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Abstract: We reported previously that L-methioninase targeted to the urokinase receptor of MCF-7 
breast cancer cells is significantly more effective in inhibiting cell proliferation and migration than free 
L-methioninase both in vitro and in vivo. L-methioninase was targeted by linking at its amino terminus 
to an amino-terminal fragment (ATF) of urokinase. The ATF was selected for targeting because is has 
previously been shown not to internalize within the cells. The present study was designed to determine 
the effectiveness of targeting L-methioninase to a cancer cell receptor that is internalizing in 
comparison with ATF-methioninase, which does not internalize. Transforming growth factor-α (TGF-
α) was selected for targeting to the epidermal growth factor receptor which is overexpressed in 
numerous cancer cell lines and is an internalizing receptor. Two fusion proteins, ATF-methioninase 
and TGF-methioninase (TGF-α linked to the amino terminus of L-methioninase), were produced by 
recombinant methods and purified. In an in vitro culture wounding assay over 3 days to measure cell 
proliferation and migration of MCF-7 breast cancer cells and PC-3 prostate cancer cells, both fusion 
proteins inhibited the proliferation and migration of both cancer cell lines. However, the inhibition was 
significantly greater for ATF-methioninase compared to TGF-methioninase, especially at treatment 
days 2 and 3. These results indicate that, for a fixed dosage of the fusion protein, it is more 
advantageous to have L-methioinase bind to a receptor and remain externalized, rather than to bind to a 
receptor which leads to internalization of L-methioninase. Further, it may be advantageous to target 
other anticancer agents to the urokinase receptor on the cancer cell surface by means of the amino-
terminal fragment of urokinase.  
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INTRODUCTION 
 
 Methionine-dependence is a metabolic defect of 
cancer cells that is under investigation for the treatment 
of cancer. Many cancer cell lines have been found to 
have this defect[1]. A strategy to exploit the methionine 
dependence of cancer cells is the administration of the 
enzyme L-methioninase, which degrades methionine 
(see the review by Cellarier et al.[2]). In one promising 
study, the i.v. infusion of L-methioninase for 24 hours 
to nine patients with either advanced lung, breast or 
kidney cancer, or lymphoma in a phase I clinical trial 
resulted in serum methionine being reduced to very low 
levels, with no adverse side effects observed[3].  

 In a recent study, we showed that L-methioninase 
targeted to the urokinase receptor of MCF-7 breast 
cancer cells is significantly more effective in inhibiting 
cell proliferation and migration than free L-
methioninase[4]. A fusion protein consisting of amino-
terminal fragment of the A chain of human urokinase 
(ATF, amino acids 1-49) linked to the amino terminus 
of L-methioninase from Pseudomonas putida produced 
a dose-dependent inhibition of both the proliferation 
and migration of MCF-7 cells in vitro[4, 5] and inhibition 
of MCF-7 tumor xenografts in vivo[4]. ATF was 
selected for this fusion protein because previous studies 
have shown that residues 12-32 of the urokinase A 
chain  are  critical for  binding to the receptor[6] and that  
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the amino-terminal fragment of the A chain, consisting 
of residues 1-135 does not internalize within the cell, 
since the catalytic domain in the urokinase B chain is 
required for internalization[7]. 
 The present study was designed to determine the 
effectiveness of targeting L-methioninase to a cancer 
cell receptor that is internalizing and compare the 
results to those with ATF-methioninase, which does not 
internalize. We selected transforming growth factor-α 
(TGF- α) for targeting to the epidermal growth factor 
(EGF) receptor, which has been shown to be expressed 
in numerous cancer cell lines[8] and to be an 
internalizing receptor[9]. TGF-α, a 6 kDa polypeptide, 
binds to the EGF receptor with about the same affinity 
as EGF for mammalian cells[10].  
 

MATERIALS AND METHODS 
 
 Synthetic oligonucleotides were produced by the 
Molecular Biology Resource Facility at the University 
of Oklahoma Health Sciences Center. Vector pET-30 
EK/LIC, HRV 3C protease and NovaBlue and 
BL21(DE3) Escherichia coli cells were obtained from 
Novagen (Madison, WI). Plasmid containing the TGF-α 
gene was kindly provided by Dr. Ira Pastan of the 
National Cancer Institute (pVC387/TGF). 
 
Construction of recombinant expression plasmids: 
Expression vector pET-30/Ek/LIC/ATF-Meth coding 
for the ATF-methioninase fusion protein gene with an 
N-terminal His-tag sequence and an HRV 3C protease 
cleavage site immediately before the start of ATF has 
been described[4]. HRV 3C protease cleaves the 
sequence LEVLFQ↓GP.  
 Expression vector pET-44/Ek/LIC/TGF-Meth was 
constructed to give an N-terminal His-tag sequence 
with a NusA tag, integrated thrombin cleavage site, 
enterokinase cleavage site and an engineered HRV 3C 
protease cleavage site next to the start of the gene for 
the TGF-methioninase fusion protein, which has the 
following sequence: N-(TGF-α)-Gly-Ser-Gly-Ser-Gly-
Ser-(L-methioninase)-C. The peptide between TGF-α 
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 
NusA tag[12] was selected for use to insure that the 
fusion protein was soluble. This gene construction was 
performed as follows: The DNA sequence encoding the 
L-methioninase was amplified by polymerase chain 
reaction (PCR) from pKK223-3/ATF-Meth[5] with a 
BamHI site at the 5  end and a LIC site at the 3  end 
and the DNA sequence encoding TGF-α was amplified 
by PCR from pVC 387/TGF with the LIC site and HRV  

 
3C protease site at the 5’ end and the flexible linker and 
BamHI site at the 3’ end. PCR was performed using the 
Expand High Fidelity PCR system (Boehringer 
Mannheim, Indianapolis, Ind.). Forward and reverse 
primers used for PCR for TGF-methioninase were as 
follows:  
a. The primer TGF 5’ 

(GACGACGACAAGATGCTTGAAGTCCTCTTTC
AGGG 
ACCCGGAGTGGTGTCCCATTTTAATGACTG
CCC) introduced at the 5’ end of the TGF DNA 
sequence an LIC cloning site (italics) and an HRV 
3C protease site (underlined); 

b. The primer TGF 
3’(GCGGATCCAGAACCGCTGCCAGCCAGGA
GGTCC GCATGCTCACAGCG) introduced at the 
3’ end of the TGF DNA sequence a BamHI site 
(bold italics) and flexible linker region 
(underlined);  

c. The primer METH 5’ 
(CGCGGATCCCGCGACTCCCATAACAACAC
C) introduced at the 5’ end of the L-methioninase 
DNA sequence a BamHI site (bold italics). 

d. The primer METH 
3’(GAGGAGAAGCCCGGTTATCATGCACACG
CCT CCAATGCCAACTCG) introduced at 3’ end 
of the L-methioninase DNA sequence an LIC 
cloning site (italics). 

 PCR gene fragments were agarose gel-purified 
prior to restriction enzyme digestion according to the 
Qiagen protocol (BIO101, Vista, CA). After digestion 
of these gene fragments with BamHI enzyme, they 
were purified using a PCR purification kit (Qiagen, 
BIO101, Vista, CA). The two fragments were ligated 
using T4 DNA ligase. Ligated product was purified 
according to the Qiagen protocol (BIO101, Vista, CA). 
The ligated product was annealed to the pET-44 
EK/LIC linear vector and transformed into NovaBlue E. 
coli cells. The DNA sequences were verified by 
sequencing at the Oklahoma Medical Research 
Foundation (Oklahoma City, OK).  
 
Expression and purification of recombinant 
proteins: Fusion proteins containing the ATF-
methioninase or TGF-methioninase were produced in 
E. coli BL21(DE3) containing pET-30/Ek/LIC/ATF-
Meth or pET-44/Ek/LIC/TGF-Meth vectors and 
purified as described[4], with the following exceptions: 
Cells containing pET-44/Ek/LIC/TGF-Meth were 
grown in medium with 100 µg mL¯1 ampicillin (instead 
of 35 µg mL¯1 kanamycin) and recombinant protein 
expression was induced for a period of 3 h at 37 oC 
(instead of 5 h at 30 oC).  
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Cell culture: MCF-7 and PC-3 human cancer cells 
were obtained from American Type Culture Collection 
and maintained as monolayer cultures in RPMI 1640 
media (without phenol red) supplemented with 2 mM 
L-glutamine, gentamicin (50 µg mL¯1), penicillin (100 
units mL¯1), streptomycin (100 µg mL¯1), estradiol (10-

11 M) (all from Sigma, St. Louis, MO) and 5% bovine 
calf serum (Hyclone, Logan, UT) as previously 
described[13]. The media was filter sterilized and stored 
at 4ºC prior to use.  
 
Culture wounding assay: Cell migration and 
proliferation were evaluated using the culture wounding 
assay as previously described[5, 13]. Three days after 
seeding 5 x 105 the cancer cells into 60 mm culture 
dishes when the cells were approximately 90% 
confluent, the cultures were wounded, washed three 
times with PBS and treated with media containing 
fusion protein. In each experiment control cultures 
received RPMI media alone. At 24, 48 and 72 h 
following treatment, cell migration and proliferation 
were determined by measuring both the distance 
traveled by the cell front into the wounded area 
(migration) and the number of cells in the wounded 
area (proliferation)/microscopic field. Measurements 
were taken from 10-12 individual microscopic fields in 
each experiment and data was summarized from 2-3 
experiments. 
 
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 
statistically significant. 
 

RESULTS AND DISCUSSION 
 
Expression and purification of fusion proteins: Both 
fusion proteins were produced in soluble form at either 
30°C (ATF-methioninase) or 37 °C (TGF-
methioninase) in E. coli BL21(DE3) cells after 
transformation with the recombinant plasmid. The 
SDS-PAGE   results in Fig. 1 show the expression of 
the TGF-methioninase fusion protein in a clone 
containing the recombinant plasmid. Very near 
complete cleavage at the HRV 3C protease site to 
remove the His-tag was obtained using HRV 3C 
protease (Fig. 1, lanes 2 and 3). The purity of the fusion 
protein from the final chromatography was estimated to 
be 97% using Quantity One densitometry software 
analysis of lane 4 of the SDS-PAGE gel in Fig. 1 (Bio-
Rad, Hercules, CA, USA). Similar expression and 
purity were also obtained with ATF-methioninase[4].  
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Fig. 1: SDS-PAGE analysis with Coomassie blue staining of 

the expression and purification of the TGF-
methioninase fusion protein (position indicated by the 
arrow). The fusion protein was expressed from 
plasmid pET-44/Ek/LIC/TGF-Meth in E. coli 
BL21(DE3) cells at 37 ºC (lane 1 soluble lysate, lane 
2 eluted fraction from first metal affinity 
chromatography, lane 3 eluted fraction after cleavage 
with HRV 3C protease, lane 4 pooled fractions from 
second metal affinity chromatography, M marker 
proteins with molecular masses indicated on the left in 
kiloDaltons)  

 

0

20

40

60

80

100

120

140

160

180

200

220

240

Control ATF 10-6M ATF 10-7M ATF 10-8M TGF 10-6M TGF 10-7M TGF 10-8M

Treatment

Ce
ll 

nu
m

be
r 

/ f
ie

ld

1 Day
2 Day
3 Day

 
Fig. 2: Dose-response effect of fusion proteins on MCF-7 

breast cancer cell proliferation. ATF-methioninase or 
TGF-methioninase was administered immediately 
following culture wounding. Each bar represents the 
number of cells that migrated into the wounded area 
(mean ± SEM from 10 to 12 microscope fields) 

 
The specific L-methioninase activity was 12.5 U mg¯1 
protein for TGF-methioninase and 13.9 U mg¯1 protein 
for ATF-methioninase. Amino acid sequencing of both 
fusion proteins was performed at the amino-terminus. 
The predominant sequence was identical to the amino- 
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Fig. 3: Dose-response effect of fusion protein on MCF-7 

breast cancer cell migration. ATF-methioninase or 
TGF-methioninase was administered immediately 
following culture wounding. Each bar represents the 
distance of cell migration into the wounded area 
(mean ± SEM from 10 to 12 microscope fields) 
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Fig. 4: Dose-response effect of fusion protein on PC-3 

prostate cancer cell proliferation. ATF-methioninase 
or TGF-methioninase was administered immediately 
following culture wounding. Each bar represents the 
number of cells that migrated into the wounded area 
(mean ± SEM from 10 to 12 microscope fields) 

 
terminus of TGF-α or urokinase A chain with Gly-Pro 
added for the first 7-8 amino acids.  
 
Inhibitory effects of fusion proteins on MCF-7 
breast cancer cells: The effects of the fusion proteins 
on MCF-7 breast cancer cells were examined over a 
concentration range of 10-6 to 10-8 M as shown in Fig. 2 
and 3. In these experiments, TGF-methioninase 
produced a dose-related inhibition of cell proliferation 
and migration compared to the control. However, 
treatment with ATF-methioninase in general produced a 
much greater inhibition of cell proliferation and 
migration than that observed with TGF-methioninase  

 

0

0.05

0.1

0.15

0.2

0.25

0.3

Control ATF 10-6M ATF 10-7M ATF 10-8M TGF 10-6M TGF 10-7M TGF 10-8M

Treatment

Fr
on

t d
is

ta
nc

e 
(m

m
)

1 day
2 day
3 day

 
Fig. 5: Dose-response effect of fusion protein on PC-3 

prostate cancer cell migration. ATF-methioninase or 
TGF-methioninase was administered immediately 
following culture wounding. Each bar represents the 
distance of cell migration into the wounded area 
(mean ± SEM from 10 to 12 microscope fields) 

 
treatment. ATF-methioninase-induced inhibition of the 
MCF-7 cells was significantly greater than that induced 
by TGF-methioninase on treatment days 2 and 3 at both 
at the highest two concentrations of 10-6 M and 10-7 M 
(p < 0.05).  
 
Inhibitory effects of fusion proteins PC-3 prostate 
cancer cells: The effects of the fusion proteins on PC-3 
prostate cancer cells were examined over a 
concentration range of 10-6 to 10-8 M as shown in Fig. 4 
and 5. TGF-methioninase treatment again led to a dose-
related inhibition of cell proliferation and migration 
compared to the control. However, treatment with ATF-
methioninase in general produced a much greater 
inhibition of cell proliferation and migration than TGF-
methioninase. ATF-methioninase-induced inhibition of 
the PC-3 cells was significantly greater than that 
induced by TGF-methioninase on treatment days 2 and 
3 at all the concentrations tested (p < 0.05).  
 We have previously reported that the ATF-
methioninase fusion protein is significantly more 
effective than free L-methioninase in inhibiting 
proliferation and migration of MCF-7 breast cancer 
cells both in cell culture and in nude mouse xenografts 
in vivo[4, 5]. The objective of this study was to determine 
if L-methioninase is as effective as an anticancer agent 
when it is targeted to an internalizing receptor 
compared to when it is targeted to a non-internalizing 
receptor. The MCF-7 breast cancer cells and PC-3 
prostate cancer cells chosen for targeting in this study 
previously have been shown to be methionine 
dependent[14] and to express both the urokinase and 
EGF receptors[15-18].  
 While both fusion proteins produced inhibition of 
cell  proliferation  and migration of both the MCF-7 and  
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PC-3 cancer cells, the inhibition was significantly 
greater for ATF-methioninase compared to TGF-
methioninase, especially for days 2 and 3 after 
treatment. These results indicate that, for a fixed dosage 
of the fusion protein, it is more advantageous to have L-
methioinase to bind to the receptor and stay bound on 
the cell surface, rather that to have L-methioninase to 
bind to the receptor and then to be brought into the 
inside of the cell by the internalizing receptor. In 
conclusion, it may be advantageous to target other 
anticancer agents to the urokinase receptor on the 
cancer cell surface by means of the amino-terminal 
fragment of urokinase.  
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