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Mouse erythroleukemic F4 N cells were treated with mimosine, etoposide, Fe(II)-EDTA,
and Cu(II) in the presence of ascorbate. DNA was isolated and subjected to agarose gel
electrophoresis and the size and distribution of the DNA fragments produced by the agents
were compared. With increasing concentration of Cu(II) the production of DNA fragments
was increased without decrease of the average length of the fragments, and their sizes were
similar to those produced by etoposide as expected for cleavage of DNA at the nuclear
matrix attachments sites. In contrast, mimosine and Fe(II) produced fragments of random
size and with the progression of the reaction the average length of the fragments decreased.
These results indicate that mimosine cuts DNA in a random fashion, regardless of its higher
order chromatin organization. A conclusion is drawn that the DNA fragments obtained after
mimosine treatment are a result of mimosine-assisted, Fe(II) dependent Fenton-like reactions
randomly cutting chromosomal DNA.
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Mimosine is an inhibitor of DNA synthesis that
is widely used as an agent for synchronization of
mammalian cells at the G1/S phase boundary of
the cell cycle. That is why a considerable effort has
been made to elucidate its mechanism of action
(Gilbert et al., 1995; Alpan and Pardee, 1996;
Kalejta and Hamlin, 1997; Tsvetkov et al., 1997; Ji
et al., 1997; Krude, 1999, Saintigny and Lopez
2002). It has been shown that mimosine has clasto-
genic effect, causes apoptosis and introduces DNA
breaks independently of the metabolic activity of
DNA (Jha et al., 1995; Mikhailov et al., 2000b;
Saintigney et al., 2001). Mimosine represents �-[N-
(3-hydroxy-4-pyridone)]-α-amino-propionic acid
and the ketohydroxy metal-chelating site on the
pyridine ring indicates that a part of the complex
action of mimosine may be a result of metal com-
plexing. Cells treated with mimosine undergo
changes in their chromatin organization and a hy-
pothesis has been put forward that they may be
triggered by the chelation of Cu(II) ions by mi-
mosine at the nuclear matrix attachment sites
(Vogt, 1991). Recently, we have shown that the
mimosine-assisted DNA cleavage may be a result
of its ability to form complexes with transition
metals thus causing oxidative damage of DNA by
Fenton-like reactions (Mikhailov et al., 2000a).
Copper ions play a crucial role in higher order
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chromatin structure (Kaufmann et al., 1981; Lewis
and Laemmli, 1982). This is presumed to be
achieved by stabilization of the association be-
tween the bases of DNA loops and topoisomarase
II, a major component of the nuclear matrix
(Earnshaw and Heck, 1995; Earnshaw et al., 1985;
Gasser et al., 1986; Gasser et al., 1989). Thus it
could be suggested that mimosine introduces
DNA breaks at the matrix-attachment sites via
oxidative reactions upon association with copper
ions. To check this possibility we compared the
production of DNA fragments after in vivo treat-
ment of cells with mimosine, the inhibitor of topo-
isomerase II etoposide, Fe(II)-EDTA and Cu(II).
DNA was subjected to agarose gel electrophoresis
and the size and distribution of the DNA frag-
ments produced by the agents compared. The re-
sults do not support a preferential binding of
mimosine with copper ions associated with the
nuclear matrix, but rather indicate that mimosine
produces random cleavage of DNA similar to that
caused by Fe(II)-EDTA.

Materials and Methods

Cell treatment

Mouse erythroleukemia cells, clone F4 N (Dube
et al., 1975) were cultured in MEM-S medium sup-
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plemented with 10% fetal calf serum. 10 mm stock
solution of mimosine (�-[N-(3-hydroxy-4-pyri-
done)]-α-amino-propionic acid) was prepared in
MEM-S medium and added to the cell cultures for
2 to 12 h in a final concentration of 400 µm. 5 mm
stock solution of etoposide (4�-desmethylepipodo-
phyllotoxin-9-[4,6-O-ethylidene]-�-d-glucopyrano-
side) was prepared in water and added to the cell
cultures to a final concentration of 60 µm for 1 h.
Treatment of the cells with transition metals was

carried out after immobilization of the cells in low-
melting agarose plugs. Fe(II)-EDTA was freshly
prepared by mixing equal volumes of 10 mm
Fe(NH4)2(SO4)2 and 16 mm EDTA. The final con-
centrations of Fe(II) used were 0.5 to 5 mm and
treatment was carried out for 1 h on ice. Treatment
with Cu(II) was carried out with 35 to 350 µm
CuSO4 in the presence of 0.2 mm ascorbate for 2 h
on ice.

Isolation of DNA and electrophoresis

About 107 exponentially growing F4N cells were
collected by low speed centrifugation, washed in
phosphate buffered saline and suspended in
0.25 ml 50 mm Tris (Tris[hydroxymethyl]amino-
methane), 50 mm EDTA pH 7.8 and gently mixed
with equal volume of 2% low-melting agarose pre-
pared in the above buffer. The agarose plugs were
treated with lysis buffer containing 1% SDS, 1 m
NaCl 50 mm Tris, 50 mm EDTA, pH 7.8, and
0.1 mg/ml Proteinase K for 24 h at 37 ∞C. The
plugs were washed 3 times for 1 hour with 50 mm
Tris, 50 mm EDTA, pH 7.8 at 4 ∞C, after which
treated with 0.1 mg/ml RNase A for 2 h at 37 ∞C.
Gel electrophoresis was performed in 0.5% aga-
rose gel in 2 mm EDTA, 40 mm Tris acetate, pH 8.0
for 18 h at 1 V/cm and stained with ethidium bro-
mide. As a molecular weight marker, λ DNA with
molecular weight 48.5 kb was used. The plugs con-
taining etoposide treated cells immediately before
electrophoresis were soaked for 1 hour in 30 mm
NaOH, 10 mm EDTA.

Results and Discussion

Recently we have performed in vitro experi-
ments showing that mimosine (�-[N-(3-hydroxy-4-
pyridone)]-α-amino-propionic acid) can enhance
the cleavage reaction of DNA by transition metal
ions and oxidative species, suggesting that this

could be the mechanism of mimosine-assisted in-
troduction of DNA breaks in vivo (Mikhailov
et al., 2000a). It has been shown that treatment of
nuclei with iron ions induced random double-
strand DNA breaks as judged by the size distribu-
tion of DNA fragments in pulse-field gel electro-
phoresis. In contrast, treatment with Cu(II) pro-
duced uniform size (about 100Ð200 kbp) DNA
fragments, independent of the yield of double-
strand breaks. These observations suggested that
double-strand breaks were induced by oxidative
damage of DNA by Fenton-like reactions at sites
of metal ion binding. These sites differed for iron
and copper ions, with iron ions binding nonspecifi-
cally to exposed regions of DNA and copper ions
binding to non-histone proteins at the nuclear ma-
trix attachment sites (Chiu et al., 1995). To eluci-
date the mechanism of mimosine induced DNA
breaks formation we compared the fragment size
distribution produced by mimosine treatment
in vivo with that produced by iron and copper
ions. Our previous results have shown that treat-
ment with 400 µm mimosine effectively inhibited
DNA synthesis at the second hour of treatment,
but the rate of break accumulation increased with
the time of incubation (Mikhailov et al., 2000b).
Exponentially growing F4 N cells were treated
with 400 µm mimosine for 2, 8, and 12 h. In order
to minimize the formation of DNA breaks due to
shearing during the isolation procedure, isolation
of DNA was performed after the cells were em-
bedded in low melting agarose. To resolve the high

Fig. 1. Agarose gel electrophoresis of DNA isolated from
F4 N cells treated with minosine Ð A, Fe(II)-EDTA Ð B,
and CuSO4 in the presence of ascorbate Ð C. Lanes 2
to 4 Ð cells were treated with 400 µm mimosine for 2, 8,
and 12 h, respectively; lanes 7 to 9 Ð cells treated with
0.5, 1.5, and 5 mm Fe(II); lanes 12 to 14 Ð cells treated
with 35, 100, and 350 µm Cu(II); lanes 1, 6, and 11 Ð
control untreated cells; lanes 5, 10, and 15 Ð λ DNA.
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molecular weight DNA fragments electrophoresis
was carried out in low percentage agarose and at
low voltage conditions. The results presented on
Fig. 1A show that the rate of break accumulation
increases with the time of incubation and the
molecular weight of the fragments gradually
decreases. This result confirmed our previous re-
sults obtained with single cell gel electrophoresis
(Mikhailov et al., 2000b). The fact that with the
progression of the cleavage reaction the average
length of the DNA fragments decreased indicates
that mimosine produces random cleavage of
DNA. The treatment of the cells with metal ions
was performed after permeabilization in low ionic
strength buffer and inclusion in low melting aga-
rose. In agreement with the results of Chiu et al.
(1995) Fe(II)-EDTA produced DNA fragments
with decreasing sizes (Fig. 1B), while treatment
with increasing concentrations with Cu(II) in the
presence of ascorbate produced uniform size
DNA fragments, independent of the yield of DNA
breaks (Fig. 1C).
Etoposide is an inhibitor of DNA synthesis

known to block the religation step of DNA topo-
isomerase II and produces enzyme-linked double
strand breaks. The enzyme is involved in complet-
ing DNA synthesis at the end of the replicons and
is a major component of the nuclear matrix.
Analysis of the long-range distribution of topo-
isomerase II-mediated double strand cleavages in-
duced by etoposide have shown that the primary
target of the drug in vivo is topoisomerase II asso-
ciated with the nuclear matrix (Gromova et al.,
1995; Iarovaia et al., 1996; Miassod et al., 1997).

Fig. 2. Agarose gel electrophoresis of DNA isolated from
F4 N cells treated with minosine , Fe(II)-EDTA, CuSO4
in the presence of ascorbate and etoposide. Lane 1 Ð con-
trol untreated cells; lane 2 Ð cells treated with 400 µm
mimosine for 12 h; lane 3 Ð cells treated with 350 µm
Cu(II); lane 4 Ð cells treated with 60 µm etoposide; lane
5 Ð λ DNA.

Thus it was interesting to compare the size distri-
bution of the fragments produced by mimosine,
Cu(II) and etoposide. The cells were treated
in vivo with 60 µm etoposide, a concentration that
effectively inhibits DNA synthesis after 1 hour of
incubation (Kunnev et al., 2000). The results are
presented by Fig. 2. As it was expected the frag-
ments produced by Cu(II) and etoposide are of
similar size, indicating that the two agents are act-
ing at the same sites of chromatin Ð the matrix
attachment sites, while the fragments produced by
mimosine were of lower molecular weight.
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