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ABSTRACT Thymosin .84 (f84) is a 5-Ala polypeptide
originally identified in calf thymus. Although numerous activ-
ities have been attributed to .34, its physiological role remains
elusive. Recently, (34 was found to bind actin in human platelet
extracts and to inhibit actin polymerization in vitro, raising the
possibility that it may be a physiological regulator of actin
assembly. To eamine this potential function, we have in-
creased the cellular A concentration by mlcroilJecting syn-
thetic (34 into living epitheial cells and fibroblasts. The injec-
tion induced a diminution of stress fibers and a dose-dependent
depolymerization ofactin filaments as indicated by quantitative
image analysis of phaLlodin binding. Our results show that (34
is a potent regulator of actin assembly in living cells.

Actin is involved in many important nonmuscle cellular
processes such as cell locomotion, chemotaxis, phagocyto-
sis, and cytokinesis. Previous studies indicate that the reg-
ulation ofthese processes involves the dynamic assembly and
disassembly of actin filaments and high-order structures,
most likely through the interplay ofa number ofactin-binding
factors (for reviews, see refs. 1-3). However, important
questions remain concerning the actual mechanism for the
regulation of actin assembly in living cells.
One important mechanism for the regulation of actin as-

sembly involves the inhibition of spontaneous polymeriza-
tion of the high concentration of actin subunits in nonmuscle
cells. Previously we have demonstrated that such inhibition
is probably achieved through the sequestration of actin
monomers from addition onto active sites of assembly (4).
However, although a number of monomer sequestering pro-
teins, such as profilin, actin-depolymerizing factor/destrin,
depactin, actobindin, and cofilin, have been identified (5-10),
none of these factors appears to be present at a high enough
concentration to account for the levels of unpolymerized
actin in nonmuscle cells. In addition, despite their ability in
vitro to inhibit the polymerization of purified actin subunits,
the activity in vivo remains in question, since a number of
factors are capable of stabilizing actin filaments or overcom-
ing the sequestration effect (11).
The newest member to this family of potential actin regu-

lators is thymosin (4 ((4), an =5-kDa polypeptide first
isolated from an extract of calf thymus (12-14). (34 was
originally proposed solely as a thymic hormone, based on its
ability to stimulate the T-lymphocyte terminal deoxynucle-
otidyltransferase after intraperitoneal injection into mice (13,
15) and to inhibit macrophage migration at a dosage of 5-500
pM (16). However, later studies indicated that 84 is present
at a relatively high abundance in several tissues (17-19) and
cell lines (20, 21), raising the possibility that it may also serve
a more ubiquitous role. Recently, (4 was found to be identical
to a small acidic peptide (Fx) in platelet extracts, which can

bind a significant portion of monomeric actin and inhibit
salt-induced polymerization of actin filaments in vitro (22,
23). Since (4 appears to be present at a higher level than most
other actin sequestration factors in platelets and cultured
cells (20-23), it is possible that (4 may represent the primary
factor responsible for the regulation of actin polymerization
(24).
One approach to test this putative physiological role of(4

is to induce the "overexpression" in living cells and to
examine the subsequent effects on specific structures or
functions. In the present study, we have taken this approach
by microinjecting excess synthetic (4 into living epithelial
cells and fibroblasts. The effects on actin were then deter-
mined by measuring the amount of binding of fluorescent
phalloidin with quantitative image analysis. Our results in-
dicate that (34 is indeed capable of inducing extensive de-
polymerization of actin filaments in living cells.

MATERIALS AND METHODS
Preparation of Thymosins. (3 and thymosin a, (a,), pro-

vided by Alpha 1 Biomedicals (Washington), were synthe-
sized as described (25, 26). The concentration of 4 was
determined by the bicinchoninic acid assay (BCA; Sigma)
with bovine serum albumin as the reference and was cali-
brated with amino acid analysis of (4.

Actin Polymerization Assay. The activity of synthetic P4 in
vitro was determined by the pyrene-conjugated actin assay.
Pyrene-actin was prepared as described by Kouyama and
Mihashi (27) with minor modifications (28). The pyrene-actin
conjugate had a dye-to-protein molar ratio of 1.3. Labeled
and unlabeled actin monomers were dialyzed for 2-3 days
with three exchanges of G-buffer (0.5 mM ATP/0.2 mM
CaCl2/0.5 mM dithiothreitol/2 mM Tris HCl, pH 7.0) and
then centrifuged at 35,000 rpm in a 42.2 Ti rotor at 40C for 2
hr. Pyrene-actin was mixed 1:20 (wt/wt) with unlabeled actin
at a final actin concentration of 4.2 puM and incubated with
various concentrations of (3 for 10 min. At t=0, the solution
was mixed with 0.5 volume of 3x polymerization buffer (6
mM MgCl2/0.3 M KCI/3 mM ATP/75 mM imidazole, pH
7.0), and the fluorescence intensity was measured in a
spectrofluorimeter (LS-3; Perkin-Elmer) at an excitation
wavelength of 365 nm and an emission wavelength of407 nm.
For steady-state readings, the samples were allowed to
polymerize for 15 hr.

Cell Culture and Mcroinjection. Normal rat kidney (NRK)
epithelial cells (NRK-52E; American Type Culture Collec-
tion) were cultured in F12K medium (JRH Biosciences,
Lenexa, KS) supplemented with 10%6 (vol/vol) fetal calf
serum (JRH Biosciences), 50 pg of streptomycin per ml, and
50 units of penicillin per ml and were maintained at 370C
under 5% C02/95% air. Swiss 3T3 cells were cultured as
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described (4). The cells were plated on microinjection dishes
(29) 36-40 hr prior to microinjection.
For most of the experiments, thymosin peptides were

dissolved in 5 mM Tris acetate (pH 6.95) containing 3 mg of
fixable fluorescein-conjugated dextran (Molecular Probes)
per ml at a concentration of 0.48-1.63 mM. High concentra-
tions (=20 mg/ml) of either a, or 84 were found to be
cytotoxic for =30% of the cells (inducing an apparent disin-
tegration of the cell as observed under phase optics) and
therefore were not included in the analysis. Pressure micro-
injection was performed as described (4, 30). The average
volume of microinjection was estimated to be 2-3% ofthe cell
volume by the method of Lee (31) with minor modifications
(32).

Lamellipodia extension was induced by scraping a conflu-
ent cultured monolayer with a Pasteur pipet. Cells along the
edge were microinjected following a recovery for 15 min.

Fluorescent Staining. Cells were incubated for 1 hr at 370C
after microinjection, then fixed with 4% formaldehyde, per-
meabilized with acetone, and stained with rhodamine-
conjugated phalloidin (Sigma) as described by Sanders and
Wang (4). Lamellipodia were fixed and extracted with a
special protocol that preserves the highly labile structure (see
Fig. 3; ref. 33). Immunofluorescence staining with polyclonal
antibodies against actin (Biomedical Technologies, Stough-
ton, MA) or myosin II (provided by Keigi Fujiwara, National
Cardiology Research Center, Osaka) was performed essen-
tially as described by Amato et al. (34). Rhodamine-
conjugated secondary antibodies were obtained from Tago.
Microscopy and Image Processing. Fluorescence images

were recorded with a Zeiss Axiovert 10 microscope (Zeiss)
coupled to a cooled CCD camera (Star I; Photometrics,
Tucson, AZ) using a 100-W quartz-halogen lamp and either
a 25x/NA 0.8 Plan-Neofluar or a 10Ox/NA 1.3 Neofluar
objective (Zeiss). Images recorded with the illumination lamp
offwere subtracted from integrated fluorescence images with
a digital image processor. The boundary of injected and
uninjected sister cell pairs was defined interactively by using
a graphics tablet and computer software developed in this
laboratory. The intensities ofpixels within the boundary were
then integrated with a computer. The percentage of actin
depolymerization was calculated by dividing the integrated
rhodamine-phalloidin fluorescence of 84-injected cells with
that of uninjected sister cells.

RESULTS
(34 was prepared by solid-phase peptide synthesis. To ensure
that synthetic (34 has an inhibiting activity against actin
polymerization similar to that of P4 purified from platelets
(23), we first examined its in vitro effect on actin polymer-
ization, using pyrene-actin as a fluorescent probe (27, 28).
Synthetic (34 prolonged the nucleation phase of actin poly-
merization and decreased the initial rate of elongation (Fig.
1). Based on a critical concentration ofactin of0.2MLM (2) and
the extent of actin polymerization at steady state in the
presence and absence of 84, we calculated the dissociation
constant for synthetic (34 to be 0.6 MLM.

Synthetic (34 was microinjected at a needle concentration of
0.48-1.63 mM into NRK cells to 2-3% of the cell volume (31,
32). Thus, the intracellular concentration of synthetic (84
should be in the range of 9.6-49 MM. After recovery for 1 hr,
injected cells showed little or no apparent retraction and were
indistinguishable from uninjected neighboring cells in phase
morphology. However, when cells were fixed and stained
with rhodamine-phalloidin, which binds specifically to actin
filaments but not to monomers, those injected with (4 showed
a significant decrease in fluorescence intensity (Fig. 2a),
indicating that (3 had induced the depolymerization of actin
filaments. The effects persisted for at least 5 hr after injection
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FIG. 1. Inhibition ofactin polymerization by synthetic (4 in vitro.
Actin polymerization was measured by the increase of fluorescence
intensity ofpyrene-labeled actin. The assay mixture contains 4.2 AM
total actin and 5% pyrene-actin. The lag period for nucleation was
extended from 2 to 3 min for the control (o) to >5 min in the presence
of 4 AM P4 (0); the initial rate of filament elongation in the presence
of 4 AM (e) and 6 MM (A) 84 was also significantly reduced (a). In
addition, the level of steady-state polymerization was reduced with
a linear dependence on the concentration of (34 (b).

and were most striking along stress fibers, although decreases
could be discerned also along the circumferential bundles and
lamellipodia in many cells (Figs. 2a and 3). In addition,
immunofluorescence staining of 3T3 cells with a polyclonal
antibody against actin revealed many prominent stress fibers
in uninjected cells but few in injected cells (not shown).
Control experiments were performed with either carrier
solution alone or with a,, an unrelated small peptide derived
from the proteolysis of prothymosin (35). In neither case was
there any apparent effect on filamentous actin structures as
observed after fluorescent phalloidin staining (Fig. 2b). In
addition, no effect on the level of filamentous actin was
observed when P4 was applied extracellularly through a
microneedle (not shown).
The effects of(4 on the lamellipodia were examined at high

magnification after the induction of cell protrusion by wound-
ing a confluent monolayer ofNRK cells with a Pasteur pipet.
Cells along the edge were injected with 1.28 mM B4 15 min
after the wound. A reduction in the intensity of phalloidin
straining was observed both along the lamellipodia and in the
more interior region (Fig. 3), indicating a decrease in the
amount of actin filaments. However, most of the injected
cells (87%, n = 23) spread out as well as uninjected neighbors,
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FIG. 2. Depolymerization of actin structures after microinjection
of 4. (a) Cell microinjected with 1.63 mM 4 (arrow) showed a clear
reduction in the intensity of rhodamine-phalloidin staining particu-
larly along stress fibers. (b) Cell injected with al (arrow) appeared
identical to control cells. (Bar = 10 A.m.)

similar to the response of cells injected with carrier solution
alone (88.5%, n = 26). Furthermore, similar patterns of
staining were observed in injected and uninjected cells.
To determine whether the injection of P4 can affect the

behavior of other actin binding proteins, injected 3T3 cells

FIG. 3. Reduced amount of actin filaments in the apparently
normal lamellipodia of P4-injected cells. A confluent area of NRK
cells was scraped with a Pasteur pipet and allowed to recover for 15
min. Cells along the edge were microinjected with 1.28 mM P4 and
incubated for 1 hr on the microscope stage. Cells were then fixed and
stained with rhodamine-phalloidin. The injected (arrow) cell showed
a decrease in the intensity of rhodamine-phalloidin staining in both
the lamellipodia and other regions of the cytoplasm, although the
pattern of staining appeared similar to that of the control. Lamelli-
podia extension appeared unaffected by this level of 4 (arrow), as

compared with a neighboring uninjected cell. (Bar = 5 Am.)

were stained with polyclonal antibodies against myosin II
(Fig. 4). While myosin in control cells was organized as linear
arrays of punctate structures (minifilaments) along stress
fibers, cells infjected with P4 contained mainly disorganized
myosin punctate structures. Thus, the organization ofmyosin
appears to depend on the integrity of actin filament struc-
tures.
To quantify the effect of P4 on actin assembly, we mea-

sured the relative amount of actin filaments in NRK cells by
integrating the total fluorescence intensity of bound rhoda-
mine-phalloidin within the cellular boundary. Cultures of
NRK cells contained many pairs of sister cells that main-
tained a similar size and shape; thus, quantitative analysis of
the effects of microinjection can be performed by using one
of the sister cells as a reference. The extent of (84-induced
depolymerization was then calculated by dividing the inten-
sity ofinjected cells with that ofuninjected sister cells. A 40%6
depolymerization was observed upon the microinjection of
1.63 mM (4 (needle concentration) (Fig. 5). The depolymer-
ization effect appeared to be proportional to the concentra-
tion of (3 within the range examined (0.48-1.63 mM), with a
slope of 23.9%o depolymerization per millimolar needle con-
centration. Control cells injected with carrier solution alone
or a, showed no significant change in the intensity of phal-
loidin staining.

DISCUSSION
To determine the potential role of (3 as a regulator of actin
assembly, we have microinjected a synthetic (34 into living
cells and analyzed its effects on filamentous actin. As indi-
cated by the significant reduction in the binding offluorescent
phalloidin to injected cells (Fig. 2), it is clear that (84 can
induce an extensive depolymerization of actin filaments.
The depolymerization effect of 4 can be explained most

easily by the on-off equilibrium of actin subunits that prob-
ably occurs at the ends of filaments in vivo (36, 37). Presum-
ably subunits that come off the filaments would become
associated with 4 and unable to reincorporate into filaments.
The effect of 4 can be evaluated quantitatively based on the
dose-dependence curve (Fig. 5) and the estimated volume of
microinjection (3% cell volume). The slope of the curve
indicates that each micromolar unit of injected (4 can induce
a depolymerization of 0.8% of actin filaments. However,
without a definitive understanding ofthe state of cytoplasmic
actin and the concentration of F-actin, it is difficult to obtain
precise numbers for the extent of actin binding or the
intracellular affinity. Ifone assumes an F-actin concentration
of 100 1uM (1), then each micromolar unit ofinjected (4 should
be able to bind 0.8 /LM actin. Given the high abundance of P4
in nonmuscle tissues (17-19) and cell lines (refs. 20 and 21;
-59 gM in FS7 fibroblasts and 600 ,uM in platelets), one
would then predict that (3 can sequester a significant fraction
of the unpolymerized actin in the cytoplasm.
While its effect was most prominent along stress fibers, f84

appears to induce actin depolymerization in other structures
such as lamellipodia and circumferential bundles. Surpris-
ingly, even with a depolymerization of31% ofactin filaments,
P4 did not appear to affect the overall morphology of the cell
or the extent of lamellipodia protrusion, indicating that many
cellular functions can be achieved with a reduced amount of
actin filaments. The apparently normal protrusion at the
leading edge suggests that either the rate of protrusion is
independent of the rate of actin polymerization (e.g., deter-
mined by interactions of actin filaments with myosin I), or P4
may reduce the number and/or length of actin filaments
without affecting the rate of subunit addition onto the ends of
filaments in the lamellipodia.
Our results are in contrast with the effects of DNase I or

vitamin D-binding protein (38), two extracellular proteins
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I
FIG. 4. Disruption of myosin organization by the injection of 84. A Swiss 3T3 cell was microinjected with 2.3 mM P4 and, after incubation

for 1 hr. was fixed/permeabilized and stained with fluorescein-conjugated phalloidin (a and c) and anti-myosin polyclonal antibodies and
rhodamine-conjugated secondary antibodies (b and d). Typical control cells show many actin stress fibers (c) colocalizing with well-organized
punctate structures of myosin filaments (d), while injected cells show only faint stress fibers (a) and disorganized myosin filaments (b). (Bar
= 5 tm.)

capable of sequestering actin monomers. The microinjection
of these proteins can cause a dramatic cell retraction and
arborization at a limited intracellular concentration of 6-12
1LM. The difference may reflect other activities of DNase I
and vitamin D-binding protein such as capping of filament
ends (39-41).
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FIG. 5. Dependence of actin depolymerization on the concen-
tration of microinjected ,84. Pairs of sister cells were identified based
on their similar size and mirror-image shape. One member ofthe pair
was microinjected with various concentrations of (84 as indicated
along the x-axis. The value for 0 mM (34 was obtained by the
microinjection of carrier solution containing dextran. Each point was
obtained from 12-14 pairs of sister cells. The percentage of actin
depolymerization was calculated by dividing the intensity of phal-
loidin staining of injected cells with that of uninjected sister cells.
Filamentous actin was depleted in a dose-dependent fashion, show-
ing a linear relationship with the concentration of (4 injected.
Vertical bars indicate the standard error of the mean.

Previous studies have identified a number of actin-
sequestering proteins with molecular weights in the range of
10,000-23,000, such as actin-depolymerizing factor/destrin,
cofilin, profilin, actophorin, actobindin, and depactin (5-10).
However, until Safer et al. demonstrated the extensive .4-
actin interaction in platelet extracts (22, 23), the role of lower
molecular weights peptides was largely overlooked. Subse-
quent sequence analysis has revealed homology of (4 with
actobindin and cofilin, two known monomer-sequestering
proteins, within the region from Asp-13 through Thr-22 (Asp-
Lys-Ser-Lys-Leu-Lys-Lys-Thr-Glu-Thr) (24,42,43). Ourpres-
ent results clearly demonstrate the physiological role of 34 in
living nucleated cells as a potent regulator of actin polymer-
ization. Based on the available information, it is possible that
f34, together with other monomer-sequestering proteins, may
be involved in parallel pathways for the regulation of actin
assembly in response to different signals. This notion is
supported by recent studies in this laboratory indicating that
profilin, a 12- to 15-kDa protein capable of binding actin
monomers, can induce similar depolymerization of actin fila-
ments, with some differences in cellular response from those
of (34 (44). Thus, it is important to define the relationship
among various sequestration factors and to determine whether
the activity of P4 itself can be modulated by any second
messengers.
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