9994

Analysis of the Interactions of Actin Depolymerizing Factor with G- and F-Actin’
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ABSTRACT: Chick actin depolymerizing factor (ADF) is an actin binding protein previously shown to rapidly
depolymerize actin filaments in vitro, yielding a 1:1 complex of ADF and actin monomer. Here we show
that ADF protects actin monomer from denaturation by EDTA by inhibiting the exchange of actin-bound
nucleotide. Under low ionic strength conditions, the approximate dissociation constant (Xp) for the ADF-
actin complex determined from exchange of nucleotide (1,N5-etheno-ATP) is about 150 nM and is calcium-
independent. Addition of ADF to monomeric actin inhibits actin assembly as well as the ATP hydrolysis
that normally accompanies assembly. Complex formation is demonstrated between ADF and actin containing
either ATP, ADP, or AMPPNP as the bound nucleotide. A Kp of 0.1-0.2 uM was calculated for both the
ADF-ATP-actin and ADF-AMPPNP-actin complexes, whereas the Kp for the ADF-ADP-actin complex
isabout 1.3 uM. ADF can either depolymerize or cosediment with F-actin in a stoichiometric fashion, but
these reciprocal activities are pH-dependent. At pHs between 6.5 and 7.1, ADF cosediments with F-actin
and demonstrates only weak depolymerizing activity. ADF binding is cooperative and saturates at a 1:1
ADF:actin molar ratio. At pHs between 7.1 and 7.7, ADF shows increasing depolymerizing activity and
less F-actin binding. At pH 8.0, ADF depolymerizes F-actin in a stoichiometric manner. Both the F-actin
binding and the depolymerizing activities of ADF are inhibited by phalloidin. At pH 8.0, substoichiometric
quantities of ADF, but not ADF-actin complex, transiently enhance the nucleating ability of F-actin
solutions in a calcium-insensitive manner, suggesting that ADF has a weak severing activity, but does not
cap the filament ends in a manner that inhibits the restoration of the original filament number. We conclude
from these results that ADF is a noncapping, calcium-independent, pH sensitive F-actin binding/severing
protein which is capable of forming moderate affinity complexes with actin monomers in which the nucleotide
exchange is inhibited. The significance of these findings to a presumed cellular role for ADF is discussed.

Nonmuscle cells maintain a pool of unpolymerized actin
which is available for assembly when needed (Bray & Thomas,
1976; Heacock et al., 1984; Cassimeris et al., 1992). This
actin monomer pool is generated and maintained by proteins
that regulate actin assembly. These proteins have been
classified according totheir actin binding properties into several
groups [see review by Pollard and Cooper (1986)], one of
which contains monomer-sequestering proteins with a Ca2+-
independent severing activity. The focus of this paper is on
a member of this group.

Actin depolymerizing factor (ADF)! was identified and
isolated from embryonic chick brain on the basis of its ability
torapidly depolymerize F-actin invitro (Bamburgetal., 1980;
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Giuliano et al., 1988). Proteins with similar effects on actin
have been identified in protists (Cooper et al., 1986),
echinoderms (Mabuchi, 1983), and mammals (Berl et al,,
1983; Maekawa et al., 1984; Nishida et al., 1984); recently,
c¢DNAs made from plant pollen mRNA have been identified
as encoding a family of ADF-related proteins (Kim et al.,
1993). Sequence comparisons of these proteins show that
chick ADF is a homolog (>95% homology) of porcine and
human destrin (Abeetal., 1990; Adams et al., 1990; Moriyama
et al., 1990). ADF also has substantial homology (70%) to
porcine or chicken cofilin (Matsuzaki et al., 1988; Abe et al.,
1990), and to yeast cofilin, an essential protein of the yeast
cortical actin cytoskeleton (Moon et al., 1993). ADF, destrin,
and cofilin are more closely related (especially in the
presumptive actin binding domain) to the amoeba protein
actophorin (Quirk et al., 1993) than they are tothe echinoderm
protein depactin (Takagi et al., 1988).

ADF is widely distributed among tissues of the chick
(Bamburg & Bray, 1987). Whileinsome tissuesand cultured
cell lines the levels of ADF alone may be sufficient to account
for much of the unpolymerized actin (Bamburg & Bray, 1987;
Koffer et al., 1988), in others ADF levels are far too low. The
physical and chemical properties of chick brain ADF, as well
as its ability to rapidly depolymerize F-actin and form a 1:1
complex with actin monomer, have been described (Bamburg
et al.,, 1980; Giuliano et al., 1988; Harris et al., 1982).
However, a more detailed quantitative characterization of its
interactions with G- and F-actin is required to assess the role
ADF plays inregulating actin assembly in cells. Inthis paper,
we provide evidence that ADF binds cooperatively to F-actin

© 1993 American Chemical Society



Interaction of ADF with Actin

ina pH-dependent manner and that, at permissive pHs, ADF
can sever F-actin and sequester actin monomers in a calcium-
independent manner. In addition, we have determined that
ADF protects monomeric actin from EDTA-induced dena-
turation by inhibiting nucleotide loss, and have quantified the
interaction of ADF with actin containing different nucleotides.
These results, some of which contradict findings reported for
the mammalian ADF homolog destrin (Nishida et al., 1985;
Moriyama et al., 1992), are useful in planning further studies
on the behavior of ADF in cells.

MATERIALS AND METHODS

Materials. Red and Green A Dye-matrex resins were
obtained from Amicon Corp. N-(1-Pyrenyl)iodoacetamide
(pyrenyl) and 7-chloro-4-nitro-2,1,3-benzoxa-1,3-diazole
(NBD) were obtained from Molecular Probes. [3H]Cytoch-
alasin B and [y-3?P]ATP were obtained from New England
Nuclear. 1,V8-Ethenoadenosine 5'-triphosphate (eéATP), N-
ethylmaleimide (NEM), cytochalasin B, adenosine 5’-diphos-
phate (ADP), 5’-adenylyl imidodiphosphate (AMPPNP),
phalloidin, and protein A-Sepharose were from Sigma
Chemical Co. All other chemicals were analytical-grade
reagents.

Purification of Proteins. Unless otherwise stated, all
purified proteins were quick-frozen in liquid nitrogen in 100-
pL aliquots and storedat—70°C. Actin depolymerizing factor
(ADF) was purified from frozen 18-day-old embryonic chick
brains as previously described (Giuliano et al., 1988) and
frozen in 10 mM Tris, pH 7.5, 0.5 mM DTT, and 1 mM
NaN; (ADF buffer). Bacterially expressed recombinant ADF
(rADF) was obtained as previously described (Adams et al.,
1990). Skeletal muscle actin was purified from acetone powder
of rabbit dorsal muscles (Pardee & Spudich, 1982) with further
purification by gel filtration on Sephadex G-150. Aliquots
were frozen in buffer G (2 mM Tris, pH 8.0, 0.2 mM CaCl,,
0.5mM DTT, 0.5 mM ATP, and 1 mM NaN3). Profilin was
isolated from 18-day-old embryonic chick brain by chroma-
tography on poly(L-proline)-Sepharose (Tanaka & Shibata,
1985) and DEAE-cellulosein 2 M urea (Carlsson et al., 1977).
Serum gelsolin was isolated from equine blood using a
procedure (Harris & Gooch, 1981) modified to include Red
Dye-matrex and protein A—Sepharose columns. It was kept
on ice in the cold until used.

Modification of Proteins. Actin was labeled with N-(1-
pyrenyl)iodoacetamide (Cooper et al., 1983). NBD-actin
was prepared as described by Detmers et al. (1981). Both
modified forms of monomeric actin were frozen in buffer G.
The concentration of pyrenylactin and the degree of pyrene
labeling were determined according to the method of Cooper
et al. (1983). The degree of NBD labeling of NEM-treated
actin was calculated using a molar extinction coefficient of
26 000 M-Icm-! at 480 nm (Aboderin et al., 1973). ADP-
actin was prepared according to the procedure of Lal et al.
(1984). AMPPNP-actin was prepared by depleting ADP—
actin of unbound nucleotide with two treatments of Dowex-
1-C1(20% v /v of a 50% suspension in buffer G without ATP)
followed by addition of AMPPNPt00.2 mM. Eachtreatment
with Dowex-1-Cl involved a 5-min incubation followed by
low-speed centrifugation for 2 min to remove the ion-exchange
resin.

Protein Determination. Protein concentrations were de-
termined spectrophotometrically using values of E!% = 6,3 at
290 nm for G-actin (Houk & Ue, 1974) and E!* = 6.45 at
280 nm for ADF (Giuliano et al., 1988). All other protein
concentrations were determined using ovalbumin as a standard
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either in solution (Bradford, 1976) or after application to
filter paper (Minamide & Bamburg, 1990).

Polyacrylamide Gel Electrophoresis. Sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) on
12.5% or 15% gels was performed as decribed by Laemmli
(1970) in mini-slab gels (Idea Scientific) (Matsudaira &
Burgess, 1978). Samples for electrophoresis were prepared
by boiling for 2 min after the addition (1:4) of 4X sample
preparation buffer (0.25 M Tris, pH 6.8, 8% SDS, 40%
glycerol,and 70 mM DTT). Proteins were stained with 0.5%
Coomassie Blue R in 50% methanol/10% acetic acid and
destained in the same solvent. For quantitative measurements
of ADF and actin, gels were run with internal standards of
ADF (0.2-1.6 pg) and actin (0.4-3.2 ug). Densitometry of
bands was performed by computer integration of video images
obtained with a cooled CCD camera interfaced to a TRI
Microscan 2000 Image Analysis computer (Technology
Resource Incorporated).

Fluorescence Measurements. Fluorescence measurements
were made with an SLM 4800 spectrofluorometer. The
bandpass for excitation was set at 0.5 nm and that for emission
at 8 nm. The following settings were used for excitation and
emission wavelengths, respectively: pyrenylactin, 366 and 388
nm; NBD-actin, 470 and 530 nm; 1, N8-etheno-ATP, 350 and
410 nm.

Measurement of Monomeric Actin by DNase I Inhibition.
This assay was performed according to the method of Blikstad
etal. (1978) as modified by Heacock et al. (1982) on aliquots
removed at various times from mixtures of G-actin in buffer
G containing different molar ratios of ADF to actin. The
denaturation of actin was initiated by the addition of EDTA
to 2 mM. ADF treated independently with 2 mM EDTA
retained its full ability to depolymerize F-actin at pH 8.0.

Nucleotide Exchange. A solution of G-actin (20 uM) in
2 mM Tris, pH 8.0, 0.05 mM CaCl,, 0.125 mM ATP, | mM
NaNj, and 0.5 or 10 mM DTT was depleted of unbound
nucleotide by treatment with Dowex-1-Cl as described for the
preparation of AMPPNP-actin, After addition of eATP to
0.2 mM, the mixture was incubated for 1 h at 4 °C and again
treated with Dowex-1-Clasdescribed. Toprevent denaturation
of the actin, ¢éATP (18 uM) was added. For one set of
experiments, the G-actin (5 uM) was mixed with different
amounts of ADF (0-7 uM) in 2 mM Tris, pH 8.0, 0.05 mM
CaCl; and 0.5 or 10 mM DTT. For a second set of
experiments, eATP-G-actin (3 uM) was mixed with ADF (2
M) in 2 mM Tris, pH 8.0, and 0.5 mM DTT containing
different amounts of CaCl, (5.8, 50, 100, 150, 200, 250, and
500 uM). Inallexperiments, the exchange reaction wasstarted
by the addition of unlabeled ATP to | mM (at least 100-fold
excess over eATP). Computer analyses of these and other
data were performed on a MacIntosh Ilsi with the Kaleida-
Graph software program (Abelbeck Software).

Determination of the Steady-State Actin Monomer Con-
centration. Changes in the fluorescence of pyrenylactin
(Kouyama & Mihashi, 1981; Cooper et al., 1983) and NBD-
actin (Detmers et al., 1981) were used to quantify actin
assembly. Actin (NBD-ATP-actin, pyrenyl-ADP-actin, or
pyrenyl-AMPPNP-actin) in buffer G was polymerized to
steady state by the addition of KCl and MgCl, to 0.1 M and
2 mM, respectively. Different dilutions were made into buffer
of identical composition, and the fluorescence intensities of
the samples were measured after 4 h at 25 °C. The plots of
fluorescence intensity vs concentration were extrapolated to
a base-line curve (obtained from similar samples but in the
absence of salts), and the concentration of actin at the intercept
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was taken as the critical concentration. When performed in
the presence of ADF, this assay measures the total amount
of unpolymerized actin.

Measurement of ATP Hydrolysis. Unlabeled nucleotide
on monomeric actin (63.4 uM) in buffer G (0.25 mM ATP)
was exchanged for [y-32PJATP (1.7 Ci/umol; 1.8 uCi/mL)
by overnight incubation. This labeled G-actin was incubated
for 2 h with ADF or ADF buffer before the addition, at zero
time, either of KCl of MgCl, t0 0.1 M and 2 mM, respectively,
orof anequal volume of water. Therelease of P; was measured
over time by the method of Martin and Doty (1949) as
described by Pollard and Weeds (1984). Correction for free
[32P]P; present in the [y-32P]ATP solutions was made by
subtracting the amount of radioactivity extracted from samples
in which G-actin was omitted.

Sedimentation Assay for ADF Binding and Depolymer-
ization of F- Actin. G-Actin was dialyzed 4 h against 15 mM
Pipes/15 mM Tris buffers ranging in pH from 6.5 to 8.0 and
containing 0.2 mM ATP, and assembled for 30 min by the
addition of MgCl; and KCl to 2 mM and 0.1 M, respectively
(assembly buffers). In one set of experiments, actin in either
30 mM Pipes or 30 mM Hepes, both at pH 7.5, was used.
Various amounts of ADF dialyzed against the same buffers
were added to achieve the desired final molar ratios to actin,
and after 30-min incubations at room temperature, an aliquot
of each sample was removed for negative staining on electron
microscope grids. The remainders of each sample (100 uL)
were centrifuged for 30 min at 170000g in a Beckman airfuge
in a 30° angle rotor. Temperature measurements of the
samples before and after centrifugation showed fluctuations
of less than %3 °C, indicating that variations in pH due to the
thermal effects on Tris (—0.03 pH unit/deg) will be less than
0.2 pH unit. Supernates were removed, and the pellets were
washed once with assembly buffer. Bothsupernatesand pellets
were prepared for gel electrophoresis. ADF binding curves
were corrected for the amounts of ADF which sedimented in
the absence of actin (typically about 3% of the total ADF).

For quantitative studies on ADF depolymerization of
F-actin, actin (10 uM final concentration) was assembled at
room temperature for 30 min in 30 mM Tris, pH 8.0, containing
0.2 mM ATP, 0.5 mM DTT,; 0.1 M KCl, and 2 mM MgCl,
(final concentrations). Additions of ADF were made to
achieve the desired final concentrations in a final volume of
50uL. After3-hincubationatroom temperature, the samples
were centrifuged at 170000gin a 10°angle rotor in the airfuge
for 15 min. The supernate was mixed by gentle pipetting, and
40 uL was removed and prepared for SDS-PAGE by the
addition of 10 uL of 5X sample preparation buffer. The
remaining supernate was discarded; the pellet was rinsed with
50 uL of assembly buffer and then dissolved in 20 or 40 uL
of 1X SDS—-PAGE sample preparation buffer for analysis by
SDS-PAGE. The amount of actin in the pellet was corrected
for actin which sedimented from G-actin solutions incubated
at room temperature for 3 h but without salt addition (about
10% of the total soluble actin pool).

The effects of phalloidin on both F-actin binding and F-actin
depolymerizing activities of ADF were performed on actin
assembled in either 30 mM Pipes, pH 6.8, or 30 mM Tris, pH
8.0, as described above, with 20 uM phalloidin added to the
10 uM actin either 10 min before or 10 min after the addition
of ADF.

Electron Microscopy. Aliquots (5 uL) of ADF/actin
mixtures were placed on glow-discharged 400-mesh, carbon-
coated, formvar grids for 10 s. The sample was removed by
diluting with drops of 1% uranyl acetate. Aftera few seconds,
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FIGURE 1: ADF protects actin from denaturation by EDTA. Prior
to the addition of 2 mM EDTA, G-actin (5 uM final concentration)
in G-actin buffer was incubated with different molar ratios of ADF
to actin: (O) no ADF; (O) 0.25; (¢) 0.5; (X) 1.0. Starting at the
time of EDTA addition, and at the time intervals shown thereafter,
10-uL aliquots of the mixture were assayed for inhibition of 2 ug of
DNaseI. The starting concentration of actin gave about 80% inhibition
of the DNase activity and was taken as 100% of native actin remaining.
INSET: Plot of the fraction of actin protected after 1 h in EDTA
versus the molar ratio of ADF to actin.

the uranyl acetate was removed by blotting with the torn edge
of filter paper. Transmission electron microscopy was per-
formed on a Philips 400 electron microscope with photographs
taken at 5K and 15K magnifications.

Nucleating Ability of F- Actin Solutions. Pyrenyl-G-actin
at pH 8.0 was polymerized to steady state at 25 °C by the
addition of MgCl, to 1 mM. Aliquots of the resulting pyrenyl-
F-actin solution were incubated for 2 min with ADF or ADF
buffer and then added to a solution of pyrenyl-G-actin (3 uM,
same extent of pyrene label) that had been preincubated for
1 min in buffer G plus 1| mM MgCl, (Wagner & Wegner,
1985). The assembly of 3 uM G-actin during the preincu-
bation period was negligible. Addition of EGTA (pH 7.5) to
all buffers was used to lower the Ca2* concentration to 1.0 X
10 M, calculated using the apparent binding constant with
adjustments made for pH (Harafuji & Ogawa, 1980; Harris
& Weeds, 1983). In the absence of added EGTA, the Ca2*
concentration was 0.2 mM. All transfers involving F-actin
solutions were made with large-bore (truncated) pipe tips to
minimize mechanical shearing. The initial rates of assembly
of G-actin samples mixed with F-actin in the absence of ADF
was taken as 100%.

Cytochalasin B Binding to ADF-Treated and Gelsolin-
Treated F-Actin. Actin, polymerized to steady state in 0.1
MKCland 2 mM MgCl,, was incubated with varying amounts
of ADF or equine serum gelsolin in the presence of 1.0 mM
CaCl,. Samples were dialyzed for 30 h to equilibrium against
5 mM Tris, pH 8.0, 50 mM KCI, 1 mM MgCl,, | mM CaCl,,
0.2 mM ATP, 0.5 mM DTT, and 1.5 mM NaNj; containing
40 nM [*H]cytochalasin B (1.0 Ci/mmol) (Leeset al., 1984).
Dialysis was performed in a multiwell microdialysis chamber
(MRA Corp.). Aliquots from duplicate samples were re-
moved, and the level of [3H]cytochalasin B was quantified in
a Beckman LS 7800 liquid scintillation counter. The amount
of [®*H]cytochalasin B that was not displaced by a 1000-fold
excess of unlabeled cytochalasin B was taken as a measure of
nonspecific binding.

RESULTS

Protection of Actin from Denaturation by EDTA. The
protective effect of ADF on actin denaturation induced by 2
mM EDTA is shown in Figure 1. Complete protection of the
fraction of actin associated with ADF is achieved for at least
1 h (Figure 1, inset), and this stoichiometry, coupled with
previous studies showing an ADF-actin complex of 60 kDa
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FIGURE 2: Effect of ADF on the exchange rate of actin-bound
nucleotide. (A) The exchange of eATP bound to G-actin (5 kM) with
unlabeled ATP (1 mM) was followed over time in the presence of
ADF buffer (lower curve) or ADF (increasing concentrations of 1.0,
1.5,2.0, 2.5, 3.0, 3.5,4.0, 4.5, 5.0, 5.5, 6.0, 6.5, and 7.0 uM). The
DTT concentration in all buffers was 0.5 mM. The fluorescence
intensity for each time point was corrected by subtraction of the
fluorescence intensity at steady state (3 h) and the logarithm of the
difference plotted against time. The slopes of these lines are the
exchange rate constants (Kqps). (B) Plot of the kou values from (A)
versus the ADF concentration. The line represents the best computer
fit of these data to the nucleotide exchange equation (Bryan, 1988)
which gave a value for the Kp of the ADF-actin complex 0of 0.15 uM.

on gel filtration (Giuliano et al., 1988), confirms a 1:1
interaction. The rate constant for the pool of actin that
denatures is 0.001 & 0.0006 s~! in the presence or absence of
ADF. Since recent studies have shown that EDTA-induced
denturation of actin results from nucleotide loss that follows
metal ion depletion (Miki, 1991), our results imply that the
the dissociation rate of nucleotide is slow compared to the
time ADF occupies its binding site and that each ADF cannot
protect more than a single actin.

Effects of ADF on Actin Nucleotide Exchange. The
interaction of binding proteins with actin monomer can alter
the rate of nucleotide exchange from the actin and can provide
a convenient method for measuring the amount of complex
under equilibrium binding conditions (Mockrin & Korn, 1980;
Nishida, 1985). Nucleotide exchange is most readily measured
by using 1,NS-etheno-ATP (¢ATP), an ATP analog which is
fluorescent when bound to actin (Miki et al., 1974). Dilution
of G-actin containing bound eATP into buffer containing a
100-fold excess of ATP resulted in a first-order decline in
fluorescence, the rate of which was inhibited by incubation
of the actin with ADF prior to dilution (Figure 2A). Therate
constants for the exchange of nucleotide in the presence of
ADF (kqps) were plotted against the ADF concentration
(Figure 2B). This plot was fitted to the rate equation for
actin nucleotide exchange in the presence of actin binding
proteins (Bryan, 1988). A best fit for these data is obtained
with a dissociation constant (Kp) of 0.15 uM. Thisexperiment
has been repeated several times using different concentrations
of reducing agents (0.5 or 10 mM DTT) and different
preparations of actin and ADF. The Kps calculated from
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FIGURE 3: ADF shifts the critical concentration of actin by
sequestering actin. NBD-actin (78% NBD) was polymerized tosteady
state by the addition of KCl and MgCl; to 0.1 M and 2 mM,
respectively. Different dilutions of NBD-F-actin were made in the
presence of ADF buffer (@) or 2.5 uM ADF (®). The fluorescence
intensity was measured at 25 °C after 4 h. Base-line values were
obtained from similar samples but without the addition of salts in the
absence (¢) or presence (X) of 2.5 uM ADF.

these experiments fell between 0.1 and 0.45 uM, with an
average of 0.2 uM. Since nucleotide exchange on G-actin is
highly dependent on calcium ion concentration (Frieden &
Patane, 1988; Nowak et al., 1988), we evaluated the effects
of ADF on the nucleotide exchange process at seven different
calcium concentrations from 5.8 to 500 uM. A single
concentration of ADF (2 uM) was used which reduced the
exchange rate on 5 uM G-actin by 50% at 50 uM calcium.
Although the exchange rate for the actin-bound nucleotide
varied significantly over the range of calcium concentrations
used [data not shown; see Frieden and Patane (1988) and
Nowak et al. (1988)], the extent of inhibition by ADF was
identical (50% reduction in exchange rate) under all conditions.
Thus, the interaction of ADF with G-actin is independent of
calcium concentration, and the degree of inhibition of actin
nucleotide exchange by ADF is independent of the rate of
exchange.

Dissociation Constant for the Actin-ADF Complex Formed
under Actin Assembly Conditions. Different dilutions of
pyrenylactin or NBD-actin were made into buffer without
salts, or into assembly buffers in the presence and absence of
2.5 uM ADF and polymerized tosteady state at pH 8.0. Figure
3 shows typical results from which the concentration of
unassembled actin in the presence and absence of ADF was
calculated by extrapolation of the curves to the base line
(absence of added salts). The K, for the actin~ADF complex
is calculated from the data in Figure 3 using eq 1 where [Aqlis

Kp = [A][Dg]/[DA] = [G,][DT-DA]/[DA] (1)

the free actin concentration, [D¢] is the free ADF concen-
tration, [DA] is the concentration of actin-ADF complex,
[Go] is the actin critical concentration, and [DT] is the total
ADF concentration. The concentration of complex (DA) is
taken as the shift between the two curves in Figure 3. In
separate experiments using either NBD-actin or pyrenylactin,
Kps between 0.09 and 0.16 uM were obtained, even when
assembly conditions were varied to give over a 9-fold difference
in critical concentration (Table I). The apparent Kp is
unaffected by altering the salt conditions from buffer G
containing 0.1 M KCland 2 mM MgCl, to buffer G containing
only 0.6 mM MgCl, and is also independent of the degree of
fluorochrome label on the actin. Thus, the affinity of ADF
for actin is not affected significantly either by fluorochrome
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Table I: Dissociation Constants for the Actin~ADF Complex Determined under Different Conditions

actin

fluorescence actin-bound actin critical dissociation
label nucleotide ionic conditions concn (uM) constant (uM)
78% NBD ATP 0.1 M KCl, 2 mM MgCl, 0.12 0.16
78% NBD ATP 0.1 M KCJ, 2 mM MgCl, 0.15 0.14
49% pyrene ATP 0.1 M KCl, 2 mM MgCl, 0.18 0.09
34% pyrene ATP 0.6 mM MgCl, 1.13 0.11
25% pyrene ADP 0.1 M KCl, 2 mM MgCl, 2.25 1.26
25% pyrene AMPPNP 0.1 M KCl, 2 mM MgCl, 0.30 0.11
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FIGURE 4: ADF inhibits ATP hydrolysis by actin. [y-32P]ATP-G- b4 £
actin (4.8 uM) was polymerized by the addition of KCl and MgCl, ° r . 7
to 0.1 M and 2 mM, respectively, in the absence (®) or presence of 3 ]
8.7 uM ADF (). The release of radioactive phosphate was measured. el IS x .
Control samples contained G-actin in the absence of added salts and
in the presence (M) or absence (O) of ADF. F YWY SEELEE
.. .
modification of actin or by changes in ionic strength between 0 2 3 4
about 10 and 220 mOsm. ADF (uM)

Interaction of ADF with Actin Containing Different Bound
Nucleotides. The effect of ADF on the hydrolysis of ATP by
actin under different ionic conditions is shown in Figure 4.
ADF does not stimulate the negligible rate of ATP hydrolysis
which occurs with G-actin alone. A molar excess of ADF
completely inhibits the rate increase observed upon addition
of salts (0.1 M KCl and 2 mM MgCl,, final concentration)
to the G-actin. Thus, the inhibition of actin assembly by
ADF also inhibits the ATP hydrolysis which normally
accompanies actin assembly. AtpH 8.0, ADF depolymerizes
pyrenylactin filaments containing either ADP or AMPPNP
as the only nucleotide, yielding Kps of 1.26 and 0.11 uM,
respectively (Table I). Thus, nucleotide hydrolysis is not
necessary for ADF activity.

Depolymerization of F- Actin by Titrationwith ADF. The
fluorescence of pyrenyl-F-actin is decreased by addition of
" ADF. The drop in fluorescence is rapid, a new steady-state
level being reached in about the time it takes to mix the ADF
and actin. However, the ADF titration curve for pyrenyl-
actin depolymerization is sigmoidal in shape (Figure 5A).
This sigmoidicity is not due to ADF preferentially binding to
the unlabeled form of actin since identical curves were obtained
using actin modified to 6.3% or 67% with pyrene. However,
depolymerization of NBD-F-actin is linear and directly
proportional to ADF concentration (Figure 5B), regardless
of the extent of modification with NBD. The reason for the
different results for actin modified with the two fluorochromes
is unclear, but the results may indicate that ADF has a more
complex interaction with pyrenylactin (either monomer or
polymer) which impacts the final fluorescence.
pH Dependence of ADF Binding and Depolymerizing
F-Actin. The pH dependence of the cosedimentation of ADF
with F-actin is apparent from the results of SDS-PAGE shown
inFigure 6A. Toquantify ADF binding to F-actin at different

FiGuRE 5: Depolymerization of F-actin by titration with ADF. (A)
Pyrene-G-actin [6.3% pyrene (@) or 67% pyrene (W)] was polymerized
by the addition of KCl and MgCl; to 0.1 M and 2 mM, respectively.
ADF or ADF buffer was then added. The final concentration of actin
in both experiments was 4 uM. After 4 h, the fluorescence of the
samples was determined. Base-line values were obtained from identical
samples but without added salts. (B) Conditions were identical to
those described in (A). F-Actin (4 uM) was labeled with 7.6% NBD
(@) or 77% NBD (m). Base-line values were obtained from identical
samples but without added salts.

pHs while keeping the major components of the solution
constant, we repeated this experiment with varying concen-
trations of recombinant ADF (rADF) and 5 uM actin in a
series of buffers containing both 15 mM Tris and 15 mM
Pipes at 0.3 pH unit intervals between 6.5 and 8.0. Standard
curves run internally on each gel ensured that quantitative
measurements of both rADF and actin were obtained within
the linear range. At pHs below 7.1, rADF binds to F-actin
(Figure 6B), and has low (but measurable) depolymerizing
activity (Figure 6C). At pH 8, rADF no longer sediments
with F-actin and has maximal depolymerizing activity (Figure
6B, C). Bothactivities wereevident throughout the intervening
pH range and electron microscopy (not shown) gave qualitative
confirmation of these results. Identical binding curves were
obtained at pH 7.5 in either Pipes buffer or Hepes buffer
(data not shown). Replotting the binding results obtained
using a 2.5 molar excess of rADF along with the percent of
actin depolymerized at each pH shows the reciprocal rela-
tionship between F-actin binding and depolymerization (Figure
7). The largest increase in depolymerizing activity and the
largest decrease in rADF binding to F-actin occur between
pH 7.1 and 7.4.

The binding of rADF to F-actin at pH 6.8 was studied in
more detail using 10 uM F-actin. The cooperative nature of
the rADF binding is evident in Figure 8A. Pellets were



Interaction of ADF with Actin

A

pH 6.8 8.0
phalloidin - + - +

Actin =@ o - @

ADF in Pellet (ug)
o = N @ & 0
T

-

[-1]

N

510 —*
€ s -2
g

- 6

(] 4 &
c
: 2 -
Q

<

uw

& 012

4 6 8 1

ADF (1M)
Ficure 6: Effect of pH on the cosedimentation of ADF and F-Actin.
F-Actin (5 uM final concentration) in 15 mM Pipes/15 mM Tris
buffers containing 2 mM MgCl; and 0.1 M KClI at the pHs shown
was incubated with different amounts of ADF, and after 30 min, the
samples were centrifuged at 170000g for 30 min. The supernate was
removed, and the pellets were rinsed with the buffer and then
resuspended in 40 uL of sample preparation buffer for SDS-PAGE.
The ADF and actin in each sample were quantified by densitometric
analysis of Coomassie Blue-stained gels containing ADF and actin
standards. (A) Representative gel showing supernate (S) and pellet
(P) fractions of the actin sample incubated with 0.5 mol of ADF /mol
of actin at pH 6.8 and 8.0 in the presence (+) or absence (-) of 20
1M phalloidin. (B) ADF in the pellet fraction of actin assembled at
different pHs in the presence of differing ADF concentrations. Values
are corrected for the amount of ADF sedimenting in the absence of
F-actin (less than 3% of total ADF in pellet). pH 8.0 (¢); pH 7.7
(m); pH 7.4 (®@); pH 7.1 (¢); pH 6.8 (O); pH 6.5 (0). (C) Percent
of F-actin depolymerized by ADF at the different pHs. Symbols
identical to those in (B).

resuspended in small volumes of buffer for gel analysis so that
a level of rADF equal to 1% or more of the actin could have
been detected and quantified if present. This binding study
was repeated using brain ADF and 5 uM actin, and the molar
ratio of ADF to actin in the pellet fractions was calculated
by quantifying both ADF and actinin the same samples (Figure
8B). This ratio reaches a maximum of 1:1 evenata 2.5 molar
excess of ADF. A Hill plot of these binding data (Figure 8B,
inset) is linear with a Hill coefficient of 2.5 determined by
computer fit of the data to the Hill equation. Addition of
profilin (2-10 pM) had no effect on ADF binding and
cosedimenting with F-actin; however, 20 uM phalloidin added
prior to the ADF completely inhibited ADF binding (Figures
6A and 8B).

The depolymerizing activity of ADF was studied in more
detail using the sedimentation assay. Incubation of 10 uM
F-actin withincreasing concentrations of ADF at pH 8.0 results
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FiGURE 7: Effects of pH on the actin depolymerizing activity of
ADF and the binding of ADF to F-actin. Amounts of ADF and actin
in pellet and supernate fractions were obtained from the SDS-PAGE
analysis of experiments shown in Figure 6B,C in which 5 uM F-actin
was incubated with a 2.5 molar excess of ADF. ADF in the pellet
(O) is expressed as the percent of the maximum (occurring at pH
6.8 or 7.1) and is corrected for ADF sedimenting in the absence of
actin. The fraction of actin depolymerized (O) is corrected for G-actin
which pellets in the absence of salts.
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FiGure 8: Binding of ADF to F-actin at pH 6.8. (A) F-Actin (10
uM final concentration) was incubated at pH 6.8 in 15 mM Pipes/15
mM Tris containing 0.1 M KCI and 2 mM MgCl; with various
concentrations of rADF (100-uL final volume), and the samples were
centrifuged. The protein pellets were washed once with assembly
buffer and solubilized in SDS-PAGE sample preparation buffer.
ADF and actin were quantified as described under Materials and
Methods. Data are from four separate experiments. INSET: Ex-
panded plot of the data at lower rADF concentrations. (B) Similar
experiment to that described above but done with 5 uM F-actin and
brain ADF in a 50-uL final volume. The molar ratio of ADF to actin
in the pellet fraction is also plotted. (A) Binding experiment in which
the F-actin was incubated with 20 uM phalloidin prior to the addition
of the ADF. INSET: Hill plot of these binding data. The occupied
sites (8) were taken as the moles of ADF per mole of actin in the
pellet. The free ADF concentration was taken as that remaining in
the supernate fraction. The slope of this plot is the Hill coefficient,
the best fit being 2.5.

in complete depolymerization of the actin (Figure 9). Electron
microscopic observations of these samples confirmed the
absence of actin filaments at ADF concentrations above 10
uM. Thisdepolymerization curve could be fit to the transform
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FIGURE 9: Depolymerization of F-actin by ADF as measured by
sedimentation. (@) Actin (10 uM) was assembled with salts at pH
8.0 as described under Materials and Methods. After 30 min, ADF
was added to give the concentrations shown. After 3 h, the samples
were centrifuged, and the actin in the supernate and pellets was
quantified. The solid line is a computer fit to eq 2 and gives a Kp =
0.17 uM. (0) Data for experiments in which 20 uM phalloidin was
added either 10 min prior to or 10 min after addition of ADF at pH
8.0. (W) Actin (13.6 uM) was assembled with salts at pH 6.8. ADF
was added after 30 min and after 3 h, the samples were centrifuged,
and the actin in the supernate and pellets was quantified. The ADF
concentration shown is that calculated for the supernate (total ADF
minus that pelleted with F-actin). The dashed straight line is the best
computer fit of the data to eq 2, giving a new critical concentration
of actin (3.76 uM) and a Kp, for the ADF-actin complex of 16.1 uM.

of the expression for Kp (eq 1):
Ag={A4,- G- [P,/(1 + Kp/Gp)1}/ 4, 2

which states that the fraction of assembled actin (A4y) is
dependent on the critical actin concentration (Gp), the total
actin concentration (A;), the total monomer binding protein
concentration (P;), and the Kp of the complex (Tobacman &
Korn, 1982). The dissociation constant which best fits these
data is 0.171 uM, a value consistant with those derived from
other methods reported above. Addition of 20 M phalloidin
tothe actin, either before or after the ADF, completely inhibits
the increase in the actin monomer pool, demonstrating that
phalloidin both can protect the actin from ADF-induced
depolymerization and can drive the assembly of F-actin from
the ADF-actin complex (Figure 9). No ADF appeared in
the F-actin pellets obtained at pH 8.0 in the presence of
phalloidin (Figure 6A).

At pH 6.8, ADF cosediments with actin filaments and
demonstrates only weak depolymerizing activity. In Figure
9, the fraction of actin in the pellet is plotted against the ADF
concentration remaining in the supernate. The resulting curve
best fits a model in which (1) ADF binding to F-actinincreases
the critical concentration (presumably by altering the off- or
on-rates at the filament ends) and (2) the ADF demonstrates
a much reduced affinity for the actin monomer in solution.
The best fit of these data to eq 2 gives a Kp of 16.1 uM, 2
orders of magnitude weaker binding to actin monomer than
is observed at pH 8.0. Alternatively, actin may be severed by
ADFat pH 6.8, and the smaller actin fragments and associated
ADF may not sediment completely under our conditions. Other
assays to evaluate these alternatives need to be done.

ADF Has a Weak F-Actin Severing Activity. The elon-
gationrate of pyrenylactin assembly induced by 1 mM MgCl,
is slightly faster in the presence of substoichiometric amounts
of ADF (0.23 mol/mol of actin) than in its absence (Koffer
et al., 1988). However, the presence of ADF also produces
a slightly longer lag period and the expected inhibition in the
final extent of actin assembly. Theseassembly kinetics suggest
that ADF is capable of severing newly formed pieces of F-actin,
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FIGURE 10: ADF seversactin filaments but does not prevent filament
number redistribution after severing. (A) Pyrene—G-actin (14.4 uM;
30% pyrene) was polymerized at 25 °C for 2 h in buffer G plus 1 mM
MgCl,. Samples of the F-actin were incubated with varying amounts
of ADF or ADF buffer for 2 min such that the final concentration
of F-actin was 10.7 uM and that of ADF was 0 (@), 0.12 (A), 0.24
(m), 0.96 (X), or 2.4 uM (#). At zero time, pyrenylactin monomers
(30% pyrene; 3.0 uM), preequilibrated for 1 min with buffer G plus
1 mM MgCl,, were added, and the fluorescence was followed over
time. At zero time, [pyrene-G-actin] = 2.62 uM and [pyrene-F-
actin] = 1.40 uM. Assembly of pyrene-G-actin in the absence of
both pyrene—F-actin and ADF (O), and in the absence of pyrene—
F-actin but with the addition of 1.2 uM ADF (0O). INSET: relative
initial rate of assembly versus the ADF concentration under conditions
that included 2.0 X 104 M Ca?* (0) or 2.0 X 104 M Ca?* plus 1
mM EGTA (@). Values obtained in the absence of ADF were taken
as 1.0. (B) Pyrene—F-actin (12.5 uM; 40% pyrene) was incubated
with ADF buffer (@) or with 3.1 uM ADF for 0.5 (¢), 5 (X), 15
(m);and 25 min (A) at which times aliquots were removed and assayed
for their ability to nucleate assembly of pyrene—-G-actin (3 uM; 40%
pyrene). At zero time, [pyrene—G-actin] = 2.60 uM and [pyrene—
F-actin] = 1.62 uM. Results shown were obtained in the presence
of 0.2 mM Ca?*, INSET: relative initial rate of assembly versus the
time of incubation for the pyrene-F-actin/ADF solution under
conditions of 2.0 X 10+ M Ca?* (O) or 2.0 X 10# M Ca?* plus 1
mM EGTA (e@).

creating additional sites of nucleation that enhance the rate
of polymerization, but that ADF also removes some G-actin
from the assembly-competent pool, thus taking longer to
achieve the initial nucleation steps, i.e., a longer lag phase.
Additional evidence for F-actin severing at pH 8.0 by ADF
was obtained by measuring the ability of an F-actin solution
to nucleate assembly of G-actin (Nishida et al., 1984) before
and after treatment with different concentrations of ADF
(Figure 10A). When measured soon after treatment with
ADF, the nucleating capacity of the F-actin is enhanced in
a manner dependent upon ADF concentration (Figure 10A,
inset). However, the nucleating ability of the ADF-treated
F-actin solution declined over time, approaching that of the
untreated F-actin within 25 min after ADF addition in either
the presence or the absence of calcium (Figure 10B). Previous
studies with the porcine analog of ADF (destrin) reported
that the enhanced nucleating ability of the severed filaments
was long-lived (Nishida et al., 1984). If this were the case
for ADF, one might be able to demonstrate enhanced
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FIGURE 11: Binding of cytochalasin B to F-actin in the presence of
serum gelsolin or brain ADF. F-Actin (11.6 M) was mixed with the
indicated amounts of serum gelsolin (®) or ADF (O) in the presence
of 0.5 mM CaCl, followed by equilibrium dialysis against polym-
erization buffer containing 40 nM [*H]cytochalasin B (1.0 Ci/mmol).
Values plotted are the averages of duplicate samples minus the amount
of [*H]cytochalasin B in the dialysis buffer at equilibrium. The dashed
line at the bottom of the graph represents nonspecific binding of
[*H]cytochalasin B.

cytochalasin B binding to filament ends as shown previously
for other actin severing and capping proteins (Lees et al.,
1984). Asan internal control for these experiments, we used
the known severing and capping protein serum gelsolin (brevin)
(Harris & Schwartz, 1981). Enhanced cytochalasin B binding
was observed for F-actin treated with serum gelsolin but not
for F-actin treated with ADF (Figure 11). Thus, ADF does
not prevent restoration of the original filament number
distribution after severing.

DISCUSSION

Interactions of ADF with Monomeric Actin. Previous
studies have shown that actin denatured by heating loses with
identical kinetics its ability both to assemble into filaments
and to inhibit DNase I (Heacock et al., 1982). Thus, the
DNase Linhibition assay is a sensitive method for quantifying
actindenaturation. Inaddition, the binding of actin to DNase
Iinhibits further actin denaturationinduced by EDTA (Miki,
1991). The similar rate constants obtained here for actin
denaturation in the absence of ADF and in the presence of
substoichiometric amounts of ADF suggest that only the actin
within the complex is protected from denaturation. Sincethe
denaturation of actin induced by EDTA has been shown to
result from the loss of nucleotide which follows metal ion
depletion (Miki, 1991), it seemed logical to assume that ADF
would inhibit nucleotide exchange. Such inhibition has
previously been demonstrated for the actin binding proteins
cofilin (Nishida, 1985), DNase I (Mannherz et al., 1980;
Hitchcock, 1980), and thymosin 84 (Goldschmidt-Clermont
etal., 1992). Theresultsreported hereshow ADF alsoinhibits
this exchange. The Kp, caiculated fromanalyses of the kinetics
of nucleotide loss, varied from 0.10 to 0.45 uM under these
low ionic strength conditions. Values at the lower end of this
range are in good agreement with dissociation constants
obtained here under more physiological conditions of ionic
strength by a variety of other methods.

The weak dissociation constant for ADF and ADP-actin
(Kp = 1.3 uM; Table I) is the one exception to the moderate
affinities (Kp =~ 0.1-0.2 uM) measured for all other ADF-
actin complexes at either low or physiological ionic strengths.
ADP-actin is the only form studied here that is unable to
undergo the magnesium-induced conformational shift pos-
tulated to be required in monomer activation (Frieden &
Patane, 1985; Barden & dos Remedios, 1985). Actin
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containing either ATP or AMPPNP, a nonhydrolyzable analog
(Cooke & Murdoch, 1973), assembles identically (Cooke,
1975), demonstrating that nucleotide hydrolysis is not nec-
essary for monomer activation. These findings suggest a model
in which ADF binds preferentially to actin which is in the
“activated monomer” conformation, the major form of both
assembled and unassembled actin that should exist under
intracellular conditions. If this is the case, then ADF may be
able toinduce this conformation upon binding invitro to forms
of G-actin that are capable of undergoing this conformational
change. Further studies to evaluate this possibility need to
be done.

Interactions of ADF with F- Actin. Although we previously
showed that some ADF, when it was present at high
concentrationsin cell fractions, could cosediment with F-actin
(Koffer et al., 1988), the significance of this finding was
unclear. Since the isoelectric point for ADF is about 7.9
(Giuliano et al., 1988), it was considered likely that small
amounts of this basic protein could bind and cosediment with
anacidic polymer like actin. Other studies that failed todetect
the pH dependence of ADF in depolymerizing F-actin either
used lower concentrations of ADF and actin than were used
here or only looked at the increase in actin released into the
supernate which occurs to some degree even under conditions
where much of the ADF cosediments with actin (Abe &
Obinata, 1989; Bamburg et al., 1991). However, the coop-
erativity of the binding, its saturability at a 1:1 stoichiometry,
and its relatively sharp pH dependence all suggest that this
binding is specific. The reciprocal relationship observed
between the F-actin binding and depolymerizing activities of
ADF over the pH range of 6.5-8.0 is very similar to the
activities previously reported for cofilin (Yonezawa et al.,
1985). Given the high sequence similarity (about 70%
homology) between ADF and cofilin, it is not unexpected that
these similarities in activity exist, and indeed suggest that
these two proteins may be considered isoforms generated by
related genes.

It has been reported that the mammalian homolog of ADF
(destrin) is insensitive to pH in its depolymerization of F-actin
(Nishida et al.,, 1984; Moriyama et al.,, 1992). Using a
sedimentation assay similar to that used here, Moriyama et
al. (1992) could not detect sigificant binding of recombinant
destrinto F-actinat pH 7.0. However, many different chimeric
constructs between destrin and cofilin all showed F-actin
binding at pH 7.0 with reduced binding or no binding at pH
8.3, similar to what we observed here for ADF. The only
difference in the procedure between these studies is that Hepes
was a component of the binding buffer used by Moriyama et
al. (1992) and the samples were centrifuged at higher speeds,
which should increase and not decrease the sedimentation of
ADF-F-actin complexes. We show here that ADF binds
identically to F-actin in either Hepes or Pipes. Hawkins et
al. (1993) demonstrated that human ADF (identical in
sequence with porcine destrin) shows cooperative pH-sensitive
F-actin binding similar to what we observe with chick ADF.
Thus, itisdifficult to reconcile the differences reported between
the pH-sensitive F-actin binding of ADF and destrin, other
than to suggest that the additional nine amino acids on the
N-terminus of the bacterial expressed destrin used in the studies
of Moriyama et al. (1992) affected its pH-dependent F-actin
binding, but not that of the chimeric proteins. Our recom-
binant ADF, which is expressed with three additional N-ter-
minal amino acids, behaved identically to ADF isolated from
brain in its pH-dependent F-actin binding (see Figure 8).
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The ability of ADF to sever actin filaments is demonstrated
by the enhanced ability of F-actin treated with ADF to nucleate
assembly of G-actin. Similar studies done with the ADF
analogs porcine destrin and starfish oocyte depactin (Nishida
etal., 1984) demonstrated enhanced nucleation, but this effect
persisted for many hours after the F-actin was treated with
these proteins. In our hands, actin severed by ADF either
reanneals (Murphy et al., 1988) or redistributes to approach
the original filament number concentration within a short
time. The ADF-actin complex neither severs F-actin nor
hydrolyzes ATP, an activity which presumably would be
required to serve as an energy source for continuous severing.
Three ways in which these differences between ADF and the
porcine destrin might be explained come to mind: (1) the
porcine brain destrin differs in its activity from chick brain
ADF; (2) the pH at which the severing assay was performed
by Nishida et al. (1984) alsoallowed filament binding of ADF,
and this binding serves torestrict reannealing or redistribution;
or (3) actin capping proteins might have been present to prevent
redistribution. Explanation 1 seems unlikely in view of recent
studies with bacterially expressed human ADF (destrin) that
show filament number redistribution occurs with kinetics
similar to those observed here for chicken ADF (Hawkins et
al.,, 1993). Explanation 2 is more difficult to assess. Our
studies were done at pH 8.0 where ADF does not cosediment
with F-actin while those of Nishida et al. (1984) were done
at pH 7.5 where ADF can both depolymerize and cosediment
with F-actin. Nosystematicstudy has been doneto determine
if ADF bound to F-actin affects filament reannealing or
redistribution, although the increased critical actin concen-
trationinduced by ADF bound to F-actin at pH 6.8 (see Figure
9) suggests that the bound ADF may have such an effect.
Explanation 3 is also possible since F-actin capping proteins
are plentiful in brain [see review by Bamburg and Bernstein
(1991)] and only small amounts of such a protein would be
required to prevent filament redistribution following severing.

Role of ADF in Modulation of Actin Assembly in Cells.
Is the F-actin severing activity of ADF important to its function
in cells or is the activity too weak to be of significance? If
conditions exist within cells whereby ADF can bind cooper-
atively to regions of F-actin, activation by increasing pH could
lead to rapid fragmentation and release of ADF-actin
complexes. Such conditions might occur, for example, in
fibroblasts, where activation of quiescent cells with growth
factors leads to restoration of motility which is accompanied
by a change in cytoplasmic pH from below 7.1 to about 7.3
(Shuldiner & Rosengurt, 1982; Moolenaaretal., 1984). ADF
has been observed at the leading edge of fibroblasts and in the
motile growth cones of neurons (Bamburg & Bray, 1987; J.
R. Jensen, M. DeWit, and J. R. Bamburg, submitted for
publication). Other cells have shown cytoplasmic alkalin-
ization of 0.1-0.2 pH unit accompanying changes in shape
and secretion (Rodriguez Del Castillo et al., 1992), processes
which are also accompanied by changes in the assembly state
of actin filaments (Bernstein & Bamburg, 1989; Vitale et al.,
1991). Much larger changes in localized pH than these
average values suggest are quite possible, especially in
submembrane domains underlying regions of active Na*/H*
exchange.

How does actin depolymerized by ADF return to the
assembly competent pool? When ADF depolymerizes F-actin,
the actin in the resulting complexes would contain ADP as
the bound nucleotide, and the exchange of ADP for ATP is
inhibited by ADF. However, another actin monomer binding
protein, profilin, has the capacity to stimulate nucleotide
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FIGURE 12: Schematic model summarizing the interactions of ADF
with G- and F-actin.

exchange (Nishida, 1985; Goldschmidt-Clermont et al., 1992),
even from ADF-actin complexes (S. M. Hayden and J. R.
Bamburg, unpublished observations), suggesting that actin
may turn over rapidly from ADF-actin complexes formed in
vivo. Other modulators of ADF-actin binding are the
tropomyosins (Bernstein & Bamburg, 1982; Bamburg &
Bernstein, 1991), which inhibit ADF-induced F-actin depo-
lymerization, and the inositol phospholipids, which have been
shown to enhance the dissociation of actin from several actin
binding proteins (Lassing & Lindberg, 1988; Janmay et al.,
1987), including destrin (Yonezawa et al., 1990). Inaddition,
ADF activity is regulated by phosphorylation (Morgan et
al.,1993), a reaction catalyzed by cellularkinases under control
of signal transduction pathways (Baorto et al., 1992). In
most tissues and cells examined to date, 10-60% of the total
immunoreactive ADF pool is present as an inactive, phos-
phorylated ADF (Morgan et al., 1993). The model presented
in Figure 12 depicts the pH-dependent cooperative F-actin
binding and severing/sequestering activities of ADF along
with its regulation by phosphorylation. In addition, the
reactivation of the actin monomer pool requiring nucleotide
exchange from the ADF-actin complex is included.

Both ADF and cofilin exist in the same cells and have similar
subcellular distributions within the cells (myocytes, neurons,
and fibroblasts) in which they have both been examined
(Bamburg & Bray, 1987; Yonezawa et al., 1987; Ono et al.,
1993; J. R. Jensen, M. DeWit, and J. R. Bamburg, submitted
for publication). Thus, one might ask what two functionally
similar proteins are doing in the same cell. Similar questions
have been raised concerning the multiple isoforms of many
of the cytoskeletal proteins which come from different genes,
including actin (Vandekerchove & Weber, 1978). While it
seems likely that some differences in cellular function may
eventually be found for ADF and cofilin, perhaps involving
subtle differences in their affinities for the different actin
isoforms, it is quite clear that one major reason for their
existence is so that the expression of proteins with their activity
can be differentially regulated in a tissue-specific fashion
during development (Bamburg & Bray, 1987; Abe & Obinata,
1989; Morgan, 1990).

Since ADF, and presumably other members of its family,
can provide a reactive monomer pool through which the effects
of other monomer-sequestering proteins, such as profilin (Cao
et al., 1992) and thymosin 8, (Cassimeris et al., 1992; Yu et
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al.,, 1993), can be enhanced (J. R. Bamburg, unpublished
observations), the spatial and temporal regulation of ADF in
cells will have a dramatic effect on the local cytoarchitecture.
The fact that this protein family is so widespread in nature,
including its recent discovery in plants (Kim et al., 1993), and
the finding that its inactivation in yeast is a lethal mutation
(Moon et al., 1993) suggest that it plays an essential and
fundamental role in regulating actin filament dynamics in a
wide variety of cell types.
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