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Targeting of a novel fusion protein containing methioninase
to the urokinase receptor to inhibit breast cancer cell migration
and proliferation
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Abstract It has been shown that methionine depletion
inhibits tumor cell growth and reduces tumor cell sur-
vival. A novel fusion protein targeted specifically to tu-
mor cells was developed. The fusion protein contained
two components: the amino terminal fragment of human
urokinase (amino acids 1–49) that binds to the urokinase
receptor protein expressed on the surface of invasive
cancer cells, and the enzyme L-methioninase (containing
398 amino acids) which depletes methionine and arrests
the growth of methionine-dependent tumors. The influ-
ence of the fusion protein on the growth and motility of
human breast cancer cells was examined using a culture
wounding assay. It was determined that MCF-7 breast
cancer cells, used in this study, were methionine-depen-
dent and that the fusion protein bound specifically to
urokinase receptors of the surface of the cancer cells.
Further treatment of the cancer cells with fusion protein
over the concentration range 10)8 to 10)6 M produced a
dose-dependent inhibition of both the migration and
proliferation index of MCF-7 cells in the culture
wounding assay over a period of 1 to 3 days. The results
of this study suggest that this novel fusion protein may
serve as a prototype for specific targeting of methionin-
ase and perhaps other cytotoxic agents to cancer cells.

Keywords Breast cancer Æ Methioninase Æ Urokinase Æ
Cancer targeting Æ Fusion protein

Abbreviations ATF Amino-terminal fragment of uroki-
nase (amino acids 1–49) Æ PMSF Phenylmethylsulfonyl
fluoride Æ SDS-PAGE Sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis Æ TPCK N-p-Tosyl-L-
phenylalanine chloromethyl ketone

Introduction

Results obtained over the past 40 years have demon-
strated that tumor cells of all types tested have an ele-
vated growth requirement for methionine compared to
normal cells [1, 2]. Numerous lines of cancer cells are
unable to survive and grow when the amino acid
methionine is replaced in the medium with homocystine.
However, normal adult cell lines survive and grow well
with this substitution. For example, breast carcinosar-
coma and lymphatic leukemia cells do not retain via-
bility after 20 days in medium devoid of methionine but
with added homocystine; on the other hand, normal li-
ver fibroblasts, breast fibroblasts, and prostate fibro-
blasts grow normally under these same conditions [1].
Further studies have shown that methionine-dependent
cells arrest in the G2 and G1 phases of the cell cycle and
subsequently die at methionine concentrations less than
5 lM regardless of high concentrations of homocystine
precursors and folates [3].

Subsequent to the tests of the effect of methionine on
cancer and normal cells in cell culture, there have been in
vivo tests of the effect of methionine depletion on cancer
cells. One study was performed on mice with human
brain tumor xenografts [4]. With a combination of die-
tary restriction of methionine, homocystine, and choline
and synchronous treatments with intraperitoneal injec-
tions of L-methioninase and homocystine, tumor stasis
was achieved in 100% of treated animals within 4 days
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of treatment, and regression was seen in one-third of
animals after a 10-day period. The methioninase was not
toxic to the mice. A phase I clinical trial of the treatment
of three breast cancer patients with L-methioninase
showed no side effects, although a relatively long (10-h)
period of i.v. infusion was needed to reduce serum
L-methionine to very low levels [5].

The urokinase-type plasminogen activator (uPA)
receptor has consistently been found to be present at the
invasive foci of most human cancers [6]. Also known as
urokinase, uPA appears to be the enzyme primarily
responsible for the generation of plasmin during the
process of extracellular matrix degradation. The ability
of cancer cells to degrade extracellular matrices is critical
to the metastasis of these cells. Urokinase consists of an
A chain and a B chain, with the A chain responsible for
binding to the receptor [7]. Further, studies have shown
that residues 12–32 in the A chain are critical for binding
to the receptor [8].

The major objective of this project was to specifically
target L-methioninase to breast cancer cells by combin-
ing L-methioninase in a fusion protein that contained the
amino terminal fragment of urokinase, which binds to
the urokinase receptor expressed on the surface of the
cancer cells. Our major hypothesis was that this fusion
protein would bind specifically to urokinase receptors
and produce selective cytotoxicity to methionine-
dependent breast cancer cells.

Materials and methods

Plasmids and bacterial strains

A pKK223-3 plasmid containing the gene for L-methioninase
(containing 398 amino acids and with a calculated molecular
weight of 42.7 kDa) from Pseudomonas putida was kindly provided
by Dr. Dennis Carson of the University of California, San Diego
[9]. Plasmid pULB1221 containing the gene for human urokinase
was kindly provided by Dr. Paul Jacobs of the Free University of
Brussels, Belgium [10]. Plasmid pKK223-3, with the tac promoter
and an ampicillin resistance gene, was obtained from Amersham
Biosciences (Piscataway, N.J.). Escherichia coli JM105 was used as
the host for both vector construction and protein expression.

Plasmid construction

The following fusion protein gene was constructed: N-(amino acids
1–49 of urokinase A chain)-Gly-Ser-Gly-Ser-Gly-Ser-(L-methio-
ninase)-C. The peptide between amino acids 1–49 of urokinase A
chain (designated ATF) and L-methioninase is a flexible linker
designed to join the two proteins without disturbing their function
and is not susceptible to cleavage by host proteases [11]. The ATF
gene was amplified by PCR from the plasmid pULB1221 with a
EcoRI restriction site added at the 5¢ end and the flexible linker and
a HindIII site added at the 3¢ end. The L-methioninase gene con-
tained in pKK223-3 was amplified by PCR with a BamHI site
added at the 5¢ end and a HindIII site at the 3¢ end. PCR was
performed using the Expand High Fidelity PCR system (Boehrin-
ger Mannheim, Indianapolis, Ind.). After digestion with the
appropriate restriction enzymes, PCR gene fragments were agarose
gel-purified prior to ligation according to the Geneclean protocol
(BIO101, Vista, Calif.). The digested and purified PCR fragments
were directionally ligated into expression vector pKK223-3, which

had been digested with EcoRI and HindIII and then purified by the
Geneclean procedure. E. coli JM105 cells were transformed with
the recombinant plasmid by electroporation.

Expression and purification of ATF-methioninase

A clone harboring the recombinant plasmid was grown to mid-log
phase (OD600 nm=0.5) at 37�C in shake flasks in 250 ml Luria
broth medium containing 100 lg ampicillin and 1% glucose. At
this point, the culture was induced with isopropyl-b-D-thiogalac-
toside at 1 mM, and an additional 100 lg ampicillin was added.
The cells were grown for an additional 5 h and then harvested by
centrifugation. The pellet was resuspended in 10 ml purification
buffer at pH 8.0 (0.05 mM TPCK, 1 mM PMSF, 1% ethanol,
1 mM EDTA, 0.02 mM pyridoxal phosphate, 0.01% b-mercapto-
ethanol, 0.02 M Tris, pH 8.0). The suspended cells were sonicated
at 4�C for a total of 2.5 min at 4.5 W/ml (550 Sonic Dismembrator,
Fisher Scientific, Pittsburgh, Pa.). The lysate obtained was centri-
fuged at 12,000 g for 30 min to remove the cell debris and then was
subjected to a heat treatment by holding at 50�C for 8 min and then
cooling to 4�C. Subsequent steps were carried out at 4�C.

The lysate was fed onto a 40-ml column (2.5 cm diameter) of Q
Sepharose Fast Flow anion exchange adsorbent (Amersham Bio-
tech, Piscataway, N.J.) equilibrated with the purification buffer at
pH 8.0, and the column was eluted with a linear gradient of 0–
0.8 M KCl in purification buffer over 2 h at a superficial velocity of
30 cm/h. Ammonium sulfate was added to give 35% saturation to
the pool of the fractions containing the fusion protein, and the
precipitate was removed by centrifugation at 10,000 g. The super-
natant was fed onto a 30-ml column (2.5 cm diameter) of Phenyl
Sepharose 6 Fast Flow (Amersham Biotech) equilibrated with
purification buffer at pH 6.5 and 35% saturated with ammonium
sulfate. After washing the column with the same buffer that was
35% saturated with ammonium sulfate, the column was eluted with
the same buffer with no ammonium sulfate. Both washing and
elution for the hydrophobic interaction chromatography were at a
superficial velocity of 30 cm/h. The fractions containing the fusion
protein were dialyzed against purification buffer at pH 6.5
(0.05 mM TPCK, 1 mM PMSF, 1% ethanol, 1 mM EDTA,
0.02 mM pyridoxal phosphate, 0.01% b-mercaptoethanol, 0.02 M
BisTris, pH 6.5). The dialyzed solution at pH 6.5 was fed onto the
same anion exchange column as before, but with the column
equilibrated with purification buffer at pH 6.5. The column was
eluted under the same conditions as for the anion exchange chro-
matography at pH 8.0, except a 0–0.4 M KCl linear gradient was
used. Fractions containing the fusion protein were pooled.

The enzymatic activity of L-methioninase was measured using L-
methionine as a substrate and spectrophotometrically following the
production of a-ketobutyrate with 3-methyl-2-benzothiazolone hy-
drazone hydrochloride [12]. Total protein was determined using the
Bradford assay in a kit with bovine serum albumin as a standard
(Bio-Rad, Richmond, Calif.). The Bradford protein assay was
chosen because it gave much better protein balances around purifi-
cation steps than the bicinchoninic acid (BCA) protein assay.
Samples were analyzed by denaturing gel electrophoresis using the
SDS-PAGEmethodwith staining by Coomassie blue [13]. SigmaGel
software (SPSS Science, Chicago, Ill.) was used to read band den-
sities of Coomassie-stained gels. Amino-terminal protein sequencing
was performed by the Molecular Biology Resource Facility at the
University of Oklahoma, Health Sciences Center, on a protein se-
quencer equipped with an on-line PTH-amino acid analyzer (Procise
model 492 sequencer, with model 610A data system; Perkin-Elmer,
Applied Biosystems Division, Foster City, Calif.).

Test compounds

Purified human urokinase was provided by Abbott Laboratories
(Abbott Park, Ill.). Test compounds were dissolved in RPMI
medium and control cultures received the same amount of RPMI
medium alone.
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Cell culture

MCF-7 human breast cancer cells were provided by the Michigan
Cancer Foundation. The cells were maintained as monolayer cul-
tures in RPMI 1640 medium (without phenol red) supplemented
with 2 mM L-glutamine, gentamicin (50 lg/ml), penicillin (100 U/
ml), streptomycin (100 lg/ml), estradiol (10)11 M) (all from Sigma,
St. Louis, Mo.) and 5% bovine calf serum (Hyclone, Logan, Utah)
as previously described [14]. In some experiments, the culture
medium was methionine-deficient or the methionine was replaced
with homocystine. The medium was filter-sterilized and stored at
4�C prior to use. We have found that the MCF-7 cells used in this
study are metastatic in a mouse xenograft model (unpublished
observation).

Cell binding assay

The relative binding of the fusion protein to urokinase receptors
was carried out by measuring the displacement of fusion protein. In
the present study fusion protein displacement was quantified by
measuring L-methioninase activity of the supernatant solution in
response to increasing concentrations of pure urokinase. MCF-7
cells were plated in 96-well plates containing 103 cells/well, a sat-
urating concentration of fusion protein (10)6 M), and pure uroki-
nase over the range 3·10)10 to 3·10)6 M. Following a 1-h
incubation at 37�C in an incubator containing a CO2-enriched
atmosphere, the supernatant was removed and centrifuged to re-
move all cellular debris. The supernatant L-methioninase concen-
tration was measured using a spectrophotometric method as
previously described [12]. The urokinase concentration that pro-
duced a 50% displacement of fusion protein in this assay was used
to estimate the relative binding affinity as previously described [14].

Culture wounding assay

Cell migration and proliferation index were evaluated using the
culture wounding assay. In previous studies we have used this
method to quantify growth factor-mediated stimulation of MCF-7
cell migration [15]. By 3 days after seeding 5·105 MCF-7 cells into
60-mm culture dishes, the cells were approximately 90% confluent.
The cultures were wounded, washed three times with phosphate-
buffered saline, and treated with medium containing various con-
centrations of the fusion protein, methionine, or homocystine. In
each experiment control cultures received RPMI medium alone. At
24 and 48 h, and in some cases 72 and 96 h, following treatment,
cell migration and proliferation index were determined by mea-
suring both the distance traveled by the cell front into the wounded
area (migration) and the number of cells in the wounded area
(proliferation index) per microscopic field. Measurements were
taken from 10 to 12 individual microscopic fields in each experi-
ment, and the data from two or three experiments are summarized.

Data analysis

Multiple group comparisons were conducted using ANOVA and
Student’s t-test for pair-wise comparisons. Group differences
resulting in P values of less than 0.05 were considered to be sta-
tistically significant.

Results

Expression and purification of ATF-methioninase

The ATF-methioninase fusion protein was expressed in
soluble form in E. coli JM105 cells after transformation

with the recombinant plasmid. The SDS-PAGE results
shown in Fig. 1 show the overexpression of the ATF-
methioninase fusion protein in a clone containing the
recombinant plasmid and the increasing purity of the
fusion protein as the purification progressed. The purity
of the fusion protein in the pooled fractions from the
final chromatography was estimated to be 98% using
SigmaGel densitometry software, and the specific L-
methioninase activity for these pooled fractions was
3.6 U/mg total protein (18 times higher than the specific
L-methioninase activity in the starting cell lysate). The
measured recovery of L-methioninase activity during
purification was 29%.

Sequencing of the purified fusion protein was per-
formed on the first eight amino-terminal amino acids.
The sequence was identical to the amino-terminus of the
urokinase A chain (Ser-Asn-Glu-Leu-His-Gln-Val-Pro)
for 80±5% of the protein. One of the minor sequences
obtained, for 10% of the protein, was the same as the
sequence of the urokinase A chain starting at amino acid
21, which indicates that the first 20 amino acids were
cleaved off (between Val and Ser) to give this sequence.
This apparent cleavage of the fusion protein may explain
the width of the band corresponding to the fusion pro-
tein in the SDS-PAGE analysis (Fig. 1). Thus, the se-
quences for the fusion protein, either whole or with the
first 20 amino acids cleaved off, account for 90±5% of
the protein, which is close to the purity determined by
SDS-PAGE when error in the sequencing results is taken
into account.

Methionine dependency of MCF-7 cells

In order to determine the methionine dependency of the
MCF-7 cells used in this study, the growth of cells in

Fig. 1 SDS-PAGE analysis with Coomassie blue staining of the
expression and purification of ATF-methioninase fusion protein
(position indicated by the arrow). The fusion protein was expressed
from plasmid pKK223-3 under the control of the tac promoter in
E. coli JM105 at 37�C (lane 1 soluble lysate, lane 2 heat-treated
soluble lysate, lane 3 pooled fractions from anion exchange
chromatography at pH 8.0, lane 4 pooled fractions from hydro-
phobic interaction chromatography, lane 5 pooled fractions from
anion exchange chromatography at pH 6.5; M molecular weight
markers indicated on the right in kiloDaltons)
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complete medium and methionine-free medium were
compared. Cell migration and the proliferation index
were significantly reduced in the absence of methionine
on days 1–4 (P<0.05; Figs. 2 and 3). In addition, the
addition of homocystine improved cell migration and
proliferation, but did not reverse the effects of methio-
nine deficiency.

Inhibitory effects of ATF-methioninase

The effects of fusion protein were examined over the
concentration range 10)6 to 10)8 M as shown in Figs. 4
and 5. In these experiments, the fusion protein produced
a dose-related inhibition of both the migration and
proliferation index of MCF-7 cells on days 2 and 3
following fusion protein treatment (P<0.05). On day 1,
the fusion protein-induced inhibition of cell migration
and the proliferation index was found not to be dose-
related.

Fig. 2 Effects of methionine
deficiency on MCF-7 cell
migration. Each bar represents
the distance (mean±SEM from
10 to 12 microscopic fields) of
cell migration into the wounded
area (Met+ methionine
concentration 15 mg/l, Hcy+
homocystine concentration
15 mg/l, Met- absence of
methionine, Hcy- absence of
homocystine in the medium)

Fig. 3 Effects of methionine deficiency on MCF-7 cell proliferation
index. Each bar represents the number of cells in the wounded area
(mean±SEM from 10 to 12 microscopic fields) (Met+ methionine
concentration 15 mg/l, Hcy+ homocystine concentration 15 mg/l,
Met- absence of methionine, Hcy- absence of homocystine in the
medium)

Fig. 4 Dose-response effect of
the fusion protein on MCF-7
cell migration. Each bar
represents the distance
(mean±SEM from 10 to 12
microscopic fields) of cell
migration into the wounded
area
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Specific binding of ATF-methioninase to MCF-7 cells

In these experiments, the displacement of the fusion
protein from urokinase receptors on MCF-7 cells was
determined. As shown in Fig. 6, increasing concentra-
tions of urokinase over the concentration range 3·10)10

to 3·10)6 M produced a dose-related displacement of
fusion protein. The urokinase concentration necessary
to produce a 50% displacement of fusion protein was
determined to be approximately 10)8 M. It was also
determined that human EGF, over the same concen-
tration range, did not produce any significant displace-
ment of the fusion protein.

Discussion

We constructed the fusion protein ATF-methioninase by
ligating the gene for the first 49 amino acids of the

urokinase A chain to a gene for L-methioninase from
P. putida, with the gene coding for a six amino acid
flexible linker in between. This fusion protein, which had
L-methioninase activity, was produced in E. coli in sol-
uble form and purified to near homogeneity with three
chromatography steps.

Amino acids 1–49 of the urokinase A chain (denoted
ATF) were used in the fusion protein since this includes
residues 12–32 that have been shown to be critical for
binding to the urokinase receptor [8]. The kringle do-
main of the urokinase A chain was excluded because this
domain has been shown to bind heparin, which could
bind polyanionic molecules such as the proteoglycans
and aid in the invasion of tissue [16]. Since the fusion
proteins were produced in recombinant E. coli, the
threonine at residue 18 of the urokinase fragment would
not be fucosylated; thus, the urokinase fragment would
not have the undesirable cell-proliferation property of
the corresponding human urokinase fragment, which is

Fig. 5 Dose-response effect of
fusion protein on MCF-7 cell
proliferation index. Each bar
represents the number of cells in
the wounded area (mean±SEM
from 10 to 12 microscopic
fields)

Fig. 6 Urokinase-induced
displacement of fusion protein
from membrane binding sites in
MCF-7 cells. The data
presented are summarized from
two experiments. The dotted
line indicates the concentration
of human urokinase that
produced a 50% displacement
of fusion protein
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dependent on Thr18 being fucosylated [17]. Bacteria such
as E. coli do not carry out post-translational glycosyla-
tions such as fucosylation.

The MCF-7 breast cancer cells used in the biological
testing were verified as methionine-dependent, as dem-
onstrated by the reduction in cell migration and prolif-
eration index when the amino acid methionine was
replaced by homocystine (Figs. 2 and 3). Normal human
cell lines survive and grow well with this substitution.
The ATF-methioninase fusion protein in E. coli cell ly-
sate inhibited the migration and proliferation index of
MCF-7 cells over the concentration range 10)6 to
10)8 M in a dose-dependent manner over a period of
3 days (Figs. 4 and 5). To show that ATF-methioninase
would bind specifically to MCF-7 cells, a binding assay
was performed by saturating the cells with the fusion
protein and adding urokinase at various concentrations.
The relative affinity of ATF-methioninase for the cells
(50% competition at 10)8 M, Fig. 6) is 10-fold lower
than that reported by others for the displacement of a
larger ATF (1–135) by urokinase from cultured cells [7],
which consistent with reduced binding strength for other
urokinase ATF’s that are less than 135 amino acids in
size [8].

The major mechanism of the inhibitory effects of
ATF-methioninase in this study is believed to be the
methioninase-induced depletion of methionine available
to the cells. Another possible mechanism of ATF-me-
thioninase inhibition of cell migration and proliferation
may be related to the specific binding to, and inactiva-
tion of, the urokinase receptor. Since urokinase is
known to be involved in cancer cell invasion, specific
binding to this receptor, by fusion protein, may inhibit
or alter urokinase-related activity.

Urokinase or ATF have been fused to the cytotoxic
proteins saporin [18] and diphtheria toxin [19]. While
these fusion proteins were found to be cytotoxic to
cancer cells, they would also kill normal cells that also
have urokinase receptors, such as neutrophils, eosin-
ophils, monocytes, and fibroblasts. The ATF-methio-
ninase fusion protein is advantageous in this respect,
since the growth of normal cells would not be inhibited.

One possible drawback to the use of L-methioninase
in human cancer therapy is the immunogenicity of
bacterially derived L-methioninase. Since L-methionin-
ase has shown no toxicity in mice in previous studies [4],
immunogenicity may not be a significant concern.
However, one way to reduce a protein’s immunogenicity
is to conjugate it to polyethylene glycol (PEG) [20].
L-Methioninase has, in fact, been successfully conju-
gated to PEG, resulting in a significant increase in serum
half-life in rats [21].

None of the work to date with L-methioninase treat-
ment of cancer cells has involved the targeting of the
L-methioninase to the cell surface. Advantages that are
foreseen for targeting L-methioninase to the cell surface
include the following. Since the L-methioninase is being
targeted to the cells that it is intended to kill, the dosages
of this fusion protein containing L-methioninase should

be much lower than when L-methioninase alone is
administered systemically. In addition, it may be possible
to avoid having dietary restrictions of methionine, ho-
mocystine, and choline and injections of homocystine as
were needed in the previous studies with mice [4].

In conclusion, the results of this study demonstrate
that an ATF-methioninase fusion protein is capable of
inhibiting both the proliferation and migration of hu-
man breast cancer cells. In addition, our results indicate
that the fusion protein is specifically targeted to the
urokinase receptor of the cancer cells. This fusion pro-
tein may serve as a prototype for targeting methioninase
and/or other cytotoxic agents to metastatic cancer cells.
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