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ABSTRACT Effects of proteolytic modifications of the DNase-I-binding loop (residues 39-51) in subdomain 2 of actin on
F-actin dynamics were investigated by measuring the rates of the polymer subunit exchange with the monomer pool at steady
state and of ATP hydrolysis associated with it, and by determination of relative rate constants for monomer addition to and
dissociation from the polymer ends. Cleavage of actin between Gly-42 and Val-43 by protease ECP32 resulted in enhance-
ment of the turnover rate of polymer subunits by an order of magnitude or more, in contrast to less than a threefold increase
produced by subitilisin cleavage between Met-47 and Gly-48. Probing the structure of the modified actins by limited digestion
with trypsin revealed a correlation between the increased F-actin dynamics and a change in the conformation of subdomain
2, indicating a more open state of the filament subunits relative to intact F-actin. The cleavage with trypsin and steady-state
ATPase were cooperatively inhibited by phalloidin, with half-maximal effects at phalloidin to actin molar ratio of 1:8 and full
inhibition at a 1:1 ratio. The results support F-actin models in which only the N-terminal segment of loop 39-51 is involved
in monomer-monomer contacts, and suggest a possibility of regulation of actin dynamics in the cell through allosteric effects

on this segment of the actin polypeptide chain.

INTRODUCTION

The dynamics of actin filaments is of primary importance
for actin functions in the cell. Cell spreading and formation
of adhesion sites on a solid substrate is accompanied by
microfilament association into myofibril-like arrays, stress
fibers, which rapidly disassemble when the cell starts to
move in response to surface stimulation (for a review see
Byers et al., 1984). Protrusion and crawling movement of
motile cells, neurite growth cone motility (reviewed by
Stossel, 1993; Small et al., 1996), or extension of the
acrosomal process of certain echinoderm spermatozoids
(Tilney and Inoue, 1982) are driven by directional polymer-
ization of actin. Listeria monocytogenes and other patho-
genic bacteria make use of polymerization of actin recruited
from the host to propel themselves through the cytoplasm of
infected cells (reviewed by Lasa et al., 1998).

Actin dynamics also reveals itself in a steady-state ex-
change of the filament subunits with the monomer pools.
The exchange occurs even in relatively stable filament
assemblies, such as stress fibers, which in stationary cells
can persist for hours, and in mature myofibrils (reviewed by
Jockusch et al., 1986; Littlefield and Fowler, 1998). The
most dynamic are the filaments in locomoting cells. Exten-
sion of lamellipodia and filopodia, initiated by formation of
new filaments at the leading edge of the cell, is supported by
continuous net growth of these filaments at their barbed
ends facing the cell membrane, while the net depolymeriza-
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tion at the pointed ends directed toward the cell interior
provides monomers for their recycling into new filaments
(reviewed by Small et al., 1996). This treadmilling mecha-
nism was first observed for actin in vitro (Wegner, 1976).
However, the treadmilling rate in vitro has long been re-
garded too slow to account for lamellipodia protrusion in
fast migrating cells or for propulsion of Listeria. This dis-
crepancy seems to be resolved by recent studies on non-
muscle actins and on actin-binding proteins that can regu-
late actin filament turnover (reviewed by Carlier, 1998;
Chen et al., 2000).

The treadmilling is based on a vectorial hydrolysis of
actin-bound ATP during filament growth that creates a
difference in critical concentrations for polymerization at
the pointed end, bearing F-ADP subunits, and at the barbed
end, carrying newly incorporated F-ATP subunits (reviewed
by Carlier, 1989). Nucleotide-dependent allosteric changes
that might underlie the difference in the monomer-monomer
affinity between ATP-monomers and ADP-monomers have
been detected in electron microscopic studies on F-actin
(Orlova and Egelman, 1992; Belmont et al., 1999) and in
biochemical studies on both G- and F-actin (Frieden and
Patane, 1985; Strzelecka-Gotaszewska et al., 1993; Muhlrad
et al., 1994; Kim et al., 1995; Moraczewska et al., 1996,
1999). These changes have been localized to subdomain 2
of actin, in particular its surface loop 39-51, known as the
DNase-I-binding loop, and to the C-terminal area in subdo-
main 1. The nucleotide-dependent rearrangement of the
DNase-I-binding loop has been confirmed by the most
recently reported crystal structure of uncomplexed G-actin
in the ADP state (Otterbein et al., 2001).

Atomic models of the actin filament published thus far
(Holmes et al., 1990; Lorenz et al., 1993; Tirion et al., 1995)
predict that the DNase-I-binding loop is involved in the
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monomer-monomer contacts along the two-start F-actin he-
lix. This prediction is supported by biochemical data show-
ing that chemical or proteolytic modifications of loop
39-51 perturb polymerization of actin (Hegyi et al., 1974;
Schwyter et al., 1989; Khaitlina et al., 1991, 1993), and with
polymerization-related changes in the fluorescence of dan-
syl probes on GIn-41 (Takashi, 1988; Kim et al., 1995;
Moraczewska et al., 1999). However, the arrangement of
this loop in F-actin and, consequently, its contacts has not
yet been unequivocally established. The uncertainties arise
from the fact that, in monomeric actin, it is the most mobile
area of the molecule (McLaughlin et al., 1993), and the
crystal structure used to build the F-actin models (Kabsch et
al., 1990) shows it in the conformation stabilized by its
direct binding to DNase-I. The refined versions of the model
(Lorenz et al., 1993; Tirion et al., 1995) improved the fit to
electron microscopic three-dimensional reconstructions of
F-actin by shifting subdomain 2 (or subdomains 1 and 2)
toward the filament axis and by a rearrangement of loop
39-51. Different modes of the refinement resulted in a
strikingly different orientation of this loop and different
number of its intermonomer interactions in the two models
(Ben-Avraham and Tirion, 1995). One should also mention
that the models are based on x-ray fiber diffraction patterns
from F-actin gels stabilized by phalloidin, and the confor-
mation of loop 39-51 as well as the orientation of the whole
subdomain 2 in the polymer are strongly influenced by this
toxin (Lorenz et al., 1993; Orlova et al., 1995).

We have previously shown that proteolytic cleavage of
loop 39-51 between residues 42 and 43 (Khaitlina et al.,
1991, 1993) has a stronger inhibitory effect on polymeriza-
tion of actin than the cleavage of the same loop between
residues 47 and 48 (Schwyter et al., 1989). Here we have
investigated the dynamic properties of the filaments assem-
bled from such modified actins. The rates of the polymer
subunit exchange with the monomer pool at steady state
were examined by measuring the rates of ATP hydrolysis
associated with the monomer incorporation into the polymer
and, directly, by following incorporation of fluorescently
labeled G-actin into non-labeled F-actin. These measure-
ments were supplemented with determination of changes in
rate constants for monomer addition to and dissociation
from the filament ends. Limited proteolysis with trypsin
was used to probe changes in actin structure. The results are
discussed in terms of distinct roles of various parts of the
DNase-I-binding loop in the monomer-monomer interac-
tions and in the dynamic properties of actin filament.

MATERIALS AND METHODS

Reagents

Trypsin (from bovine pancreas, TPCK-treated), subtilisin (Carlsberg, from
Bacillus licheniformis), Hepes, dithiothreitol, 1,N°-etheno-ATP (e-ATP),
and ATP were purchased from Sigma Chemical Co. (St. Louis, MO). SDS
was from Carl Roth KG Chemische Fabrik (Karlsruhe). N-(1-pyrenyl)-
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iodoacetamide was from Molecular Probes (Eugene, OR). The protease
ECP32 from Escherichia coli A2 strain was kindly provided by Drs. A.
Morozova and A. Malinin (Institute of Cytology, St. Petersburg, Russia).
All other reagents used in experiments were of analytical grade.

Protein preparations

Rabbit skeletal muscle actin was prepared according to Spudich and Watt
(1971) with additional purification by gel filtration on a Sephadex G-100
column. G-actin was stored in buffer containing 2 mM Hepes, pH 7.6, 0.2
mM ATP, 0.1 mM CacCl,, 0.2 mM dithiothreitol, and 0.02% NaN; (buffer
G). Actin fluorescently labeled at Cys-374 with N-(1-pyrenyl)iodoacet-
amide was prepared as described previously (Khaitlina et al., 1993). The
extent of labeling was determined spectrophotometrically using an absorp-
tion coefficient of 2.2 X 10* M~' cm ™" at 344 nm (Kouyama and Mihashi,
1981). Ca-G-actin was transformed into Mg-G-actin by a 3—5 min incu-
bation with 0.2 mM EGTA/0.1 mM MgCl, at 25°C. The concentration of
G-actin was determined spectrophotometrically using an absorption coef-
ficient of 0.63 mg ml~' at 290 nm (Houk and Ue, 1974). The absorbance
values for pyrenyl-labeled actin were corrected for the contribution of the
label by subtracting 0.33 X Aju,.

ECP-cleaved actin was obtained using a preparation of E. coli protease
ECP32 additionally purified to remove a contamination with an ATPase
activity (Morozova et al., 2001). Ca-G-actin (2-3 mg/ml) was digested at
an enzyme to actin mass ratio of ~1:100, overnight, at 4 uM. Since actin
cleaved with protease ECP 32 between Gly-42 and Val-43 is fairly resistant
to further digestion with this protease, it was not necessary to use any
protease inhibitor. The cleaved actin was used within 10—12 h.

Subtilisin-cleaved actin was prepared as described by Schwyter et al.
(1989) except that an enzyme-to-actin mass ratio was 1:1500. The cleavage
was followed by one cycle of polymerization-depolymerization.

ATP hydrolysis measurements

Hydrolysis of ATP in G-actin solutions, during polymerization, or in
F-actin solutions at steady state was followed by determination of released
P, with the highly sensitive Malachite Green method (Kodama et al., 1986),
after quenching the reaction with an equal volume of ice-cold solution of
0.6 M perchloric acid and removal of precipitated protein by centrifuga-
tion.

Measurements of the relative number
concentration of actin filaments

The relative number concentration of the filaments in solutions of intact
and proteolytically modified F-actins was determined by comparing their
abilities to nucleate polymerization of G-actin above its critical concentra-
tion in polymerizing buffer. We used the assay described by Carlier et al.
(1984) with certain modifications. Pyrenyl-labeled (in 9%), 12 uM Mg-
G-actins were polymerized with 0.1 M KCl to steady state in the presence
of 10 uM Hepes, pH 7.6, and 0.5 mM ATP, at 25°C. Aliquots of these
solutions were diluted 24-fold, using truncated Pipetman tips, into 9%
pyrenyl-labeled 5 uM ECP-cleaved Mg-G-actin or 3 uM Ca-G-actin
supplemented with 0.1 M KCI several seconds before addition of the
F-actin seeds. The solutions were mixed in the fluorescence cuvettes by
inverting the cuvettes five times. This procedure resulted in a dead time of
~10 s, after which the increase in the pyrenyl fluorescence associated with
polymerization of the labeled G-actin (Kouyama and Mihashi, 1981) was
recorded at 25°C. The relative number concentration of filaments in F-actin
seed solutions is given by the ratio of the rates of filament elongation
derived from the slopes of initial linear parts of the fluorescence curves.
The filament number in solutions of both cleaved and intact F-actin was
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stable from ~60 min to at least 120 min after addition of KCI and, in this
time range, it was proportional to the F-actin concentration.

The use of the Ca-form of G-actin was convenient for two reasons. It
ensured stability of the G-actin solution during long-lasting experiments
and the lag phase in the KCl-induced polymerization long enough to
exclude the contribution of spontaneous polymerization to the measured
initial elongation rate. For this assay the Ca-G-actin was diluted with a
Ca®"-free buffer. Because F-actin-bound divalent cation is virtually unex-
changeable, it was assumed that free Ca®* present in the G-actin solution
(5-10 uM, with 4 uM MgCl,/8 uM EGTA introduced with F-actin) did
not replace the bound Mg?* in F-actin seeds under polymerization condi-
tions of the assay.

Measurements of the relative rate constants for
monomer addition to and dissociation from the
filament ends

Relative rate constants for monomer addition to (k. ) and dissociation from
the filament ends (k_) were determined from plots of the initial rates of
filament elongation on F-actin seeds, or the rates of F-actin depolymeriza-
tion, versus the monomer concentration, using pyrenyl-labeled actin to
monitor the changes in F-actin concentration. The measurements were
performed essentially as described by Carlier et al. (1986). The seeds (12
uM, 9% pyrenyl-labeled Mg-F-actins in 0.1 M KCl, 10 mM Hepes, pH 7.6,
and 0.5 mM ATP) were diluted into solutions of Mg-G-actin, intact or
cleaved, as described above for determination of the relative number
concentration of the filaments. Both the polymer elongation and depoly-
merization were assayed in the presence of 0.1 mM MgCl,, 0.2 mM EGTA,
0.5 mM ATP, and 0.1 M KCIl, with G-actins pyrenyl-labeled at the same
extent as the F-actin seeds, at 25°C, in the range of G-actin concentrations
at which no spontaneous polymerization occurred within the time neces-
sary to measure the initial rate of the nucleated polymerization. The series
of the measurements with intact and cleaved G-actins were performed
immediately one after another, within 60—-90 min after polymerization of
the corresponding seed solution, and were started and terminated with
determination of the relative number concentration of filaments in the seed
solutions as described above. To convert the initial changes in the pyrenyl
fluorescence into changes in F-actin concentration, the fluorescence change
associated with polymerization to a steady state of 1 uM actin was
calculated for each of the assayed actins from the fluorescence increase
observed on its polymerization to steady state at the concentration of 12
uM, with F-actin concentration calculated as the difference between the
total actin and the critical concentration determined in the same experiment
by the elongation assay. Then the rates were normalized to the same
number concentration of filaments in the seed solutions, except for the
cases when polymerization of different G-actins was nucleated by the same
F-actin, either intact or cleaved.

Exchange of the tightly bound nucleotide

The dissociation rates of G-actin-bound nucleotide, which are rate-limiting
for the exchange reaction, were determined by displacing the bound ATP
with e-ATP added in a high excess over ATP (free and initially bound to
actin), so that the rebinding of ATP could be neglected. The concentration
of free ATP in G-actin solutions was diminished to 1 uM by passing the
protein (2.5-3.5 mg/ml) through a Sephadex G-25 column equilibrated and
eluted with buffer G containing ATP at that concentration. The gel-filtered
protein was diluted to 5 uM, transformed into Mg**-bound form by
incubation for 3 min with 0.2 mM EGTA/0.1 mM MgCl,, and the ex-
change reaction was immediately started by addition of 0.1 M e-ATP.
Incorporation of e-ATP into G-actin was monitored by measuring an
increase in the fluorescence intensity at 410 nm after excitation at 350 nm.
Concentration of e-ATP was determined spectrophotometrically using an
absorption coefficient of 5700 M~ ' ¢cm ™' at 265 nm (Secrist et al., 1972).
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Probing the conformation of actin by limited
digestion with trypsin

Digestions with trypsin were performed as described in the figure legends.
The proteolysis was stopped with soybean trypsin inhibitor added at a
threefold mass excess over trypsin. Digestion products were analyzed by
SDS/PAGE performed according to Laemmli (1970) on 12% (mass/vol)
gel slabs. Densitometry of Coomassie Blue-stained protein bands was
performed in a Shimadzu CS-9000 dual-wavelength flying-spot scanner.

Fluorescence and light-scattering measurements

All fluorescence and light-scattering measurements were performed in a
Spex Fluorolog 2 spectrofluorimeter. Fluorescence intensity of pyrenyl-
labeled actin was monitored at 407 nm after excitation at 365 nm
(Kouyama and Mihashi, 1981). Intensity of light scattered at 90° was
measured at 350 nm.

Electron microscopy

Solutions of 24 uM F-actin were diluted 10-fold with an appropriate buffer
solution, applied to carbon-coated grids covered with Formvar, and nega-
tively stained with 1% (w/v) uranyl acetate. Specimens were examined in
a Joel JEM 1200 EX electron microscope at an accelerating voltage of
80 kV.

RESULTS

Effects of proteolytic cleavages within loop 39-51
on ATP hydrolysis in solutions of F-actin at
steady state

Hydrolysis of actin-bound ATP associated with salt-induced
polymerization of skeletal muscle actin containing Mg>" at
the high-affinity site (Mg-actin) is tightly coupled to the
incorporation of the monomers into polymer (Carlier et al.,
1987). When polymerization is complete, F-actin continues
to hydrolyze free ATP in solution at a constant steady-state
rate which, in ionic conditions optimal for polymerization
and at temperatures in the range 20—25°C is, however, very
low (Asakura and Oosawa, 1960). As shown in Fig. 1, when
Mg-actin cleaved between residues 42 and 43 with ECP was
polymerized with 0.1 M KCI at 25°C, P; liberation did not
level off after a steady state of polymerization had been
reached, but continued with a rate similar to that during the
polymer growth.

Fig. 2 shows that cleavage of actin between residues 47
and 48 with subtilisin (Schwyter et al., 1989) influenced
ATP hydrolysis in F-actin solutions at steady state much
less than cleavage with ECP. The hydrolysis rate increased
less than threefold, from 0.038 mol/mol actin/h to 0.10
mol/mol actin/h in the presence of 0.1 M KCI, at 25°C.
Under the same conditions, the rate of ATP hydrolysis in
solutions of F-actin cleaved with ECP was 4.3 mol/mol
actin/h, two orders of magnitude higher than that observed
with intact F-actin.

In view of the relatively high critical concentration of
ECP-cleaved actin (Khaitlina et al., 1993), one should con-

Biophysical Journal 82(1) 321-334



324
A
- 1.5
10 — bsdeespy
- g o] 0]
o o ~= 1.0
5 >
3
s 5 - 05 3
- -
i lo -1
5 ~Or ~ 0.0 §
E N
-E',I 0 T | T (1]
= B - 4.0 E:
e 25 (@) 3
5 g
3 20 - o - 30 3
= 3
= )
D 15
g - 20 &
10
9 - 1.0
°1 4
— 0.0
0 I I | 1 I ]
0 10 20 30 40 650 60
Time, min
FIGURE 1 Time courses of polymerization of intact and ECP-cleaved

actins and of the accompanying ATP hydrolysis. Twenty-four uM intact
(4) and ECP-cleaved Ca-G-actin (B) were transformed into Mg-G-actins as
described in Materials and Methods and polymerized by addition of KClI to
0.1 M (arrow) at 25°C. Polymerization (solid traces) was monitored by
recording light-scattering intensity at 350 nm, and P; concentration (cir-
cles) was determined in 100-ul aliquots of the solutions taken at time
intervals from the cuvette.

sider a possibility of enhancement of the Mg " -dependent
ATPase activity of G-actin (Brenner and Korn, 1981) as one
of the reasons for the high rate of ATP hydrolysis in
solutions of cleaved F-actin. This possibility is excluded by
data in the inset to Fig. 2, showing that the rate of ATP
hydrolysis in Mg-G-actin solutions was slightly diminished
rather than increased by cleavage of actin with ECP.

Effects of actin cleavage between residues 42
and 43 on the monomer-polymer subunit
exchange at steady state

It is generally believed that the steady-state ATPase activity
of F-actin reflects dissociation of ADP-bearing subunits
from the filament ends, ADP for ATP exchange on the
monomers, and hydrolysis of the bound ATP upon reincor-
poration of ATP-monomers into filaments. However, an
enhancement of the F-actin ATPase under certain condi-
tions, e.g., under sonic vibration or at high temperatures, has
been suggested to result from a direct exchange of F-actin-
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FIGURE 2 Steady-state ATP hydrolysis in solutions of F-actins assem-
bled from intact (circles), subtilisin-cleaved (squares), and ECP-cleaved
G-actin (triangles). Mg-G-actins (24 uM) were polymerized with 0.1 M
KCI for 30 min and were further incubated at 25°C. At time intervals,
aliquots of the solutions were withdrawn for determination of P; concen-
tration. The concentration of P; in sample taken first (time O in the figure)
was subtracted from the values obtained for all other samples. Data for
intact and ECP cleaved actins are from three, and those for subtilisin-
cleaved actin are from two independent experiments. The inset shows ATP
hydrolysis in solutions of 24 uM intact (circles) and ECP-cleaved Mg-
actin (triangles) in the absence of any added salt. Data for ECP-cleaved
actin are average values from two independent experiments.

bound ADP for ATP due to a loosening of the F-actin
structure under these conditions (for a review see Oosawa,
1983). Experimental evidence for ATP hydrolysis associ-
ated with an exchange of F-actin-bound ADP for ATP
independent of the monomer dissociation from and reasso-
ciation to the polymer ends has been provided by comparing
the rates of ATP hydrolysis and of subunit exchange in
F-actin under conditions of partial polymerization (Brenner
and Korn, 1984).

To elucidate the mechanism of the enhancement of the
steady-state ATPase activity of F-actin by actin cleavage
between residues 42 and 43, we compared the kinetics of
ATP hydrolysis and of actin monomer-polymer subunit
exchange in solutions of intact and cleaved F-actin. The rate
and final extent of exchange of G-actin with F-actin sub-
units were measured by the procedure of Brenner and Korn
(1983, 1984). Trace amounts of pyrenyl-labeled intact or
ECP-cleaved Mg-G-actin were gently mixed with the cor-
responding non-labeled Mg-F-actins, and an increase in the
fluorescence intensity accompanying incorporation of the
labeled monomers into F-actin (Kouyama and Mihashi,
1981) was monitored. To prevent self-polymerization of the
labeled G-actins, their final concentration was kept at 0.04
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FIGURE 3 Incorporation of intact and ECP-cleaved G-actin into the

corresponding F-actin and hydrolysis of ATP at steady state. Intact (4) and
ECP-cleaved Mg-G-actin (B), 12 uM, were polymerized to steady state
with 0.1 M KCl in the fluorescence cuvettes at 25°C. Then (time 0 in the
figure) pyrenyl-labeled Mg-G-actin (intact or ECP-cleaved, correspond-
ingly) was added at the final concentration of 0.04 wM. The proteins were
gently mixed by inversion, and the pyrenyl fluorescence was monitored
(solid traces). The initial fluorescence (dotted lines) was measured in a
mixture of 0.04 uM pyrenyl-labeled and 12 uM nonlabeled actin in the
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1M, that is, below the critical concentration for polymer-
ization of both ECP-cleaved and intact actin under condi-
tions used in our experiments. Steady-state ATP hydrolysis
was measured in aliquots taken from the fluorescence cu-
vette or in parallel samples of non-labeled G-actin co-
polymerized with labeled G-actin. In both cases P; was
liberated with the same constant rate, indicating that ATP
hydrolysis associated with a possible transient increase of
the number of filament ends, resulting from filament frag-
mentation upon mixing F-actin with labeled G-actin, did not
significantly contribute to the measured rate. Because the
steady-state ATPase of intact F-actin under conditions op-
timal for polymerization is very low, the measurements of P;
liberation in the solutions of this actin had to be prolonged
far beyond the time necessary for equilibration of the fluo-
rescence between the monomer and polymer pool.

Fig. 3 shows that, under identical experimental condi-
tions, the incorporation of the labeled monomers into F-
actin occurred faster with cleaved actin than with the intact
one. The maximum value of the pyrenyl fluorescence in-
tensity was reached within ~6 and 10 min, respectively.
Moreover, the final fluorescence enhancement for intact
actin was only 62% of the equilibrium value obtained by
determination of the fluorescence intensity of the copolymer
of labeled and non-labeled G-actins. With cleaved actin, the
fluorescence intensity at the plateau was close to the equi-
librium value. As can be seen in Fig. 3, this equilibrium
value was substantially lower for cleaved than for intact
actin. This difference results from the higher critical con-
centration of cleaved actin, and from the smaller fluores-
cence change associated with polymerization of this actin
(Khaitlina et al., 1993).

The amount of F-actin subunits exchanged at any time of
the reaction can be calculated using the equation derived by
Brenner and Korn (1983, 1984):

F() = F(O0) G
Fn(®) = F(0)  C,— C.

Where F(0) is the fluorescence of labeled G-actin; F(¢) and
F () are the fluorescence signals at time 7 and at the final
equilibrium, respectively; C, and C, are the total actin
concentration and critical monomer concentration, respec-
tively; and X is the amount of F-actin subunits exchanged at
time . With C, values determined in parallel experiments,
0.11 uM for intact and 3.0 uM for cleaved actin (see next
section), the amount of F-actin subunits exchanged with the
monomer pool at the time when the fluorescence plateau
was reached was calculated to be 0.09 uM for intact and

(1 _ e*X/Cc)

absence of salt, and the final fluorescence at equilibrium (dashed lines) is
the fluorescence of a co-polymer of the labeled and nonlabeled protein.
Each curve is an average of two measurements. (C) ATP hydrolysis in
parallel samples of KCl-polymerized intact (circles) and ECP-cleaved actin
(triangles) supplemented with pyrenyl-G-actin as in (4) and (B).
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TABLE 1 Rates of the steady-state ATP hydrolysis and monomer-polymer subunit exchange on intact and ECP cleaved F-actin
ATPase Activity(mol/mol actin/h) Initial Rate of Subunit Exchange (mol/mol/actin/h)
Normalized to Normalized to
Actin Measured the same N Measured the same N
Intact 0.038 = 0.005 (6) 0.038 0.112 =0.010 (3) 0.112
Cleaved 4.31 =0.10 (9) 1.4-2.7 5.85+0.25(4) 1.9-3.7

The data are means = SEM from the number of determinations given in the parentheses. The initial rates of monomer-polymer subunit exchange were
calculated as described in the text. N denotes the number concentration of the filaments in the solutions of the two F-actins.

391 uM for cleaved actin. These amounts correspond to
only 0.8% of F-actin subunits of intact, and as much as 44%
of subunits of ECP modified F-actin.

Table 1 compares the initial exchange rates, expressed as
moles of monomer exchanged/mol of total actin/h, with the
steady-state ATP hydrolysis rates. This comparison shows
that, under conditions of our experiments, the rates of the
polymer subunit exchange were higher than those of ATP
hydrolysis, especially in solutions of intact actin. This dif-
ference seems to reflect a contribution of an exchange of
ATP-monomers with ATP-actin protomers to the overall
exchange rate, consistent with there being a cap of ATP
carrying subunits at least at one, the fast-growing (barbed)
end of the filament (for a review see Carlier, 1989). Table 1
also shows that cleavage of actin between residues 42 and
43 increased the rates of the monomer-polymer subunit
exchange and ATP hydrolysis by two or nearly two orders
of magnitude. Part of this effect might, however, result from
a difference in the number concentration of filament ends in
solutions of intact and cleaved F-actin. To correct for this
factor we have determined relative number concentrations
of filaments in solutions of these actins under conditions
used in the monomer-polymer subunit exchange experi-
ments. This was accomplished by measuring their ability to
nucleate polymerization when diluted into solutions of a
single G-actin species above its critical concentration in
polymerizing buffer (see Materials and Methods).

The initial rates of polymer growth on 0.5 uM seeds
obtained from KCl-polymerized 12 uM Mg-F-actins indi-
cated a higher number concentration of polymerization-
competent filament ends in ECP-cleaved F-actin solutions
than in those of intact F-actin by a factor varying from 1.6
up to 3.1 for various pairs of F-actin preparations (data from
measurements on 10 different preparations). This result is
consistent with the lower mechanical stability of filaments
of the cleaved actin (Khaitlina et al., 1993).

Precise determination of the relative number concentra-
tions of filaments in F-actin solutions used in the polymer
subunit exchange experiments does not seem to be possible
because of the difference in the procedures involved in these
two kinds of measurements. In particular, the pipetting of
concentrated F-actin solutions into G-actin is more likely to
cause filament fragmentation than their gentle mixing with
a small amount of G-actin in the exchange experiments.
Therefore, instead of average values, in Table 1 we indicate
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the range of the rates of ATP hydrolysis and polymer
subunit exchange in ECP-modified F-actin normalized to
the number of filaments in solutions of intact F-actin with
the normalization factors from 1.6 to 3.1. From these data it
appears that ECP cleavage results in a 17-fold to 33-fold
acceleration of the polymer subunit exchange, and 34-fold
to 71-fold increase in the ATPase rate.

Association of actin monomers carrying ATP with one of
the filament ends, and dissociation of the filament subunits
carrying ADP from the other end, generating a flux of
subunits from one filament end to the other (treadmilling),
was the first mechanism proposed to explain the turnover of
actin monomers in F-actin solutions at steady state (Wegner,
1976). Further studies pointed to the possibility of diffu-
sional exchange of monomers at the two ends by random
fluctuations in the polymer lengths (Wegner and Neuhaus,
1981; Brenner and Korn, 1983). The relative contribution of
these mechanisms can be determined by kinetic analysis of
incorporation of labeled monomers into the polymer at
steady state. The treadmilling model predicts a linear de-
pendence of the term —In[F() — F(f)] on the time (7),
whereas in the diffusional exchange model this term is
linear with 7> (Brenner and Korn, 1983). As one can see in
Fig. 4, our data for both intact and cleaved actin are more
consistent with the diffusional exchange mechanism than
with treadmilling, although the preponderance of the diffu-
sional exchange was not large. For intact actin, the fit to this
model was good for the initial 49% of the total increase in
the fluorescence, but up to 42% was also consistent with
treadmilling. The fluorescence data for cleaved actin fit the
linear dependence on ¢/ up to 94% of the final increase, but
for the time to reach 84% of the final fluorescence enhance-
ment the data equally well fit the theoretical curve for the
treadmilling mechanism. In general, our results are consis-
tent with the dependence of the exchange mechanism on
ionic composition of the medium (Wegner and Neuhaus,
1981; Brenner and Korn, 1983).

Effects of ECP cleavage on the rate constants of
the monomer-polymer end interactions.
Implications for the steady-state monomer-
polymer subunit exchange

To evaluate the effects of ECP cleavage on the rate constants
for the monomer addition to and dissociation from the filament
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FIGURE 4 Analysis of the kinetics of steady-state monomer-polymer
subunit exchange. The fluorescence data in Fig. 3 are replotted according
to the treadmill model (4) or to the exchange-diffusion model (B) as
described in the text. Curves I are for intact, and 2 for ECP-cleaved actin.
The straight lines drawn through the initial parts of the traces show the
theoretical linear dependence of —In(F,. — F,) on time or time'”? predicted
by treadmill model and by exchange-diffusion model, respectively.

ends, we have examined the G-actin concentration dependence
of the initial rates of nucleated (seeded) polymerization of the
cleaved and intact pyrenyl-labeled G-actin (Pollard, 1983). The
initial rates of depolymerization of F-actin seeds at G-actin
concentrations below the critical concentration for polymeriza-
tion were also measured. For comparison with data from the
monomer-polymer subunit exchange experiments, the same
polymerization conditions were used.

Fig. 5 shows the results obtained with F-actin seeds
homologous to the polymerizing G-actin species, cleaved or
intact, after normalization to the same number concentration
of seeds. The initial G-actin concentrations include mono-
meric actin introduced with the F-actin seeds (calculated
from the critical concentration). In agreement with earlier
observations on intact actin in the presence of ATP (Carlier
et al., 1986), the plot of the initial rates versus monomer
concentration for cleaved actin exhibited a downward bend
below the critical concentration. The slopes of the positive
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FIGURE 5 Rates of filament elongation or depolymerization as a func-
tion of the monomer concentration. Solutions of 9% pyrenyl-labeled intact
(circles) or ECP-cleaved Mg-G-actin (triangles) were supplemented with
0.1 M KCI several seconds before addition of F-actin seeds at the final
concentration of 0.5 uM. The seeds were prepared from the same stock
solutions of pyrenyl-labeled Mg-G-actins, intact or ECP-cleaved, respec-
tively. The initial rates of filament elongation (at monomer concentrations
above C,) or depolymerization (below C_.) were measured as described in
Materials and Methods. The data for ECP actin, normalized to the number
concentration of filaments in the F-actin seed solutions of intact actin, are
from two independent experiments. Most of the points for intact actin from
these experiments superimposed, therefore the data from only one of these
experiments are illustrated. The inset shows the data for intact and ECP-
cleaved actin both polymerized on the cleaved F-actin seeds.

branches of the curves are proportional to the rate constants
for addition of ATP-G-actins to polymer ends (k. ). From
the data in Fig. 5 and other experiments of this kind it
appears that &, for cleaved actin is threefold lower than that
for an intact one. Since this factor critically depends on the
accuracy of determination of the relative number concen-
tration of the filament ends in F-actin seed preparations, it
was important to find that the same factor of 3 was obtained
when polymerization of the two actins was initiated by the
same seed preparation (see the inset to Fig. 5). The C, value
of 3.0 = 0.1 uM (average = SD from four measurements)
for the cleaved actin, obtained as an intercept at the ab-
scissa, is in good agreement with the value earlier obtained
from steady-state measurements (Khaitlina et al., 1993). It is
~30-fold higher than the value obtained here for intact actin
(0.11 £ 0.01 uM). Extrapolation of the positive, linear
branches of the curves to the monomer concentration ¢ = 0
(intercepts at the ordinate) yields relative rate constants for
dissociation of ATP-G-actin subunits from the filaments.
This constant was found to be about ninefold higher for
cleaved actin. The actual ordinate intercept obtained from
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measurements of initial depolymerization rates was shown
to correspond to the dissociation rate of ADP-G-actin sub-
units from the polymer (Carlier et al., 1984). The relative
rate constant of this reaction in both intact and cleaved actin
was two-to-threefold higher than the extrapolated value, in
good agreement with the ratio of k_ values derived by
others from polymerization kinetics of intact ATP-Mg-G-
actin and ADP-Mg-G-actin in KCI (Pollard, 1986; Gersh-
man et al., 1989). ECP cleavage of actin enhanced this rate
constant by a factor of 5 or more, as the course of the
negative branch of the plot for cleaved actin suggests further
bending of the curve at monomer concentrations below 12.5
nM, the lowest that could be attained because of the high C,
value for this actin.

Independent of the mechanism of the polymer subunit
exchange at steady state (treadmilling or diffusional ex-
change at both ends), it is the rate of subunit dissociation
from the polymer ends that determines the rate of monomer
association to maintain steady state (for a review see Car-
lier, 1989). From the data presented in this section it appears
that the major effect of ECP cleavage is on the rate constant
for dissociation of ATP-subunits. One can expect a similar
effect on k_ for subunits carrying ADP-P;, a transient in
ATP hydrolysis on the polymer, because this state is kinet-
ically (for a review see Carlier, 1989) and structurally
(Orlova and Egelman, 1992; Muhlrad et al., 1994) similar to
ATP-subunits. The enhancement of k_ for the terminal
ATP- and ADP-P;-subunits, along with the lowering of &
for ATP-G-actin, destabilize the barbed end of the filament,
facilitating temporal exposure of ADP-subunits that disso-
ciate fast. This explains the enhancement of subunit ex-
change through the diffusional exchange mechanism.

The relative values of k_ for ADP-subunits, obtained as the
ordinate intercepts of F-actin depolymerization curves, repre-
sent average values for both filament ends. Thus, the enhance-
ment of this constant by ECP-cleavage explains the accelera-
tion of both the diffusional exchange at both ends, and
treadmilling that is driven by dissociation of ADP-subunits
from the pointed end. It is also consistent with and explains the
larger enhancement of the rate of steady-state ATPase, result-
ing from exchange of ADP-subunits for ATP-monomers, than
that of the overall rate of exchange (Table 1).

Effects of phalloidin on the steady-state ATP
hydrolysis in solutions of ECP-cleaved F-actin

Phalloidin is known to stabilize actin filaments and reduce
actin critical concentration by diminishing the rate constants
of F-actin subunit dissociation from both ends of the fila-
ment (Estes et al., 1981; Coluccio and Tilney, 1984). We
have previously shown that this toxin stabilizes filaments
assembled from ECP cleaved Mg-G-actin against disruptive
effects of centrifugal forces and shear stress (Khaitlina et
al., 1993). As shown in Fig. 6, phalloidin nearly completely
inhibited the steady-state ATP hydrolysis by ECP-cleaved

Biophysical Journal 82(1) 321-334

Khaitlina and Strzelecka-Gotaszewska

Relative ATPase activity

0.0 0.2 0.4 0.6 08 1.0
Phalloidin (mol/mol actin)

FIGURE 6 Effect of phalloidin on ATP hydrolysis by ECP-cleaved
F-actin at steady state. Samples of ECP-cleaved Mg-G-actin (24 uM) were
polymerized with 0.1 M KCl for 30 min at 25°C in the presence of various
concentrations of phalloidin, and the F-actins were further incubated at
25°C. At time intervals, aliquots were withdrawn for P; determination. The
ATPase activity was calculated from linear plots of the amounts of P,
liberated versus time.

Mg-F-actin when added to it at a 1:1 molar ratio. This
confirms that the enhanced ATPase activity of the cleaved
F-actin results from the increased rate of the monomer
dissociation/association events. Fig. 6 also shows that the
effect of phalloidin was cooperative: a half-maximal inhi-
bition of the hydrolysis was reached at phalloidin-to-actin
molar ratio of ~1:8.

Further down we present data on changes in the monomer
and polymer structure that seem to be relevant to the enhance-
ment of the filament dynamics upon ECP cleavage of actin.

Probing the effects of ECP cleavage on G-actin
structure by measuring the kinetics of exchange
of the bound nucleotide

Earlier studies revealed that cleavage of actin within the
DNase-I-binding loop results in increased accessibility of
specific sites of trypsin cleavage at or near the interdomain
cleft in G-actin (Strzelecka-Gotaszewska et al., 1993).
These data have been interpreted as indicating that the cleft
in the modified G-actin is more open than in intact G-actin.
Here we further examined this possibility by measuring the
rates of exchange of G-actin-bound ATP with free ATP in
solution. It is generally believed that faster exchange re-
flects a wider opening of the cleft where the nucleotide is
bound.
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FIGURE 7 Time courses of exchange of bound ATP of intact and
ECP-cleaved Mg-G-actins with e-ATP. The exchange reaction was fol-
lowed by recording the increase in e-ATP fluorescence after addition of
100 uM e-ATP to 4.8 uM intact (curve 1) or ECP-cleaved Mg-G-actin
(curve 2) in the presence of 0.2 mM EGTA, 0.1 mM MgCl,, and 0.8—-1.2
uM free ATP, at 25°C. F,,,, is the fluorescence intensity at equilibrium, F,
is the fluorescence intensity at time ¢, and £, is the fluorescence intensity
of e-ATP alone.

Fig. 7 shows replacement of bound ATP with its analog
etheno-ATP, monitored by recording the increase in the
fluorescence intensity of etheno-ATP upon its binding to
actin (Miki et al., 1974), as a function of time. The data are
presented in the form of a semilogarithmic plot according to
the first-order rate equation describing the unimolecular
exchange reaction (Kuehl and Gergely, 1969). The apparent
rate constants of the exchange, obtained from the slopes of
the lines fitting the fluorescence traces, were 4.0 X 10~*
s~ ! for intact and 7.3 X 10~* s~' for ECP-cleaved actin
(average values from measurements on two different actin
preparations).

Earlier measurements of the rate of ATP exchange in
Mg-G-actin as a function of free Mg?" concentration
revealed that the rate drops down to a constant (mini-
mum) value at MgCl, concentrations above 60 uM (Str-
zelecka-Gotaszewska, 1973). Since our present measure-
ments were done in the presence of 100 uM MgCl,, the
obtained values represent limiting values for ATP release
from G-actin with the high-affinity site for divalent cat-
ion saturated with Mg?*. The nearly twofold higher value
for cleaved actin than for intact actin confirms that this
modification changes the monomer conformation into a
more open one.
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FIGURE 8 Trypsin digestion of intact, subtilisin-cleaved, and ECP-
cleaved Mg-actins. (4) Mg-F-actins (24 uM, polymerized with 0.1 M KCl
for 30 min at 25°C) were digested with trypsin at an enzyme/protein mass
ratio of 1:5 for 5 min at 25°C. Electrophoretic patterns of nonmodified
(lanes 1, 1'), subtilisin-modified (lanes 2, 2'), and ECP-modified actins
(lanes 3, 3') before and after digestion with trypsin, respectively, are
shown. (B) Electrophoretic patterns of 12 uM nonmodified (lane 4),
subtilisin-modified (lane 5), and ECP-modified Mg-G-actin (lane 6) di-
gested with trypsin in the monomer form at an enzyme/protein mass ratio
of 1:20 for 5 min at 25°C. Positions of actin (4c), its C-terminal fragments
produced by subtilisin (35 kDa) and by ECP (36 kDa), the 33-kDa product
of trypsin cleavage at Arg-62, trypsin (T), and soybean trypsin inhibitor
(SI) are indicated.

Probing the structure of proteolytically modified
F-actins by limited digestion with trypsin

After polymerization of either Ca- or Mg-G-actin with 0.1
M KCl, the specific sites of trypsin cleavage at Arg-62 and
at Lys-68 in subdomain 2 of actin (Jacobson and Rosen-
busch, 1976) become virtually inaccessible for the enzyme
(Strzelecka-Gotaszewska et al., 1996). As shown in Fig. 8
A, F-actin assembled from subtilisin-cleaved Mg-G-actin
was also fairly resistant to trypsin: only a small fraction of
the 35-kDa product of subtilisin cleavage (residues 48-375)
was degraded to the 33-kDa fragment, the product of trypsin
cleavage at Lys-68. In contrast, F-actin assembled from
ECP-cleaved Mg-G-actin was easily fragmented by trypsin
(Fig. 8 A, lanes 3 and 3'). Such a difference between
subtilisin and ECP-cleaved actins was not observed when
these actins were digested in the monomer form. As shown
in Fig. 8 B, both modifications increased the susceptibility
of trypsin cleavage sites in subdomain 2 of the monomer to
a similar extent.

In view of the relatively high critical concentration of ECP-
modified actin, one might suppose that the fast digestion of the
monomers coexisting with F-actin drives depolymerization of
the filaments, thus providing the substrate for further digestion,
whereas the filament subunits are not susceptible to trypsin.
The increased dynamics of the filaments of ECP-modified
actin also ensures a continuous supply of ADP-monomers that
might be attacked by trypsin before the exchange of their ADP
for ATP enables them to reassociate with the filament ends.
Two lines of evidence argue against such a scheme as the main
route of tryptic cleavage of the modified F-actin. 1) The
digestion of the modified F-actin resulted in accumulation of
the 33-kDa C-terminal product of specific cleavage at Lys-68
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FIGURE 9 Electron micrographs of trypsin-treated filaments of ECP-cleaved and intact F-actin. Twenty-four uM ECP-cleaved (a, b) or intact
Mg-G-actin (¢) were polymerized with 0.1 M KCI and then subjected to digestion with trypsin as described in the legend to Fig. 8. After stopping the
reaction with SBTI, samples of the solutions were negatively stained as described in Materials and Methods. (d) The filaments of ECP-cleaved F-actin

digested with trypsin in the presence of equimolar phalloidin. Bar = 200 nm.

(Fig. 8 A4, lane 3"). When this actin was subjected to tryptic
digestion under the same conditions (0.1 M KCI, high trypsin
concentration) at or below the critical concentration, the 33-
kDa intermediate was fast-degraded to low molecular mass
products (results not shown). 2) The second comes from in-
spection of the digests in the electron microscope. It is known
that trypsin cleaved G-actin is unable to polymerize (Jacobson
and Rosenbusch, 1976). Therefore, if the trypsin cleavage sites
in subdomain 2 in ECP-modified F-actin were inaccessible to
this enzyme, the filaments seen in negatively stained prepara-
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tions of partially digested ECP-modified F-actin should be
morphologically indistinguishable from those of trypsin-
treated non-modified F-actin. This was not the case. Electron
micrographs of ECP-modified actin fragmented by trypsin in
~70% showed the presence of abundant filamentous material.
However, all filaments seen on the grids, like those in Fig. 9 a,
were highly disordered. They appeared extremely flexible,
associated with short filament fragments, and frequently en-
tangled into large irregular aggregates. A fragment of such an
aggregate is shown in Fig. 9 b. Most probably these were joint
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FIGURE 10 Effect of phalloidin on the susceptibility of subdomain 2 in
ECP-cleaved F-actin to tryptic digestion. ECP-cleaved Mg-G-actin (24
M) was polymerized with 0.1 M KCI (30 min at 25°C) in the presence of
phalloidin at molar ratios to actin as indicated in the figure. The F-actins
were digested with trypsin at a trypsin/actin mass ratio of 1:5 for 5 min at
25°C. The digestions were stopped with a threefold excess of soybean
trypsin inhibitor (SBTI). The digests were analyzed by SDS-PAGE (inser),
and the relative intensities of the 36-kDa C-terminal product of ECP
cleavage of actin were measured as described in Materials and Methods.
Positions of the 36-kDa fragment produced by ECP cleavage and of the
33-kDa product of its trypsin cleavage are indicated in the inset.

effects of the cleavages at Arg-62 and Lys-68 in subdomain 2
of actin and of the removal by trypsin of the two or three
C-terminal residues (O’Donoghue et al., 1992; Mossakowska
et al., 1993). However, the C-terminal truncation alone does
not cause such dramatic changes in the filament structure. In
agreement with O’Donoghue et al. (1992), trypsin treatment of
the filaments of intact actin, producing no significant cleavage
at the sites in subdomain 2 (Fig. 8 A, lane 2), increased
flexibility of the filaments and promoted their fragmentation
and bundling (Fig. 9 ¢), but the extent of disorder was less than
observed with similarly treated ECP modified F-actin.

From the above-described observations one can conclude
that in KCl-polymerized ECP-modified Mg-actin, the sites of
trypsin cleavage in subdomain 2 are or become transiently
exposed upon thermal fluctuations of the filament structure.

Fig. 9 d shows the filaments of ECP-modified F-actin
treated with trypsin in the presence of phalloidin equimolar to
actin. Morphologically, these filaments were indistinguishable
from those of the modified F-actin without phalloidin but not
subjected to trypsin digestion (not shown). The stabilization by
phalloidin of the polymer structure is consistent with SDS-
PAGE analysis showing nearly complete protection of actin
from tryptic cleavage under these conditions (Fig. 10, inset,
lane 1.0). As can be seen in Fig. 10, this effect of phalloidin
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was cooperative. Comparison with data in Fig. 6 shows that the
dependence of the protection of the trypsin cleavage sites in
subdomain 2 on the phalloidin-to-actin ratio remarkably well-
matched the dependence of the inhibition by phalloidin of the
steady-state ATPase activity of ECP-modified F-actin. In both
cases the half-maximal change was observed at a phalloidin-
to-actin molar ratio of ~1:8. This correlation strongly suggests
that the changes in the filament structure revealed by limited
proteolysis with trypsin significantly contribute to the in-
creased dynamics of the filaments of ECP modified actin.

DISCUSSION

Previous studies have shown that actin cleaved with ECP
between Gly-42 and Val-43 does not polymerize if its high-
affinity site for divalent cation is occupied by Ca**, and that its
Mg -bound form has higher critical concentration and poly-
merizes more slowly than Mg-G-actin cleaved with subtilisin
between Met-47 and Gly-48 (Khaitlina et al., 1991, 1993).
Here we show that the cleavage with ECP diminishes the rate
constant for addition of ATP-G-actin to the polymer ends and
increases the rate constant for dissociation of newly incorpo-
rated ATP-subunits (and, presumably, ADP-P;-subunits). De-
termination of the rates of F-actin depolymerization as a func-
tion of the monomer concentration indicated a substantial
increase also in the rate constant for dissociation of ADP-
subunits. The increase in the rates of subunit dissociation
resulted in the enhancement of the rate of subunit exchange in
Mg-F-actin by at least an order of magnitude. In contrast, as
judged from the measurements of the F-actin ATPase activity,
the cleavage with subtilisin has a relatively small effect on the
polymer subunit turnover.

These observations are consistent with the prediction of
the atomic models of F-actin that the N-terminal segment of
loop 39-51 directly participates in the intermolecular inter-
actions in the filament and emphasize the role of this contact
in stabilization of the filament. However, in addition to the
direct effect on the putative monomer-monomer interface,
cleavage of actin between Gly-42 and Val-43 generates
changes in the conformation of other areas of the molecule
(Strzelecka-Gotaszewska et al., 1993; Khaitlina et al., 1996;
Kuznetsova et al., 1996) which might contribute to the
deficient polymerizability of the modified actin and insta-
bility of its filaments. In this respect, the most important
seems to be the change in the overall conformation of
subdomain 2 as revealed by limited digestion with trypsin.

Crystallographic investigations of B-actin/profilin com-
plexes provided a direct evidence that G-actin can adopt
either an open or tight (closed) conformation by a hinged
rotation of subdomain 2 (Chik et al., 1996). The refined
models of muscle F-actin predict that the polymer subunits
assume a tight conformation that is necessary to increase the
number of potential intermonomer contacts involving the
DNase-I-binding loop (Lorenz et al., 1993; Tirion et al.,
1995). The relationship between the filament stability and
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orientation of subdomain 2 has also been suggested based
on electron microscopic three-dimensional reconstructions
of yeast F-actin, exhibiting high steady-state ATPase activ-
ity, and its mutants in which this ATPase is suppressed
(Chen and Rubenstein, 1995; Orlova et al., 1997; Belmont
et al., 1999). Transition of monomeric actin from open to
tight conformation upon treatments that initiate polymeriza-
tion (addition of salt) or accelerate it (exchange of actin-
bound Ca** for Mg®") is suggested by diminished acces-
sibility of tryptic cleavage sites in subdomain 2, on a side of
the interdomain cleft (Khaitlina et al., 1996; Strzelecka-
Golaszewska et al., 1993, 1996; Strzelecka-Golaszewska,
2000). An opposite change, i.e., the facilitation of trypsin
cleavage, as well as the enhanced rate of nucleotide ex-
change, indicate that proteolytic cleavage of actin within the
DNase-I-binding loop shifts the equilibrium between the
G-actin states toward a more open one.

At first sight, the relevance of this change to polymeriza-
tion may seem to be contradicted by virtually the same
effect of ECP and of subtilisin cleavage on the monomer
structure. However, this is what should be expected if, as it
has been shown, in monomeric actin with ATP as the bound
nucleotide the entire loop is unrestrained and able to freely
fluctuate (McLaughlin et al., 1993; Suda and Saito, 1994).
The differences in structure reveal itself after polymeriza-
tion. As indicated again by limited digestion with trypsin,
the transition from tight to open conformation induced by
cleavage with ECP is not, or not entirely, reversed by
polymerization, whereas F-actin assembled from subtilisin-
cleaved monomers more closely resembles intact F-actin
than ECP-cleaved. In this context, it is interesting to note a
similarity between ECP-cleaved muscle a-actin and yeast
actin in both the increased dynamics of their filaments,
correlating with a wider opening of the interdomain cleft
(Orlova et al., 1997; Belmont et al., 1999), and the require-
ment of the presence of Mg®" at the high-affinity site for
divalent cation to undergo KCl-induced polymerization
(Khaitlina et al., 1993; Kim et al., 1996). The effect of
Mg?* may be connected with its stimulation of the mono-
mer transition from open to the F-actin-like closed state.

These observations suggest that the destabilization of
actin filaments by ECP cleavage is, at least in part, due to an
intramolecular effect of this modification on the relative
orientation of subdomain 2. They also argue for distinct
roles of various parts of loop 39-51 in the monomer-
monomer interactions, supporting the prediction of Holmes
et al. and Lorenz et al. models that residues 42 and 43 are at
the monomer-monomer interface, whereas the outer part of
the loop (encompassing the subtilisin cleavage site) is be-
yond it. In terms of this model, cleavage of the N-terminal
segment of the loop can be expected to weaken the inter-
actions that stabilize the closed conformation of the polymer
subunits in intact F-actin, whereas the conformational de-
fects of subtilisin-cleaved actin can be corrected for by
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polymerization because, in this actin, the N-terminal seg-
ment of the loop is still functional.

Location of the C-terminal segment of loop 3951 close to
but not at the monomer-monomer interface is also consistent
with the reported restriction of thermal bending motions in the
filaments of subtilisin-cleaved actin (Isambert et al., 1995;
Borovikov et al., 2000). This apparently puzzling effect sug-
gests that, in non-modified F-actin, thermal motions of the
unrestrained C-terminal segment of the loop contribute to the
filament flexibility by causing temporal deformations of the
monomer-monomer interface involving the N-terminal seg-
ment. Subtilisin cleavage interrupts the transmission of these
motions to the N-terminal segment of the loop and thus stabi-
lizes its contacts. This effect of subtilisin cleavage, albeit
smaller than that reported for phalloidin-free filaments (Isam-
bert et al., 1995), has also been observed with filaments labeled
with rhodamine-phalloidin (Borovikov et al., 2000), in agree-
ment with the x-ray diffraction data showing that phalloidin
restricts but does not eliminate the mobility of loop 39-51 in
F-actin (Lorenz et al., 1993).

Presently available evidence from electron microscopic
(Orlova and Egelman, 1992; Belmont et al., 1999) and
biochemical data (Muhlrad et al., 1994; Moraczewska et al.,
1999) suggests that destabilization of F-actin by the release
of P, following ATP hydrolysis on the polymer is mediated
by concerted changes in the interdomain relations (opening
of the interdomain cleft) and in the arrangement of loop
39-51. This sequence is consistent with a putative “back-
door” mechanism of P; release (Wriggers and Schulten,
1999). It does not, however, exclude the possibility that
actin modifications generating a relatively more open con-
formation of the ADP-P;-subunits of the polymer facilitate
P; release through the interdomain cleft, and thus accelerate
it. Such a mechanism might operate in ECP-cleaved F-actin
and contribute to the acceleration of the subunit exchange
by diminishing the protective cap of ADP-P;-subunits. Ver-
ification of this hypothesis is our future experimental goal.

Enhancement of the polymer subunit turnover has earlier
been observed upon various modifications of the C-terminal
segment of actin (Drewes and Faulstich, 1990, 1993;
Mossakowska et al., 1993). The effects of these modifica-
tions were far less pronounced than the effect of cleavage
with ECP. This is consistent with more extensive inter-
monomer interactions of loop 39-51, as predicted from the
F-actin models, and with their crucial role in stabilization/
destabilization of the F-actin structure. Another difference
between the effects of these modifications is revealed by
comparison of their cooperative reversal by phalloidin. The
half-maximal protection of ECP-cleaved actin required one
phalloidin molecule per eight actin molecules, whereas with
C-terminally modified actins it was afforded at one phalloi-
din per 20 actins (Drewes and Faulstich, 1990, 1993). This
difference is not due to possible differences in the affinity of
this toxin to the modified actins because complete protec-
tion was observed at the same 1:1 molar ratio of phalloidin
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to actin. A mechanism of stabilization different than coop-
erative restoration of stable conformation of the filament
subunits, e.g., a blocking the filament ends by a small
number of phalloidin-actin complexes, is excluded by our
tryptic digestion experiments showing that the inhibition of
subunit exchange paralleled the changes in structure of the
polymer subunits. A similar conclusion with regard to C-
terminally modified actin has been derived from analysis of
three-dimensional reconstructions of phalloidin-treated fil-
aments (Orlova et al., 1995). The reduced cooperativity of
the response of ECP-cleaved actin to phalloidin binding
points to the important role of loop 3951 in transmission of
cooperative effects along the filament.

Our analysis of the mechanism of monomer-polymer
subunit exchange shows that the diffusional exchange at
both filament ends and treadmilling can efficiently operate
in filaments more dynamic than those of skeletal muscle
a-actin. In non-muscle cells the directionality and rate of the
polymer subunit turnover are temporally and spatially reg-
ulated by various actin-binding proteins and membrane-
linked signaling (Carlier, 1998; Chen et al., 2000). The
results of the present work show that allosteric effects on the
conformation of the N-terminal part of the DNase-I-binding
loop that have already been observed with several actin-
binding proteins (for a review see Khaitlina, 2001) might be
a powerful tool in this regulation.
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