ionic strength (905) at which the gels
the Interaction between G-Actin and Chick ADF or Chick could be run, chick cofilin bound to Mg—ADP—actin with
Cofilin. Non-denaturing PAGE was used to determine the about a 3-fold higher apparent affinity than chick ADF. At
apparent dissociation constants of chick ABG-actin and this ionic strength, no cofiliractin complex was detected
chick cofilin—G-actin. Under the normal low ionic strength by Coomassie blue staining whends Mg?*—ATP—actin
(34uS) conditions used for electrophoresis, ADF had slightly and increasing amounts of cofilin were used, and the free
weaker apparent affinity for Mg—ATP—G-actin than for ~ actin disappeared from the gel, again suggesting cofilin
Mg2*—ADP—G-actin ¢(~2-fold difference inKp oy, and the  induced actin filament assembly.
binding was not substantially affected by the bound cation Cofilin Promotes F-Actin Assemblyo determine if the
(Ca&*" vs Mg?") (Figure 2; Table 1). However, the interaction disappearance of the actin from the gels in the presence of
of cofilin with actin was very dependent upon both the cofilin was due to filament assembly, aliquots of the samples
divalent metal and the bound nucleotide. Cofilin bound prepared for non-denaturing gel electrophoresis were applied
equally well to the C&—ATP, C&"—ADP, and Mg"—ADP to EM grids, negatively stained, and observed in the electron
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Ficure 2: Interaction of ADF with G-actin is not greatly affected by the nucleotide or divalent cation bound to actin. Chick ADF (O, 1,
2,3,4,6,8,and 19M; lanes 1, 2, 3, 4, 5, 7, 8, and 9, respectively) was incubated with (&) MgADP—actin, (b) 5uM MgATP—actin,

(d) 5uM CaADP—actin, or (e) .uM CaATP—actin. An internal standard of 2/8V actin was loaded in lane 6. Each lane was loaded with

12 ulL of sample. The complex was separated from free actin by non-denaturing PAGE and stained with Coomassie Blue R. The binding
curves were obtained by quantitative densitometry of gels. The amount of complex was plotted against the amount of total ADF, as shown
in panel c for the interaction with Mgactin and in panel f for the interaction with €actin. The curves were fitted to the equation (see
Materials and Methods) to obtain the apparent dissociation constants.

Table 1: Kp app 0f ADF/Cofilins for G-Actin at lonic Strength 34 One of the possible reasons for cofilin to be able to induce

uS As Determined by Measuring Complex Following filament assembly, under conditions where actin alone or in
Non-denaturing Polyacrylamide Gel Electrophoresis the presence of ADF did not assemble, is to reduce the
Ko app (uM)? critical concentration for assembly. Therefore, we measured
MgATP— MgADP— CaATP— CaADP- the critical concentration for assembly using a light scattering
actin actin actin actin assay to quantify relative polymer mass, and we performed
chick ADE 1.0 (4) 0.5 (4) 05(3) 04(3) the assay at a 2.5:1 molar ratio of ADF or cofilin to actin at
chick cofilin 18 (3) 0.6 (3) 0.9 (3) 0.7 (3) near physiological ionic strength at pH 7.8 (Figure 5). The
chick COfi"nC 1%7;((3)) 0(-)5’ ((33)) 050) 06 @) substantially different slopes between the samples of actin
XenopusKAC1 84 4 5 . ; i ;
DrosophilaAC 21 (4) 0.5 (4) 10 (3) 05 (3) alone a}nd those with ADF o.r'coﬂllln reflect the greater light
plant ADF nns (1) 11(1) 073(1)  0.49(1) scattering of the ADF or cofilirractin co_polymerl_O). The_z_
UNC 60B >16 (1) 2.8(1) 3.8(1) 1.4 (1) critical concentration (intercept on abscissa) of chick cofilin
Actophorin nm (3) 3.1(3) nm (3) nm (3) actin (0.8«M) is much lower than that of chick ADFactin

aThe number in the parentheses indicates the number of experi- (6.2 «M) but still higher than that of actin alone (O27).
m‘ents.b SYPRO red staining with 1.6M actin.. All others measured Thus, the promotion of filament assembly by cofilin cannot
‘é"gh,a #M actin. ©nm, no measurable A€actin complex Ko app > simply be explained by an alteration in the critical concentra-

HM). tion. Cofilin must act through a more complicated mecha-

microscope. Under the standard gel electrophoresis buffern:csfr.?' As shown below, this includes enhancing nucleation
conditions (34uS and pH 8.4), no filaments were observed of filaments.

in the samples of &M actin alone or of «M actin and 2 ADF Enhances Filament Numbers Compared to Cofilin.
uM ADF, even after 30 min of incubation (Figure 4a,b). A timed sedimentation assay was performed in pH 8.1
However, many filaments were observed in samples contain-F-buffer with 20 uM actin to estimate the steady-state
ing 5uM Mg2*—ATP—actin and 2uM cofilin (Figure 4c). distribution of filament lengths in mixtures of actin incubated
These data demonstrate that cofilin, but not ADF, promotes With either chick ADF or chick cofilin. Because we incubated
actin filament assembly at these concentrations and undeithe samples overnight to achieve a true steady state, we
relatively low ionic strength. The enhanced filament assembly included an ATP-regenerating system in the mixture to
in the presence of cofilin could arise from cofilin being able maintain ATP levels. After centrifugation for 5 min at
to (1) decrease the critical concentration for assembly (i.e., 43600@, 85% of the actin pelleted in samples containing
assembly of cofilir-actin complex), (2) enhance nucleation, actin alone and 75% pelleted in samples containing actin
(3) inhibit actin dissociation from filament plus ends, or (4) and chick cofilin in a 1:1 molar ratio (Figure 6a,b). In the
enhance the assembly rate constant at the plus end. Thespresence of chick ADF, less than 50% of the actin sedi-
possibilities are examined below. mented within 5 min, and it took 35 min to sediment 75%
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Ficure 3: Interaction of cofilin with G-actin is affected by the nucleotide and divalent cation bound to the actin. Chick cofilin (0, 1, 2, 4,
6, 8, 10, and 14«M; lanes 1, 2, 3, 4, 5, 7, 8, and 9, respectively) was incubated with @) B1gADP—actin, (b) 54uM MgATP—actin,
(d) 5uM CaADP—actin, or (e) 5uM CaATP—actin. (g) Chick cofilin (0, 0.3, 0.6, 0.9, 1.2, 1.8, 2.4, andM8; lanes 1, 2, 3, 4, 5, 7, 8, and
9, respectively) was incubated with 15 MgADP—actin. (h) Chick cofilin (0, 0.6, 1.2, 1.8, 2.4, 3.6, 4.8, andM; lanes 1, 2, 3, 4, 5,
7, 8, and 9, respectively) was incubated with AN MgATP—actin. An internal standard of 2/8M actin (a, b, d, and e) or 0.74M actin
(g and h) was used in lane 6. Each lane was loaded withlL1&f sample. The complex was separated from free actin on non-denaturing
PAGE. Gels in panels g and h were stained with SYPRO red, and gels in panels a, b, d, and e were stained with Coomassie Blue R-250.

Binding curves obtained by quantitative densitometry of gels are shown in panels ¢ and if@chitgand in panel f for Caactin. The
curves were fit to eq 2 (see Materials and Methods) to give apparent dissociation constants.

Table 2: Kp app 0f Chick ADF and Chick Cofilin for G-Actin at m_or_e than_ 35 subunits (96 nm i_n length) should sediment
lonic Strength, 26-90 uS, As Determined by Measuring Complex within 5 min, whereas a tetrameric globular complex of two
Following Non-denaturing Polyacrylamide Gel Electrophoresis actin subunits and two molecules of ADF or cofilin (ap-
Kb app (uM)* proximately 12 Sv) should sediment in 35 min. An actin
chick ADE chick cofilin ggnq (a;garogrr;ately 7.6 ?\l{f)]\l\':llll not tf):a clearted ungl apou:
. min. Our data suggest that long filaments predominate
ionic strength MgATP—  MgADP—  MgATP— MgADP— . . L ; ; S
S) actin ctin actin actin in _soluuon_s containing either F-actin alone or F-actin with
chick cofilin and that a shorter, but more heterogeneous
20 0.28 (4) 0.08 (4) fil lati domi in E . uti
34 1.0 (4) 0.5 (4) 107(3) 0.5 (3) ilament population predominates in F-actin solutions con-
62 1.3(3) 0.29 (3) taining chick ADF.
90 12.4 (3) 32(3) >40(3) 1.1(3)

The length distribution of filaments present initially in the

2 Number in parentheses indicates number of replicate experiments.timed sedimentation experiment was determined by measure-
" SYPRO red staining. ments of negatively stained filaments from sample aliquots

applied to Formvar-coated EM grids. Long and straight

(Figure 6a,b). To determine the approximate sizes of fila- filaments were observed in samples of F-actin alone (Figure
ments sedimenting at the different times, we calculated the 6¢), long and curved filaments predominate in cofilarctin
clearance times using the equatior k/s, wheret is the mixtures (Figure 6e), whereas short filaments predominate
clearance time in hourg,is the clearance factor for the rotor in ADF—actin mixtures (Figure 6d). Both filament distribu-
(7 for Beckman TLA operating at 43600 ands is the tions fit an exponential where the mean and median filament
sedimentation coefficient of the filament in Svedberg units lengths are, respectively, 575 and 391 nm in the cofilin
(Sv). The sedimentation coefficients were calculated assum-actin mixture and 291 and 89 nm in the ABEctin mixture
ing the actin filaments are rigid rod6&, 67), although this (Figure 6f). The ratio of the median to the mean of 0.3 fits
is not the case with long filaments. Actin filaments containing the expectation of a random severing distribution for ADF,
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Ficure 4: Cofilin promotes filament assembly. Samples prepared for electrophoresis on non-denaturing gels were incubated for 30 min,
and aliquots were negatively stained and viewed by electron microscopy. No filaments were found in the samples conptiirantrb

alone (a) or in the presence ofu® ADF (b). However, numerous actin filaments were observed in samples contaipiNgegtin and

2 uM cofilin (c) under the same conditions. Bars, 200 nm.

14T [ actin atpH 7.8 and 11 at pH 6.8, whereas rates in the presence of
2121 |.pDF cofilin relative to actin alone are 3 at pH 7.8 and 4 at pH
5 10 |4 cofilin 6.8 (Table 3). These findings demonstrate that both ADF
'E 0.8 and cofilin sever filaments at both pHs, but that ADF is more
g 06 pH-dependent than cofilin. However, because the depolym-
e 04 erization rate is a product of the number of pointed ends
2 02 Y (severing) and the subunit off-rate, this assay cannot deter-

0.0 mine the relative importance of each of these two processes,

or if one or the other predominates at the different pHs.
Furthermore, the assay is biased toward severing, since even
FiGurRe 5: Cofilin—actin has a lower critical concentration than large pH-dependent increases in off-rate could not be detected
ADF—actin. Actin (2-16 M) was polymerized in pH 7.8 F-buffer  in the absence of severing. Therefore, we utilized a method
either in the absence or in the presence of a 2.5 molar excess ofjeveloped by Moriyama and Yahar&4] that permits

chick cofilin or chick ADF. The light scattering signals of the measurements of severing and changes in pointed end off-
samples at steady state were plotted against actin concentration

and the intercepts, determined from least-squares linear regressioiat€ in the same experiment (see below).
analysis, represent the critical concentration. Before continuing with studies involving addition of DBP,

the effect of DBP on the binding between chick ADF and
but the value of 0.68 for the median/mean ratio for cofilin G-actin was determined. Non-denaturing gels were used to
suggests that other factors, such as altered nucleation of nevguantify the effect of adding DBP to ADFactin complex.
filaments, could contribute to the final distribution observed DBP binds tightly to actin monomer with a dissociation
(68). To help distinguish between these possibilities, we constant in the low nanomolar rangs9), about 106-1000-
developed an assay that is dependent upon filament severingold tighter binding than ADF. The DBP binding site on actin

0 2 4 6 8 10 12 14 16 18
[Actin] uM

to measure depolymerization rates from pointed ends. reported from crystal structur&@, 71) overlaps with the
ADF Is More Effectie Than Cofilin in Filament Sering/ ~ ADF binding site on actin predicted from molecular dynam-
Depolymerization and Is More pH-DependeAtsevering  ics simulation 72). Thus, as expected, DBP quantitatively

assay was developed in which actin (31 containing 5%  displaced ADF from ADF-actin complex (Supporting
pyrene label) was nucleated with 60 nM spectrin:actin:protein Information Figure 2). Therefore, in filament depolymeri-
4.1 complex at the pointed end, and, after steady state waszation assays, the addition of DBP will displace AC from
reached, the barbed end was capped by gelsolin:actin 1:1G-actin and allow it to bind again to filaments. Thus, as the
complex (present in excess). In contrast to the previous actin depolymerizes, the AC/F-actin ratio will continually
double-end-capped ass&g), the depolymerization rate was increase. Since ACs quench the enhanced fluorescence of
measured following addition of DBP to sequester actin assembled pyrereactin (10), part of the loss of fluorescence
monomer in the presence or in the absence of ADF or cofilin in these depolymerization assays could arise from quenching
at pH 7.8 and pH 6.8 (Figure 7). F-Actin treated with ADF and not depolymerization. However, as shown below, the
or cofilin buffer gave almost no change in assembly as initial depolymerization rates measured after DBP addition
measured by loss of pyrene fluorescence, demonstrating thashould be an accurate measure of depolymerization.
filament ends are blocked. The slight decline observed in  The severing/off-rate enhancement assay developed by
fluorescence in some samples probably arises from the slightMoriyama and Yahara6d) is based upon the change in
mechanical severing in transferring the sample to the cuvette fluorescence of a small amount of pyrene actin used as a
which was minimized by using cut tips. Filaments treated label for assembly. Because the amount of pyrene actin is
with either 0.6 uM ADF or cofilin showed enhanced only 5% of the total actin and initial ratios of AC to total
depolymerization compared to actin controls treated identi- actin do not exceed 1:4, the maximum fluorescence change
cally with buffer (Figure 7). The initial depolymerization due to quenching should never exceed 25% of the total
rates in the presence of ADF relative to actin alone are 22 signal. However, the contribution of quenching to the initial
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Ficure 6: Timed sedimentation assay of steady-state mixtures of actin alone or in a 1:1 molar ratio with ADF or cofilin. Agtv)(20

was polymerized to steady state in the presence or in the absence of ADF or cofili€Cdah4n ATP-regenerating buffer, pH 8.1, and
centrifuged at 4360@Pfor the times shown. The proteins in supernatants and solubilized pellets were separatedHRARES(a). The
concentration of actin in the supernatant was plotted against the time of centrifugation-())Tfe filament length distribution in the

starting mixture was measured on negatively stained filaments before sedimentation using electron microscopy. Long filaments predominated
in samples of actin alone (c) and actin plus cofilin (e), whereas short filaments predominated in samples of actin plus ADF (d). (f) The
lengths of>100 filaments (105191) treated with chick ADF (lower curve) or chick cofilin (upper curve) were measured from several
different regions and from magnifications ranging from 15 000 to 75 000 and plotted as a distribution profile. Both curves fit exponential
distributions for the filament length, but the slopes are different. (g) Timed sedimentation distribution of actin in the presence of ADF-like
members of the AC family. (h) Timed sedimentation distribution of actin in the presence of cofilin-like members of the AC family.

fluorescence change is much less since before addition ofnM at pH 6.8) was required (determined experimentally) to
DBP, samples are preincubated to allow quenching to reachcap the new filament ends generated at pH 7.8 because the
a steady statesd). To be certain that our initial fluorescence severing activity of ADF and cofilin at pH 7.8 is greater
measurements following addition of DBP were tracking than that at pH 6.8. With increasing concentrations of ADF
filament depolymerization and not changes in quenching, we or cofilin, the overall depolymerization rate of 3.8 actin
compared the depolymerization using both light scattering was enhanced, reaching a maximum effect at aboutL6
and fluorescence. When 5% of the total 3Bl actin is ADF (Figure 8). At pH 6.8, cofilin (0.8M) increased the
pyrene labeled and ADF is at Qud/ or less, light scattering  minus end off-rate from actin by 5-fold, whereas ADF (0.8
and fluorescence assays gave identical initial depolymeri- ,M) increased the minus end off-rate 40-fold (Figure 8c,e).
zation rates (Supporting Information Figure-3a Because  Both ADF and cofilin had only small effects on filament
light scattering is much noisier than fluorescence, we severing at pH 6.8 (major effects are on the slopes and not
quantified fluorescence in the depolymerization assays.  the intercept of the lines in Figure 8c), suggesting that the
Because spontaneous actin nucleation is greater at lowemore rapid depolymerization observed for ADF over cofilin
pH, we nucleated actin assembly with gelsolin at pH 8 and in the double-end-cap assay (Figure 7 and Table 3) arises
then diluted the filaments to the appropriate final pH. A from enhancing the off-rate and not from additional severing.
higher concentration of gelsoliractin complex (154 vs 77 At pH 7.8, cofilin (0.8 uM) did not significantly increase
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0 %5 Kb appS ranged from 0.4 to 0.gM (Table 1). Thus, XAC1

% 0.5} (7) behaved like chick ADF.Drosophila AC (tsr) (6),

2 Acanthomobactophorin 73, 74), ArabidopsisADF1 (10),

g 04 and CaenorhabditisUNC-60B @6, 75) had high-affinity

Z 0.35}  actin, pH7.8™ binding Kp app ~ 0.5—3.8 uM) similar to those of M§"—

Q A cofilin, pHT.8 ADP—actin, C&"—ADP—actin, and C& —ADP—actin, but

503 [ coin, pras their Kp apps for Mgzt —ATP—actin were>16 uM (Table

@ 0.25 CIADF, pH6.8 . . 1). Furthermore, free actin decreased or disappeared without
0 10 20 30 a corresponding increase in the amount of complex, sug-

Time (min) _ gesting that these AC proteins nucleated assembly, and thus
Ficure 7. Effects of ADF and cofilin on the DBP-induced  they behaved like chick cofilin. Equimolar mixtures of actin
depolymerization of double-end-capped pyreaetin filaments. ~\yith each of the different AC proteins were used in a timed

Spectrin:actin:protein 4.1 complex (60 nM) was used to nucleate di tati t phvsioloaical ionic st th and oH
assembly of 3.&M actin containing 5% pyrene label. Steady state S€dIMentation assay at physiological ionic strength and p

was reached within 10 min. Then 200 nM gelsolin:actin 1:1 complex 8.1 to estimate the distribution of filament lengths in the
was added along with nothing (actin control), Q81 ADF presence of an ATP-regenerating system. Less than 50% of

(squares), or 0.aM cofilin (triangles). DBP was added after 10  the total actin was pelleted afta 5 min centrifugation, and

g“g to induce dbep;olymirléatlclm. %xpenrgelnt was performed at pH peterogeneous filament distributions were observed when
-8 (open symbols) or 7.8 (closed symbols). human ADF,XenopusXAC1, starfish depactin7g), and

Table 3: Relative Initial Rate of Depolymerization of CaenorhabditisJNC-60A (46, 75) were used. These proteins

Double-End-Capped Filaments Compared to Actin Alone at Two ~ ehaved similarly to chick ADF (Figure 6gjcanthamoeba
pHs Following Treatment with Different ADF/Cofilins and Addition ~ actophorinDictyosteliumcofilin (77), Caenorhabditi2JNC-

of DBP 60B, yeast cofilin ArabidopsisADF1, andDrosophilaAC
relative rate ratio of rates behave like chick cofilin in this assay (Figure 6h). The pH-

ADF/cofilin protein pH7.8 pH6.8 pH7.8/pH6.8 dependent depolymerizing activity of the diﬁgrent AC
yeast cofilin 55 10 55 proteins was megsured using an equal cqncentratloww)G
XenopusXAC1 29 9.6 3.0 of each protein in the double-end-cap filament depolymer-
XenopusKAC2 25 6.8 3.7 ization assay (Table 3). The activities of these proteins fell
gg'ggc':}'r?': 2125 116 0 22-05 into two quantitatively different groups. Actin treated with

| . . . - .

CaenorhabditiUNC-60B 65 36 18 chick ADF! XACl, XAC2, yeast cof|I|n,.and depactin had
Dictyosteliumcofilin 45 32 14 erolymerlzatlon rates relative to actin alone that were
human ADF 3.9 4.4 0.9 increased greater than 15-fold at pH 7.8 and greater than
DrosophilaAC 338 4.3 0.9 6-fold at pH 6.8. The depolymerization rates for these ACs
CaenorhabdititUNC-60A 3.2 33 1.0 were 2-4-fold faster at pH 7.8 than at pH 6.8 (Table 3).
chick cofilin 2.8 3.8 0.7 . - . .
ArabidopsisADF1 26 21 1.2 Chick cof|_I|n, ac_:tophonn, UNC-60B, UN(;_60#Drosotha
Acanthomoebactophorin 1.0 1.5 0.7 AC, ArabidopsisADF1, Dictyosteliumcofilin, and human

ADF had depolymerization rates less than 7-fold greater than
the minus end off-rate (no change in slope in Figure 8f), but that of actin alone at pH 7.8 and less than 4-fold greater at
it severed filaments to create an 8-fold increase in filament pH 6.8, with less than a 2-fold difference in rates between
number. Under the same conditions, ADF increased the pH 7.8 and 6.8.
minus end off-rate 4-fold and increased filament number 20- There are three AC proteins that do not behave like the
fold (Figure 8f), a 2.5-fold difference in filament number other members of the ADF or cofilin subgroup in all of the
that is similar to the 2-fold difference measured above (see assays. Yeast cofilin showed the greatest pH-dependent
Figure 6f) for average filament lengths between filaments depolymerizing behavior of any of the AC proteins (Table
treated with ADF or cofilin under identical conditions at high  3) but behaved like chick cofilin in the timed sedimentation
pH. Thus, the enhanced depolymerization rates observed forassay (Figure 6 g). Human ADF a@henorhabditidJNC-
ADF over cofilin in the double-end-cap assay (Table 3) arises 60A had weak filament depolymerization activities in the
from both additional severing and enhanced off-rate. In double-end-cap assay (Table 3) but behaved like chick ADF
summary, the filament depolymerizing activities of both in generating a heterogeneous mixture of filament lengths
chick ADF and chick cofilin are sensitive to pH, but ADF in the timed sedimentation assay (Figure 6h).
is more pH sensitive, and it enhances overall depolymeri-
zation (severing and off-rate enhancement) more effectively DISCUSSION
than chick cofilin. Chick ADF, but Not Chick Cofilin, May Act as an ATP
Most AC Proteins Resemble either Chick ADF or Chick G-Actin Sequestering ProteiRrevious studies suggested that
Cofilin in Their Interaction with ActinHaving established  AC proteins do not act as major G-actin sequestering proteins
a series of assays that quantitatively distinguish between thein vivo because the monomeric actin pool in vivo is
in vitro behavior of ADF and cofilin, we applied several of predominantly ATP-actin (78) and several AC proteins have
these assays to other members of the AC family. Non- 30—80-fold weaker affinities for Mg —ATP—actin than for
denaturing PAGE was used to determine the apparentMg?"—ADP—actin under physiologically ionic conditions
dissociation constants of different AC proteins and G-actin. (10, 19, 20, 79). Here, using non-denaturing PAGE and no
Under conditions of low ionic strength (calculated 38), protein modification, we find that the affinity of chick cofilin
the nature of the actin-bound nucleotide and cation did not for Mg?t—ATP—actin was>20-fold weaker than for Mg —
significantly affect the binding of XAC1 to G-actin, and the ADP—actin, qualitatively consistent with the previous results.
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Ficure 8: pH-dependent pointed-end depolymerization and severing of F-actin by ADF and cofilin. Gelsolin (4.125, 6.19, 8.25, 10.31,
12.36, 16.5, and 20.4 nM, panels a and b, top to bottom curves, respectively) nucleated F-agthy 88 pyrene label) was preincubated

with 77 nM gelsolin:actin 1:1 complex and (a) ADF (Q&1) or (b) cofilin (0.8 uM). The initial rate of fluorescence decrease following
addition of 3.5uM DBP is shown. The initial depolymerization rates of a1@ F-actin treated with different concentrations of ADF at pH

6.8 (c) and 7.8 (d) are plotted against the starting gelsolin concentration (the actual concentration of free pointed ends was calculated to be
8.5% of the total gelsolin concentration). At both pH 6.8 (e) and pH 7.8 (f), ADF is more effective than cofilin at increasing the off-rate
(slope of line) and at severing filaments (intercept on abcissa).

However, chick ADF has only a-24-fold difference in
apparent affinity in binding M@y —ADP—actin and Mg"—
ATP—actin at ionic strengths from 20 to @(5. Given their
relative affinities for ATP-actin and their intracellular ~ Where C&"—actin exists as a component of the actin pool,
concentrations in the 25 uM range B0; reviewed in ref cofilin could transiently sequester AFRctin in cortical
1), our results suggest that chick ADF would act as an actin regions.
monomer sequestering protein whereas cofilin would not. A conformational alteration has been observed on going
Indeed, the monomer sequestering activity of ADF was from the C&" to the Mg* form of monomeric acting7),
demonstrated in extracts of embryonic chick brain, where perhaps due to exclusion of water molecules from the
the actin monomer binding proteins were examined on a nucleotide binding pockeB8g). The large difference in the
DNase | affinity column 81). Even though both ADF and  apparent affinity of ADF and cofilin with M&§ —ATP actin,
cofilin are present in significant amounts in these brain but not C&"—ATP actin, suggests that this conformational
extracts, only ADF was found bound to monomer, and it is change in actin affects only the cofilin binding. Thus, there
present in amounts sufficient to sequester close to 20% ofis at least a subtle difference in the way these two AC
the actin monomer pooB(). Thus, chick ADF and chick  proteins bind actin monomer.
cofilin, though they share 70% sequence identity, function  Chick ADF Is More Effectie in pH-Dependent Filament
differently in brain cells. Depolymerization, and Chick Cofilin Is More Effeaiin

It is interesting to note that the interaction between cofilin Promoting Filament Assemblyased on the amino acid
and ATP- vs ADP—-G-actin is also affected by the divalent sequence alignment, there is about a 70% sequence identity
cation bound to the actin. When Nlgis bound, there is a  between ADF and cofilin-1/2 and 92% sequence identity
20-fold decrease in the apparent affinity of cofilin for AFP  between cofilin-1 and cofilin-247). Mouse ADF is most
actin which does not occur if Gais bound. The actin efficient in promoting pH-dependent actin filament disas-
monomer has about a-%-fold higher affinity for C&" over sembly, followed by mouse cofilin-1. Mouse cofilin-2 was
Mg?" (82), but in resting cells, free intracellular Mig(~0.5 far less effective than the otherd7j. Studies comparing
mM) is more than 3000-fold higher than free intracellular human ADF and human cofilin-1 detected only small
C&" (40—130 nM) 83, 84). Thus, the predominant actin- differences in activities for actin filament binding and
bound divalent cation will be Mg inside resting cells, as  severing 48). Only one ADF and one cofilin have been
has been confirmedb). However, in some microdomains identified in chick, and chick cofilin should be classified as
of the cell, C&" concentrations may transiently rise*@00 cofilin-2 on the basis of its 98% sequence identity to mouse

uM (86). Within these domains, especially in cortical areas
underlying calcium channels, a significant portion of the actin
could possibly exist, albeit transiently, in the Zdorm.
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and human cofilin-2 47). Thus, our comparative study a different assay to show that severing of filaments by human
represents differences between ADF and cofilin-2. ADF was not very pH-dependent. We also obtained no pH
Whether all AC proteins sever actin filaments has been difference for human ADF in the double-end-capped filament
controversial. In early studies of chick ADF and porcine depolymerization assay but did see a marked pH effect on
cofilin, a filament severing activity was detecteth(17), chick ADF (Table 3). Whether these findings represent a
suggesting that one mechanism for enhanced depolymeri-functional difference between chick and human ADF or an
zation was the generation of additional filament ends. The unexplained difference in the assays is not yet clear.
number of filaments eventually declined6], suggesting Nevertheless, what is quite clear from comparative results
annealing or subunit redistribution had occurred. However, using the same assay is that chick ADF and human ADF
Carlier et al. 10) reported that recombinamtrabidopsis are more effective than chick cofilin at increasing overall
ADF1 enhanced both the association rate (up to 12-fold) at filament depolymerization.
the barbed ends of filaments and the dissociation rate (up to The different severing and monomer sequestering proper-
22-fold) at filament pointed ends at pH 7.8 in the apparent ties of ADF and cofilin can also be used to explain why
absence of filament severing. Other workers reported lessactin assembly occurred in the non-denaturing gel electro-
of an effect on subunit off-rates and more severing activity phoresis studies of cofilinactin complexes. ADF will bind
with human ADF Acanthamoebactophorin Dictyostelium to ATP—actin monomer and prevent filament assembly up
cofilin, and porcine cofilin 42, 64, 89). Some of these to 5uM actin, because the critical concentration for AbDF
differences in AC activity could be due to a weaker severing actin assembly is above this concentration. However, the
activity of recombinant proteins compared to tissue-derived weak binding of chick cofilin to Mg§"—ATP—actin could
proteins 89), but as demonstrated here, it is most likely due allow spontaneous nucleation to occur at actin. These
to inherent differences in the proteins themselves. nuclei could serve to generate short pieces of APFactin
Moriyama and Yaharat@) developed a novel assay that to which cofilin can bind and sever, thus generating many
looked at both filament number (by trapping with a barbed- more nuclei for filament growth. Thus, actin monomer
end capping complex) and rate of subunit loss from the disappears from these gels, not by forming a 1:1cofilin
uncapped pointed end. They found that porcine cofilin actin complex, but rather by forming filaments that fail to
increased filament number by severing filaments with a enter the gel. By decreasing the actin monomer concentration
maximum of about one severing event per 290 actin subunitsto 2 uM, spontaneous nucleation was suppressed at the low
at pH 7.1. Subunit off-rates were also enhanced to a ionic strength of the gel buffer, and the binding of cofilin to
maximum of about 6.4-fold. Mutant forms of cofilin were ATP—actin could then be measured.
identified that differentially affected severing or the off-rate Possible Structural Basis for the pH-Dependent Atti
at the pointed end. Yeast cells expressing mutant cofilin with of Some ADF and Cofilin Proteingor some proteins that
defects in severing are more impaired in their growth than show pH sensitivity over the physiological pH range of about
those with defects in off-rate enhancemes)( suggesting 6.5—7.5, alterations in the ionization of histidine side chains
that the ability of AC to sever is an essential process. are often responsibleéd®, 93). The only histidine 133 of
Severing and off-rate enhancement are two separable pro-human cofilin has been suggested to convey the pH sensitiv-
cesses that account for the enhanced filament turnover ratety by involving a salt bridge between His133 and Asp98
by AC. (94). An additional His70 is present in human and chick ADF
Previous severing assays have relied on filaments settledand might convey the higher degree of pH sensitivity
onto glass coverslipig, 89, 90) and have been subject to observed by Yeoh et al48). His70 is in the vicinity of a
criticism that the severing is a result of restricting the ability C-terminal-stabilizing interaction between residues Phel60
of the actin to twist and flexQ1). Here, we further developed and Phe68 proposed by Bowman et 85)( The C-terminus
an assay to measure the overall depolymerization rateof ADF/cofilin has been implicated in F-actin bindin§§,
(severing plus off-rate enhancement) by ADF or cofilin 97). We inspected the structure of human ADF (1ak7), yeast
(Table 3). Since both ends of actin filaments are capped atcofilin (1gpv), and Acanthomoeba actophorin (1ahqg) using
the start of this assay, filament ends become available onlythe RasMol program (http://www.umass.edu/microbio/
if severing occurs. Results confirm the fact that both ADF rasmol) and compared the location of histidine residues in
and cofilin can sever F-actin in solution. Chick ADF is more different AC proteins on the basis of their structural ho-
effective in enhancing the depolymerization rate of filaments mologies. All of the AC proteins with strong pH-dependent
than chick cofilin, and the depolymerization rate is enhanced severing/depolymerizing activity have a histidine residue in
more at alkaline pH. In additiosrabidopsis thaliana\DF1, the vicinity of the C-terminal-stabilizing interaction between
previously reported not to sever F-actiif), does have some  residues 161 and 68. These include His70 of human ADF
severing activity in our assay, although it is among the and chick ADF on the surface of helix 2, His22 of XAC1
weakest of the AC proteins. Using the assay of Moriyama and XAC2 on the surface of helix,1His85 of depactin in
and Yahara@4), we obtained results consistent with chick a loop between thg-strands 4 and 5, and a C-terminal His
ADF being more effective than chick cofilin in both filament in yeast cofilin. In our assays, these proteins showed the
severing and minus end off-rate enhancement, as well asgreatest pH dependency.
being more pH-dependent. For chick ADF, severing appears Biochemical Results Help Explain Different Cellular
to account for most of the enhanced depolymerizing activity Properties of ADF and CofilinHere we show that proteins
at alkaline pH, and off-rate enhancement from the pointed in the ADF group have greater overall depolymerizing
end appears to account for most of the enhanced depoly-activities than proteins in the cofilin group, and they bind to
merizing activity at acidic pH (Figure 8). These results are Mg?t—ATP—G-actin with higher affinity. Proteins in the
somewhat different than those of Yeoh et d4B)( who used cofilin group enhance nucleation. Members of both sub-
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groups have been shown to enhance the filament turnoverocalize with F-actin. However, at pH 7.4, cofilin and F-actin

in vivo that is important for cell growth, motility, cytokinesis, maintained their co-localization, but the co-localization of

endocytosis, and exocytosis. However, in multicellular ADF and F-actin decreased by 30%. Thus, the pH-dependent

organisms, the extent of actin filament turnover and mode differences between these proteins observed in vitro explains

of regulation needed are certain to vary depending on thetheir behavior in vivo.

species, cell type, and developmental stage, and thus either
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