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Abstract LL-Thymosins sequester G-actin and preserve a pool of
monomers of actin which constitute an important prerequisite for
cellular function of the microfilament system. To study the
influence of paraquat binding to G-actin on the interaction of G-
actin with thymosin LL4 we determined the apparent dissociation
constant of the G-actin-thymosin LL4 complex in the absence or
presence of paraquat using an ultrafiltration assay. Paraquat
(1,1P-dimethyl-4,4P-dipyridylium dichloride) attenuates this inter-
action in a concentration- and time-dependent manner. When
exposed to 10 mM paraquat, the apparent dissociation constant
increased 10^85-fold within 15 min to 24 h. After incubation for
24 h even a paraquat concentration as low as 100 WWM increased
the dissociation constant of the G-actin-thymosin LL4 complex
from 0.66 WWM to 0.82 WWM (P6 0.05). Diquat (1,1P-ethylene-2,2P-
dipyridylium dibromide) similarly weakens the interaction of G-
actin and LL-thymosins. In none of the experiments was oxidation
of the methionine residue or any other modification of thymosin
LL4 detected. Therefore we conclude that the dipyridyls paraquat
and diquat directly interact with G-actin and thereby impede the
interaction between G-actin and thymosin LL4.
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1. Introduction

Actin is present at high concentrations in virtually all types
of eukaryotic cells. About half of the intracellular actin is
stabilized in its monomeric form (G-actin) by interaction
with sequestering factors [1]. This monomeric actin can be
used for fast generation and elongation of actin ¢laments after
an appropriate intra- or extracellular signal [2]. Thymosin L4

is regarded as the main intracellular G-actin sequestering pep-
tide in most mammalian cells [3^6] and forms a 1:1 complex
with G-actin, thereby inhibiting salt induced polymerization
to F-actin [7^11]. Increased concentrations of L-thymosins by
transient transfection of the cDNA for thymosin L4 or thy-
mosin L10 similarly led to disassembly of actin stress ¢bers in
CV1 ¢broblast cells [12] and PtK2 cells [13]. In previous re-
ports we determined the apparent dissociation constants
(Kd;app) for the interaction of G-actin with several L-thymosins
and the in£uence of N-terminal truncation or oxidation of the
methionine residue of L-thymosins using either ultracentrifu-
gation or ultra¢ltration [9,14,15].

Paraquat is a widely used and extremely e¡ective herbicide
[16], which causes irreversible damage to the human lung [17].
It is thought to generate toxic oxygen radicals in vivo and has

been used as a model to elucidate cell response to oxidative
stress [18^20]. Cappelletti et al. found that actin ¢laments are
markedly a¡ected by the action of paraquat [21,22]. Later
they could also show that paraquat has an in£uence on the
state of actin polymerization in human alveolar cells [23].
Recently, Milzani et al. published data which indicate that
paraquat directly interacts with G-actin and induces actin
assembly at low salt conditions in vitro [24].

Here we report the in£uence of paraquat and diquat, an-
other dipyridyl, on the interaction of puri¢ed G-actin with
thymosin L4 as determined by changes in dissociation con-
stant at low salt conditions using an ultra¢ltration assay.

2. Materials and methods

2.1. Materials
Reagents were obtained from the following sources: tri£uoroacetic

acid (Uvasol) from Merck (Darmstadt); paraquat (methyl viologen;
1,1P-dimethyl-4,4P-dipyridylium dichloride) from Sigma, £uorescamine
from Serva, diquat (1,1P-ethylene-2,2P-dipyridylium dibromide) from
Riedel-de-Haen. Ultra¢ltration tubes were purchased from Pall Fil-
tron.

2.2. Proteins and peptides
Actin was prepared from bovine heart muscle by the method of

Pardee and Spudich [25] and further puri¢ed by gel ¢ltration [26]
on a Sephacryl S300 column (Pharmacia) equilibrated with G-bu¡er
(2 mM Tris, 0.2 mM ATP, 0.2 mM CaCl2, 0.05% NaN3, pH 8.0). G-
actin was stored in G bu¡er at 0³C. Thymosin L4 was isolated from
bovine spleen as described [27]. The purity of the preparations was
demonstrated by reverse phase HPLC. The concentrations of thymo-
sin L4 and actin were determined by amino acid analysis after acid
hydrolysis (6 M HCl, 155³C, 1 h) and precolumn derivatization with
o-phthaldialdehyde/3-mercaptopropionic acid [28].

2.3. HPLC
Chromatographic conditions were controlled by a Merck-Hitachi

L-6200 system supplemented with a reaction pump for postcolumn
derivatization (655A-13, Merck-Hitachi) and with a £uorometer (F-
1050, Merck-Hitachi). The £uorescence signal was recorded on an
integrator (D-2500, Merck-Hitachi) [29]. Analytical separations were
carried out employing a linear gradient from 0.1% tri£uoroacetic acid
to 40% acetonitrile/0.1% tri£uoroacetic acid within 30 min at a £ow
rate of 0.75 ml/min. Column: Beckman ODS Ultrasphere (5 Wm,
4.6U250 mm); detection: postcolumn derivatization with £uoresc-
amine.

2.4. Determination of dissociation constants by ultra¢ltration
The apparent dissociation constant of the G-actin-thymosin L4

complex was determined as described [15]. Brie£y, a de¢ned amount
of the internal standard Phe-Ala was added to thymosin L4 and di-
luted to a concentration of 60 WM. This solution was diluted 4-fold
with either G bu¡er or a solution of G-actin (0.86 mg/ml). After
incubation for 15 min at room temperature paraquat or diquat was
added at di¡erent concentrations. The reaction mixtures were further
incubated at room temperature for the time intervals indicated, trans-
ferred to the ultra¢ltration tubes, and then centrifuged for 15 min at
2700Ug in a table-top centrifuge (Eppendorf centrifuge 5417, Eppen-
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dorf-Netheler-Hinz, Germany). 40 Wl of the ultra¢ltrates were ana-
lyzed by HPLC.

3. Results

3.1. In£uence of paraquat on the dissociation constant at low
salt conditions

To study the in£uence of paraquat on the interaction be-
tween G-actin and thymosin L4 at low salt conditions, we
determined the apparent dissociation constant (Kd;app) of the
G-actin-thymosin L4 complex in the absence or presence of
di¡erent paraquat concentrations and after di¡erent time in-
tervals using an ultra¢ltration assay (Table 1). Due to the
di¡erence in molecular mass between thymosin L4 (5 kDa)
and its complex with actin (48 kDa), one can separate free
thymosin L4 from the G-actin-thymosin L4 complex by means
of ultra¢ltration. The amount of free thymosin L4 was deter-
mined by analyzing the ultra¢ltrate by reverse phase HPLC.
The amount of thymosin L4 in the ultra¢ltrate depends upon
the presence of either actin alone or both actin and paraquat
(Fig. 1). Panel A displays the chromatogram obtained when
only Phe-Ala (internal standard, retention time 17.9 min) and
15 WM thymosin L4 (retention time 27.4 min) are incubated.
The drastic decrease of the peak area representing thymosin
L4 in the presence of equimolar amounts of G-actin is caused
by the formation of the G-actin-thymosin L4 complex (panel
B). The gradual increase of this peak area in the presence of
either 1 mM (panel C) or 10 mM paraquat (panel D) after a
2-h incubation period indicates a decrease in the amount of
the G-actin-thymosin L4 complex depending on the paraquat
concentration. These chromatograms also demonstrate the
absence of thymosin L4-sulfoxide (the expected retention
time is marked by an arrow) or other £uorescamine positive
peptides. Therefore we concluded that paraquat does not ox-
idize thymosin L4 under the conditions employed. Likewise
we observed no oxidation of thymosin L4 during the in-
cubation of human alveolar cells A549 in the presence of
paraquat. In the absence of paraquat the apparent dissocia-
tion constant of the G-actin-thymosin L4 complex is not
markedly changed during the prolonged incubation up to
24 h (1440 min) at room temperature (Table 1). The values
observed after those times are comparable with our previously
published data [14,15]. After a 15-min incubation period at
paraquat concentrations between 0.5 and 10 mM a clear
concentration-dependent increase (1.3^10-fold) in the dissoci-
ation constant was observed. Incubation for 2, 6 or 24 h led
to a further increase of the dissociation constant (Fig. 2).
After 24 h we detected a 2-fold increase in the dissociation

constant in the presence of 0.25 mM paraquat. Even a para-
quat concentration as low as 100 WM caused a signi¢cant
increase (P6 0.05) from 0.66 WM in the absence of paraquat
to 0.82 WM after a 24-h incubation. To exclude the possibility
that the observed increase in the apparent dissociation con-
stant was evoked by the chloride ions acting as counterion of
the paraquat cation, we determined the apparent dissociation
constant in the presence of 20 mM NaCl without paraquat.
After a 24-h incubation period under these conditions the
apparent dissociation constant increased only 2-fold
(Kd;app = 1.3 þ 0.1 WM; n = 4) compared with a 90-fold increase
in the presence of 10 mM paraquat (Kd;app = 56.3 þ 5.9 WM,
n = 3).
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Table 1
In£uence of di¡erent paraquat concentrations and incubation times on the apparent dissociation constant of the actin-thymosin L4 interaction

Paraquat (mM) Incubation time (min)

15 120 360 1440

0 0.55 þ 0.04 (6) 0.63 þ 0.07 (9) 0.72 þ 0.09 (3) 0.66 þ 0.10 (8)
0.1 n.d.a 0.69 þ 0.03 (3) n.d. 0.82 þ 0.04 (3)
0.25 0.66 þ 0.04 (3) 0.77 þ 0.08 (3) n.d. 1.38 þ 0.14 (3)
0.5 0.73 þ 0.04 (3) 1.15 þ 0.07 (6) 1.62 þ 0.11 (6) 1.36 þ 0.18 (3)
1.0 1.34 þ 0.16 (3) 1.91 þ 0.21 (9) n.d. 2.47 þ 0.48 (6)
10 5.59 þ 1.25 (5) 20.3 þ 3.7 (5) 33.2 þ 5.0 (3) 56.3 þ 5.9 (3)

The apparent dissociation constants (Kd;app, WM) for the interaction between G-actin and thymosin L4 were determined by ultra¢ltration assays
after di¡erent incubation times at 25³C in the presence or absence of indicated paraquat concentrations. Values given are means þ S.D. and number
of independent experiments in parentheses. For calculation of the apparent dissociation constants see [14,15].
aNot determined.

Fig. 1. In£uence of actin and paraquat on the thymosin L4 amount
in the ultra¢ltrate. 40 Wl of the ultra¢ltrate obtained after incuba-
tion of internal standard and thymosin L4 (15 WM) were analyzed
by HPLC. Incubation (2 h) (A) without actin and paraquat; (B) in
the presence of 15 WM actin; (C) in the presence of 15 WM actin
and 1 mM paraquat; (D) in the presence of 15 WM actin and
10 mM paraquat. Chromatographic conditions are as described in
Section 2. Retention times (min): Phe-Ala (17.9); thymosin L4

(27.4). The arrow indicates the retention time of oxidized thymosin
L4.
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3.2. In£uence of diquat on the dissociation constant at low salt
conditions

To ¢nd out if the G-actin-thymosin L4 interaction was also
attenuated by other dipyridyls, we performed similar incuba-
tions using diquat, another well established dipyridyl pesti-
cide. Diquat attenuated the interaction between G-actin and
thymosin L4 comparably to paraquat (Table 2). The presence
of 1 mM diquat caused a 1.7- or 3-fold increase after 15 min
or 24 h, respectively. After a 24-h incubation a roughly 80-
fold increase was observed with 10 mM diquat.

4. Discussion

The pool of monomeric actin inside cells is important for
the function of the cytoskeletal system, which plays a signi¢-
cant role in the response to intra- or extracellular signals [2]. It
is stabilized by the interaction of actin monomers with seques-
tering proteins like L-thymosins [7,8,10]. In most mammalian
cells thymosin L4 was found to be the main G-actin seques-

tering peptide. The dissociation constant for the stoichiomet-
ric complex was determined by various groups using di¡erent
methods to be in the range of 0.5^2.0 WM [9,11,14,15,30^33].
This value is well within the range of the critical concentration
for actin polymerization, i.e. 0.1 WM for the pointed end and
0.7^1.2 WM for the barbed end [30,34,35]. This indicates that a
small attenuation of the stability of the G-actin-thymosin L4

complex (Kd;app) leads to a disturbance of the monomeric
actin pool thus interfering with the equilibrium of G- and
F-actin. Our results show that in vitro paraquat lowers the
a¤nity of G-actin for thymosin L4 in a concentration- and
time-dependent manner.

The cytotoxicity of paraquat and diquat has been attributed
in most publications to their action on cell redox systems by
the generation of reactive oxygen species [18^20,36^38]. On
the other hand, there are also reports about the in£uence of
paraquat on the cytoskeletal system. Li et al. [39] and Cap-
pelletti et al. [21,22] reported on the disruption of actin ¢la-
ments in cells exposed to paraquat. Later, Cappelletti et al.
[23] suggested that paraquat does not act by depolymerizing
actin ¢laments, but rather by increasing intracellular F-actin
content. Because we had previously shown [9,15] that the
methionine group of thymosin L4 can be oxidized by millimo-
lar H2O2 concentrations and that this oxidation decreases its
a¤nity to G-actin about 20-fold, we speculated that paraquat
may act by oxidation of thymosin L4. However, our experi-
ments show that in vitro there is no oxidation of thymosin L4

even after incubation with 10 mM paraquat for 24 h. Re-
cently, Milzani et al. [24] reported a direct interaction of para-
quat with G-actin and its ability to induce actin polymeriza-
tion at low salt conditions. From their report and our results
it can be concluded that one mechanism of paraquat cytotox-
icity is based on its direct interaction with G-actin. Actin in
turn is prevented from interacting properly with thymosin L4

resulting in a decrease in the monomeric actin pool and a shift
in the G-actin/F-actin ratio. Thus the dipyridyls paraquat and
diquat have profound in£uence on a cell parameter important
for the dynamic behavior of the micro¢lament system.
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