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ABSTRACT We determined the critical monomer concentra-
tions at which association and dissociation reactions are balanced
at the two ends of actin filaments. For measurement of the critical
concentration of the pointed end, interference with the high dy-
namics of the barbed end was excluded by capping the barbed
ends with an actin filament capping protein isolated from bovine
brain. The critical concentration of the pointed end (1.5 /AM) was
found to be 12- to 15-fold higher than the critical concentration of
the barbed end (0.10-0.12 jAM) at a temperature of 37°C and
physiological salt concentrations (100 mM KCI/1-2 mM MgCI2/
0.3 mM EGTA or 0.2 mM CaC12, pH 7.5).

Actin filaments have been shown in vitro to lengthen at the
barbed end and to shorten simultaneously at the pointed end
under steady-state conditions (1-3). This treadmilling process
is driven by a continuous ATP hydrolysis occurring during the
association of actin monomers with a filament end (1, 4). At the
barbed end of actin filaments, a lower critical monomer con-
centration is required to balance association and dissociation
reactions as compared with the pointed end. The critical con-
centration of the pointed end could not be measured directly
because association and dissociation at the barbed end occurs
much faster than at the pointed end. Therefore, events occur-
ring at the pointed end of filaments are difficult to observe
without interfering with the dynamics of the barbed end (5, 6).

In this study this problem was overcome by capping the barbed
filament end with an actin filament capping protein from bo-
vine brain (7, 8). Capped filaments labeled with 7-chloro-4-ni-
trobenz-2-oxa,1,3-diazole were mixed with various concentra-
tions of unlabeled monomeric actin. The monomer concentration
range in which filaments can release subunits from the pointed
ends was determined by a fluorescence change accompanying
the monomer-polymer transition of labeled actin molecules.
The critical concentration of the barbed end was measured by
the reverse assay. Unlabeled filaments were mixed with various
concentrations of labeled actin monomers. The monomer con-
centration range in which the barbed ends consume monomers
was again determined by a fluorescence change.

MATERIAL AND METHODS
Preparation of the Proteins. Actin was prepared from rabbit

skeletal muscle as described (9), including gel filtration on a
Bio-Gel P-150 column. Part of the protein was modified with
N-ethylmaleimide at cysteine-374 and subsequently with a flu-
orescent label (7-chloro-4-nitrobenz-2-oxa-1,3-diazole) at ly-
sine-373 (10). Actin filament capping protein was extracted from
bovine brain and purified by several ammonium sulfate frac-
tionations and column chromatography steps- according to a

published method (8). The concentration of actin was deter-
mined photometrically at 290 nm by using an extinction coef-
ficient of 24,900 M1 cm-1 (1). The concentration of labeled
actin was measured by the method of Lowry et al. (11), and the
concentration of capping protein was determined as described
by Bradford (12).

Fluorescence Assay. The monomer-polymer transition ofactin
was followed by the 2.2-fold fluorescence increase of the label
on aggregation of actin (6, 10). Five percent of labeled actin was
added to unmodified actin and copolymerized.- These low pro-
portions of labeled actin do not significantly alter the poly-
merization behavior of actin (6). The molar fluorescence in-
tensities of monomeric and polymeric labeled actin were
determined by measuring the fluorescence intensities of di-
lution series (0-3 AuM monomeric or polymeric labeled actin).
The measurements were performed by using a Jobin Yvon three-
dimensional fluorimeter equipped with a mercury/xenon lamp.
The excitation wavelength was 436 nm, and the emission wave-
length was 530 nm. Physiologically relevant salt concentrations
were used for the assays: 1 mM MgCI2, 100 mM KCI, 5 mM
triethanolamine HCI (pH 7.5), 0.3 mM EGTA, 0.5 mM ATP,
1 mM dithiothreitol, and 200 mg of NaN3 per liter. In some
experiments 2 mM MgCl2 was used or EGTA was replaced by
0.2 mM CaCl2 in order to investigate the effect of different ions.
The temperature was kept at 37°C. The results depicted in Figs.
1-4 were obtained in the presence of 1 mM MgCl2 and 0.3mM
EGTA.

RESULTS
Effect of the Capping Protein on Actin Polymerization and

Depolymerization. Various concentrations of capping protein
(5-50 nM) were added to polymerized actin. The capping pro-
tein induced depolymerization of actin in a concentration-de-
pendent manner (Fig. 1). At 5 nM no depolymerization was
detectable, whereas at 20 or 50 nM capping protein, 0.4 or 0.8
,uM actin depolymerized, respectively. When monomeric actin
was polymerized in the presence of various amounts of capping
protein, the final concentrations of polymeric actin were lower
as more capping protein was present. Different monomer con-
centrations were reached when the reaction was started from
monomeric or polymeric actin (Fig. 1). Probably, the differ-
ences in the final monomer concentrations are caused by vari-
ations in the amount of capped filaments. A relatively small
proportion of uncapped filaments can decrease the monomer
concentration considerably. Because the assembly reaction at
the barbed end- is fast, a few uncapped filaments are able to
consume the monomers released from the pointed ends effi-
ciently (4, 5). These experiments confirm the previously re-
ported depolymerizing effect of molecules capping the barbed
end (2, 8, 13, 14). However, they also show that a quantitative
statement about the critical concentration of the pointed end
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FIG. 1. Effect of various concentrations ofcapping protein on actin
polymerization and depolymerization. Monomeric actin (2 ttM) was
mixed with 5nM (A), 20nM (i), or 50nM (v) capping protein. Polymeric
actin (2 ,tM) was depolymerized by addition of 5 nM (A), 20 nM (o), or
50 nM (o) capping protein. When actin was polymerized in the absence
of capping protein, the final filament subunit concentration was the
same as in the presence of 5 nM capping protein. cfis the concentration
of actin filament subunits.

may be difficult to obtain by this assay because of the diver-
gence of the final monomer concentrations (Fig. 1).

Determination of the Critical Concentration of the Pointed
End. An attempt was made to overcome the described diffi-
culties by a more sophisticated experimental design. Various
concentrations of unlabeled actin monomers (final concentra-
tions, 0-3 uM) were mixed with capping protein (final con-
centration, 50 nM). Subsequently labeled actin filaments (final
concentration, 2 uM filament subunits) were added. In Fig. 2
the time course of the concentration of labeled filament sub-
units is represented. Above a monomer concentration of 1.5
,uM, subunits are not released from filaments. Below this
monomer concentration, actin filaments release subunits as in-
dicated by the initial decrease of the concentration of labeled
filament subunits. Thus, association and dissociation at the
pointed ends are balanced at a critical concentration of 1.5 AM.
Increase of the magnesium concentration (2 mM) or replace-
ment of EGTA by calcium (0.2 mM) had no effect on the critical
concentration of the pointed end.

The monomer concentrations change during the time course
of the above described experiment due to release of subunits
or consumption of monomers at the pointed ends or at barbed
ends of filaments that may have remained uncapped. There-
fore, controls were performed by repeating the experiment,
with the only modification being that both monomeric and
polymeric actin were labeled. Consumption of monomers and
release of subunits were measured by fluorescence change. Be-
tween 1.0 and 1.5 ,uM initial actin monomers, almost no change
in the monomer concentration (<0.1 ,uM) was observed (Fig.
3). Below or above this concentration range, a considerable in-
crease or decrease of the monomer concentration was mea-
sured, respectively (Fig. 3).
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FIG. 2. Labeled filaments (2 uM) incubated with 50 nM capping
protein were mixed with monomeric unlabeled actin. The time course
of disassembly at the pointed end was determined by the fluorescence
change. cf is the concentration of labeled actin filament subunits.
Monomer concentrations were derived from Fig. 3 [or Fig. 2 (v)]: v, 0.0-
0.3 AuM; x, 1.0-1.1 tLM; n, 1.20-1.25 ,uM; o, 1.4-1.5 ,uM; A, 1.5-1.75
,uM; 0, 1.7-2.0 tuM; and +, 3 jM initial concentration.

Determination of the Critical Concentration of the Barbed
End. The critical concentration of the barbed end was mea-
sured by the inverse assay (6). Various concentrations of labeled
monomeric actin (0.06-0.16 ALM) were mixed with unlabeled
filaments. The incorporation of monomers at the barbed end
can be detected as the monomers are labeled. The disassembly
of subunits from the pointed ends was not observed at early
time points because the filament subunits were unlabeled.
Capping the pointed ends was not necessary as the dissociation
of subunits from the pointed ends was slow (see Fig. 2). The
time course of actin monomer incorporation at the barbed fil-
ament ends is depicted in Fig. 4. Below a monomer concen-
tration of 0.10-0.12 piM, no monomers were incorporated at
the barbed end; above this concentration, filaments incorporate
monomers at the barbed end as revealed by the initial decrease
of the monomer concentration (Fig. 4). At the later stage, in-
corporation of labeled monomers into filaments was observed
even if the initial monomer concentration was below the critical
concentration of the barbed end. Presumably, the monomer
concentration increases above the critical concentration of the
barbed end by release of subunits from the two filament ends.
The critical concentration of the barbed end (0.10-0.12 t.LM)
appears to be 12- to 15-fold lower than the critical concentration
of the pointed end (1.5 WM).

DISCUSSION
The depolymerizing effect of molecules capping the barbed ac-
tin filament ends has been reported in a number of studies (2,
8, 13, 14). Under conditions similar to the experiments de-
scribed in this study, villin or severin has been found to in-
crease the actin monomer concentration to 1 or 2 AM, respec-
tively (13, 14). These values are quite consistent with the
measured critical concentration of the pointed end of actin fil-
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FIG. 3. The time course of the total actin monomer concentration
during the experiment described in Fig. 2 was determined by mixing
labeledfilaments (2 ,uM) and cappingprotein (50 nM) withvarious con-
centrations of labeled monomeric actin. Initial monomer concentra-
tions: x, 1.00 ,M; ri, 1.25 ,uM; o, 1.50 tLM; A, 1.75 AM; and 0, 2.00 IKM.
cl is the monomer concentration.

aments (1.5 ,uM). The results of this study agree with the pre-

vious finding that, for pure muscle actin, the critical concen-

tration of the pointed end is above 0.5 ,AM (6). The investigation
on pure actin (6) demonstrates that the difference between the
critical concentrations of the two ends is an inherent property
of actin filaments and excludes the possibility that the capping
molecules induce a disparity of the critical concentrations. The
difference between the critical monomer concentrations pro-

vides additional evidence that actin filaments can treadmill at
physiological salt concentrations (6). If the monomer concen-

tration is between 0. 12 and 1.5 A.M, subunits are released from
the pointed ends and monomers are incorporated at the barbed
ends.

Treadmilling may be one of the molecular mechanisms that
play a role in the turnover and organization of actin filaments
in living cells. The dynamics of actin filament assembly and dis-
assembly has been demonstrated by recent studies on the re-

covery of photobleached segments of fluorescently labeled stress
fibers (15, 16). Also, it is known from in vivo experiments that
capping protein microinjected into tissue culture cells leads to
a loss of focal contact sides and a disintegration of stress fiber
bundles (17). The same capping protein has no effect on Triton
X-100-extracted cells. This suggests that the observed depoly-
merization of stress fibers is due to capping individual actin fil-
aments from a bundle that is in a dynamic steady state with the
pool of unpolymerized actin.

In nonmuscle cells, large amounts of actin (> 10 AM) can oc-

cur in an unpolymerized state (18) because actin monomers form
a stable complex with proteins that inhibit actin assembly [e. g.,
profilin (19)]. It has been suggested that the depolymerizing
effect of profilin-like proteins might be amplified if the critical
monomeric actin concentration is increased by capping of the
barbed filament ends (20). The concentration of polymerized
actin, Cf, has been shown to depend on the critical monomeric
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FIG. 4. Determination of the critical concentration of the barbed
end. Various concentrations of labeled monomeric actin (0.06-0.16 aM)
were mixed with 0.24 gM unlabeled polymeric actin. Initial labeled
monomer concentrations: +, 0.06 AM; e, 0.07 ,uM; a, 0.08 ,M; m, 0.09
gM; v, 0.10 ,uM; *, 0.11 /iM; x, 0.12 ,tM; o, 0.13 ,uM; *, 0.14 AM; E,

0.15 1XM; and v, 0.16 uM. The initial slope indicates that the critical
concentration of the barbed end is between 0.10 and 0.12 AM. cj is the
concentration of labeled actin monomers.

actin concentration, c1, and on the total concentration of pro-

filin, p, in the following way (20):

Cl
Cf" Ctot - Ci - Pa Kd

c1 + Kd

[1]

where ct~t is the total actin concentration and Kd is the disso-
ciation equilibrium constant of the actin-profilin complex. The
last term of Eq. 1 represents the concentration of the actin-
profilin complex. The total concentrations of actin and profilin
in Acanthamoeba are in the range of 100 ,uM (21). Unfortu-
nately, the dissociation constant of the actin-profilin complex
under the conditions of this study is unknown. At lower salt
concentrations, a dissociation constant of 4-12 x 10-6 M has
been reported (21). The critical monomer concentration of un-
capped filaments is similar to the critical concentration of the
barbed filament end. The barbed filament ends predominantly
determine the critical concentration of uncapped filaments be-
cause most of the association and dissociation reactions occur

at the barbed filament ends (3, 5, 6). In similar salt conditions,
the critical concentration of uncapped filaments has been found
to be 0.16 p.M (6). If we assume this value and 4 AM for the
dissociation constant of the actin-profilin complex, uncapped
filaments would coexist with 4.0 p.M unpolymerized actin (see
Eq. 1). If, due to complete capping of barbed filament ends,
the monomer concentration cl increases to 1.5 p.M, the con-

centration of unpolymerized actin would increase to a-value of
28.8 A.M. These calculations demonstrate that the measured
differences between the critical concentrations of uncapped and
capped filaments is of considerable potential for regulating the
distribution of polymerized and unpolymerized actin in living
cells.

0
0

0
0

A 0
A 000A A ° o 0

00~~~~
A ° 000

AA

0 o o o o o 0 O 0 0

xx
x x x x x

xxxxXxx

VOV

00 ,00 A ALLA A0!o!0

*.* 0 @@*@@ee***000.

++ + ++++ ++++4++11L

Proc. Natl. Acad. Sci. USA 80 (1983)



Biochemistry: Wegner and Isenberg

The technical assistance of Miss Rita Ohnheiser and of Mrs. Elisa-
beth Werres is greatly acknowledged. The authors were supported by
the Deutsche Forschungsgemeinschaft (Grants We 808/5-1 and Is 25/
3-1).

1. Wegner, A. (1976)J. MoL BioL 108, 139-150.
2. Brenner, S. L. & Korn, E. D. (1979) J. BioL Chem. 254, 9982-9985.
3. Pollard, T. D. & Mooseker, M. S. (1981)J. Cell BioL 88, 654-659.
4. Hill, T. L. & Kirschner, M. W. (1982) Int. Rev. CytoL 78, 1-125.
5. Woodrum, D. T., Rich, S. A. & Pollard, T. D. (1975)J. Cell BioL

67, 231-237.
6. Wegner, A. (1982)J. MoL BioL 161, 607-615.
7. Isenberg, G., Aebi, U. & Pollard, T. D. (1980) Nature (London)

288, 455-459.
8. Kilimann, M. W. & Isenberg, G. (1982) EMBO J. 1, 889-894.
9. Rees, M. K. & Young, M. (1967)J. BioL Chem. 242, 4449-4458.

10. Detmers, P., Weber, A., Elzinga, M. & Stephens, R. E. (1981)J.
Biol Chem. 256, 99-105.

Proc. Natd Acad. Sci. USA 80 (1983) 4925

11. Lowry, 0. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J.
(1951) J. Biol Chem. 193, 265-275.

12. Bradford, M. M. (1976) AnaL Biochem. 72, 248-254.
13. Yamamoto, K., Pardee, J. E., Reidler, J., Stryer, L. & Spudich,

J. A. (1982) J. Cell Biol 95, 711-719.
14. Weber, A., Mooseker, M. S., Walsh, T. P., Bonder, E. & Hig-

gins, J. (1982)J. Cell Biol 95, 289 (abstr.).
15. Kreis, T. E., Geiger, B. & Schlessinger, J. (1982) Cell 29, 835-

845.
16. Wang, Y., Lanni, F., McNeil, P. L., Ware, B. R. & Taylor, D. L.

(1982) Proc. Nati. Acad. Sci. USA 79, 4660-4664.
17. Ffichtbauer, A., Jockusch, B. M., Maruta, H., Kilimann, M. W.

& Isenberg, G. (1983) Nature (London), in press.
18. Bray, D. & Thomas, C. (1976)J. Mol Biol 105, 527-544.
19. Carlsson, L., Nystrom, L.-E., Sundkvist, I., Markey, F. & Lind-

berg, U. (1977)J. Mol Biol 115, 465-483.
20. Tobacman, L. S. & Kom, E. D. (1982)J. Biol. Chem. 257,4166-

4170.
21. Reichstein, E. & Korn, E. D. (1979)J. Biol Chem. 254, 6174-6177.


