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ABSTRACT

CPI-0004Na is a tetrapeptidic extracellularly tumour-activated prodrug of doxorubicin. The
tetrapeptide structure ensures blood stability and selective cleavage by unidentified pepti-
dase(s) released by tumour cells. The purpose of this work was to identify the enzyme
responsible for the first rate-limiting step of CPI-0004Na activation, initially attributed to
a 70 kDa acidic (plI = 5.2) metallopeptidase active at neutral pH that was subsequently puri-
fied from HelLa cell homogenates. Two electrophoretic bands were isolated and identified by
matrix-assisted laser desorption ionisation-time of flight (MALDI-tof) and electrospray ioni-
sation-quadrupole-time of flight (ESI-Q-tof) mass spectrometry as thimet oligopeptidase
(TOP). The identity of the CPI-0004Na activating enzyme and TOP was further supported
by the similar substrate specificity of the purified enzyme and recombinant TOP, by thiol
stimulation of CPI-0004Na cleavage by cancer cell conditioned media (unique characteristic
of TOP) and by the inhibition of CPI-0004Na activation by specific inhibitors or immunopre-
cipitation. Although other enzymes can be involved, TOP clearly appears to be a likely
candidate for extracellular activation of the CPI-0004Na prodrug.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction the efficacy of classical, cytotoxic, anticancer agents. These

factors are the severe side-effects resulting from the action
CPI-0004Na' was developed as an extracellularly tumour- of anticancer drugs on normal cell types and tissues, and
activated prodrug (ETAP) of doxorubicin (Dox)* with the the inherent or acquired resistance of tumours to those
objective of overcoming the two major factors that limit same compounds.>*

Abbreviations: AEBSF, aminoethylbenzenesulfonyl fluoride; Dox, doxorubicin; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic
acid; ESI-Q-tof, electrospray ionisation-quadrupole-time of flight; ETAP, extracellularly tumour-activated prodrug; FCS, foetal calf serum;
HATU, O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate; HEPES, hydroxyethylpiperazine; HPLC, high
performance liquid chromatography; MALDI-tof, matrix-assisted laser desorption ionisation-time of flight; MMP, matrix metallopep-
tidase; MS, mass spectrometry; PSA, prostate-specific antigen; SDS, sodium dodecyl sulphate; TOP, thimet oligopeptidase; Tris,
tris(hydroxymethyl) aminomethane; UPS, Universal protease substrate.
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The deal ETAP compound has: (i) to be pharmacologically
inactive as a result of its inability to access the intracellular
compartments of both normal and cancer cells; and (ii) to
be converted into an active cytotoxic agent at the tumour site
only. Prevention of intracellular uptake of the cytotoxic drug
can be achieved through conjugation to a non-cell penetrat-
ing, blood-stable peptide. Conversion to the active agent is
mediated by the action of extracellular peptidases found spe-
cifically in tumours.? Indeed, a number of hydrolases, and
particularly peptidases, have been found to be overexpressed
and oversecreted by tumour cells, tumour stromal cells or
endothelial cells involved in tumour neoangiogenesis.”™”

The appropriate tetrapeptide, which constitutes the pro-
moiety of CPI-0004Na, was selected in vitro among several
peptidic conjugates of doxorubicin or daunorubicin, on the
basis of its stability in whole human blood and for its selec-
tive reactivation by cancer cell conditioned media.? At the
time of selection, the peptidase(s) responsible for prodrug
activation was unidentified and referred to as “enzyme X”.
When CPI-0004Na showed a clear potential for further devel-
opment, the characterisation and identification of the en-
zyme(s) involved in its tumour-selective activation became
crucial. In vitro®® and in vivo studies® had indicated that the
extracellular activation of CPI-0004Na was a two-step process,
the rate-limiting one being initial hydrolysis of N-(succinyl)-p-
alanyl-r-leucyl-i-alanyl-1-leucyl-doxorubicin into N-r-alanyl-
L-leucyl-doxorubicin. The second extracellular cleavage step
yields N-r-leucyl-doxorubicin, a compound that is able to per-
meate passively inside cells where it is further cleaved into
fully active doxorubicin by leucine aminopeptidases also
overexpressed in tumour cells.*°

Here, we report the results of the characterisation, purifi-
cation and subsequent identification of thimet oligopeptidase
(EC 3.4.24.15), a thiol-dependent metallo-oligopeptidase,'* as
an enzyme mediating the key initial step of extracellular tu-
mour-selective activation of CPI-0004Na. Another enzyme
could however also be involved in the activation of CPI-
0004Na. Indeed, work conducted in parallel with this study,
and recently published,'? showed that CD10, a membrane-
bound metallopeptidase also known as neprilysin, is able to
cleave CPI-0004Na directly into N-r-leucyl-doxorubicin.

2. Materials and methods

2.1. Materials

Doxorubicin was supplied by Meiji Seika Kaisha Ltd. (Tokyo,
Japan), synthesis solvents and O-(7-azabenzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium hexafluorophosphate (HATU)
by Aldrich (Milwaukee, WI). All resins and amino acids were
either supplied by ABI (Foster City, CA), Novabiochem (San
Diego, CA), Advanced ChemTech (Louisville, KY), Peptide
International (Louisville, KY), or SynPep (Dublin, CA). Super-
Leu-Dox  (N-B-alanyl--leucyl-L-alanyl-r-leucyl-doxorubicin;
SLD), N-ir-alanyl-i-leucyl-doxorubicin, CPI-0004Na (N-succi-
nyl-p-alanyl-L-leucyl-r-alanyl-i-leucyl-doxorubicin) and all
other doxorubicin derivatives were prepared by conjugation
of fluorenylmethoxycarbonyl-protected peptides using HATU
as the activation agent and subsequent deprotection using a
10-100-fold excess of piperidine.? N-[1(R,S)-Carboxy-3-phe-

nylpropyl]-Ala-Ala-Phe-p-aminobenzoate  (Cpp-AAF-pAB),*?
prepared as described in Orlowski and colleagues,'* was a gift
from Marc Glucksman and James Roberts (Mount Sinai School
of Medicine, New York, NY). Aminoethylbenzenesulfonyl fluo-
ride (AEBSF) was obtained from Calbiochem (Darmstadt, Ger-
many), and the other peptidase inhibitors from Sigma
(Bornem, Belgium; ethylenediaminetetraacetic acid (EDTA),
E64, 1,10-phenanthroline, fumagillin, Pro-Ile), Bachem (Bub-
bendorf, Switzerland; CA074), or Roche Molecular Biochemi-
cals (Mannheim, Germany; pepstatin, leupeptin, aprotinin).
Matrix metallopeptidases (MMPs) MMP-1, MMP-3, MMP-8,
MMP-9, cathepsins B, D, G, H, L, human elastase, renin and
prostate-specific antigen (PSA) were obtained from Calbio-
chem (Darmstadt, Germany), MMP-14, MMP-15 and MMP-16
from Chemicon International (Temecula, CA), and papain,
chymotrypsin and porcine elastase were from Worthington
Biochemical (Lakewood, NJ). Recombinant rat testis thimet
oligopeptidase (rR-TOP) expressed and purified from E. coli,*”
as well as the rabbit affinity-purified polyclonal anti-TOP anti-
body were kindly provided by Marc Glucksman and James
Roberts (Mount Sinai School of Medicine, New York, NY).
The anti-TOP antibody was generated using a synthetic TOP
peptide and did not cross-react with neurolysin, another
intracellular metallopeptidase often copurified with TOP.*!

2.2. Methods

2.2.1. Cell culture

The HeLa human cervical adenocarcinoma cell line was cul-
tured at the Computer Cell Culture Center (Seneffe, Belgium)
in MEM Eagle medium (Life Technologies, Inc., Rockville, MD)
supplemented with 10% foetal calf serum v/v (FCS; Life Tech-
nologies, Inc.). The MCF-7/6 human breast cancer cell line
was a gift of Professor M. M. Mareel (University of Ghent, Bel-
gium) and was cultured in RPMI-1640 medium (Life Technolo-
gies, Inc.) supplemented with 10% FCS v/v. MCF-7/6 cell
homogenate was prepared by ultrasonication of cells col-
lected from subconfluent cultures in a 0.1 M, pH 7.2, trietha-
nolamine-HCl buffer. Conditioned media were prepared by
incubating subconfluent cultures for 24h in a serum-free
medium.? After removal of cells and debris by centrifugation
(300g for 5 min at 4 °C), the conditioned medium was buffered
to pH 7.2, using 50 mM tris(hydroxymethyl) aminomethane
(Tris)-HCl and concentrated 20-fold by ultrafiltration with an
Amicon 8200 stirred cell equipped with a YM10 membrane.
The concentrate was used immediately.

2.2.2. CPI-0004Na cleavage by commercial enzymes
CPI-0004Na solutions (10 uM) were incubated (10 min at 37 °C)
with different enzymes (MMP-1, MMP-3, MMP-8, MMP-9,
MMP-14, MMP-15, MMP-16, cathepsin B, cathepsin D, cathep-
sin G, cathepsin H, cathepsin L, porcine elastase, human elas-
tase, PSA, papain, chymotrypsin, renin) as recommended by
the manufacturer (buffer and concentration). The reaction
was stopped by the addition of acetonitrile and CPI-0004Na
conversion was quantified by high performance liquid chro-
matography (HPLC) analysis. As activity control, enzymes
were tested at experimental conditions using universal prote-
ase substrate (UPS; resofurin labeled casein; Roche Molecular
Biochemicals, Mannheim, Germany).
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2.2.3. Inhibition studies

MCF-7/6 cell homogenates or conditioned media, or HeLa cell
fraction F1, were incubated with CPI-0004Na, N-L-alanyl-r-leu-
cyl-doxorubicin or SLD, as indicated, at 17.2 pM at 37 °C, in the
presence or absence of the different inhibitors tested at the
maximal concentration recommended by the manufacturer.
Substrate and product quantification were performed by
HPLC as described previously.?

2.2.4. Effect of metal ions

MCF-7/6 cell homogenates or conditioned media were pre-
treated with 1.3 mM EDTA for 2 h at 4 °C. EDTA was removed
by desalting on PD-10 size exclusion columns (Amersham-
Pharmacia Biotech, Roosendaal, The Netherlands), and the
samples were then incubated for 2h at 37 °C with SLD as
the substrate and increasing concentrations (0.1uM to
1 mM) of CoCl,, CuCl,, MnCl, or ZnCl,. Substrate and product
quantification were performed by HPLC as described
previously.?

2.2.5. Molecular weight and isoelectric point determination
The molecular weight of enzyme X from MCF-7/6 cell homog-
enates was estimated by gel filtration chromatography (Supe-
rose S12, 10 x 300 mM column; Amersham-Pharmacia Biotech,
Roosendaal, The Netherlands) with 0.1 M, pH 7.2, triethanola-
mine-HCl buffer as eluent.

Chromatofocusing (Mono P HR 5/5, 5x40 mM column;
Amersham-Pharmacia Biotech, Roosendaal, The Nether-
lands) was used to determine enzyme X’s isoelectric point
according to manufacturer’s instructions.

Enzyme X activity in fractions collected from gel filtration
and chromatofocussing was determined after dilution in
0.1M, pH 7.2, triethanolamine-HCI buffer and using SLD as
the substrate and the HPLC method described previously.?

2.2.6. Determination of pH optimum

The pH optimum of enzyme X activity from MCF-7/6 condi-
tioned medium was determined after buffering samples with
50 mM borate (pH 8-11), 50 mM 3,3-dimethylglutaric acid-
NaOH (pH 5-7.4) or 50 mM triethanolamine-HCl (pH 7-9).
SLD was used as the substrate and incubation time was 1h
at 37 °C. Substrate and product quantification were performed
by HPLC as described previously.?

2.2.7. Purification of initial cleavage enzyme from HelLa cells
HeLa cells (50 x 10°) were homogenised with a sonicator and
Dounce homogeniser in a total of 180 ml of lysis solution con-
sisting of 0.02% Triton X-100 w/v, 0.04% sodium azide w/v, and
4 Complete™ EDTA-free proteinase inhibitor cocktail tablets
(Roche Molecular Biochemicals, Mannheim, Germany). The
homogenate was centrifuged (30 min at 5000g and 4 °C) and
the pellet was re-homogenised and centrifuged in the same
conditions. The supernatants were combined and centrifuged
(90 min at 145,000g and 4 °C). The homogenate was portioned
into 6 samples corresponding to ~350 mg of protein (Protein
Assay, BioRad, Nazareth Eke, Belgium) that were successively
applied to a 2.6 x 9.4 cm Source™ 15Q (Amersham Pharmacia
Biotech, Roosendaal, The Netherlands) equilibrated with a
20 mM, pH 7.2, triethanolamine-HCl buffer containing 0.01%
Triton X-100 w/v, 0.02% sodium azide w/v and 50 uM CoCl,

(equilibration buffer). After washing, proteins were eluted
with a linear 0-0.5M NaCl gradient in equilibration buffer.
Fractions were collected and assayed for enzyme activity
using SLD as the substrate. Activity-containing samples were
pooled (fraction 1; F1) and supplemented with complete™
EDTA-free proteinase inhibitor cocktail tablets (Roche Molec-
ular Biochemicals, Mannheim, Germany).

Twenty milligrams of protein from F1 (pre-treated with
45 mM EDTA) were loaded onto a 12x 150 mM Chelating-
Sepharose (Amersham Pharmacia Biotech, Roosendaal, The
Netherlands) column saturated with cobalt. After washing,
the proteins were eluted with a 600 ml of 0-0.2 M imidazole
gradient in a 20 mM phosphate, 0.01% Triton X-100 w/v,
0.02% sodium azide w/v, 0.5 M NaCl, pH 7.2 buffer. The active
fractions were pooled, concentrated by ultrafiltration (molec-
ular weight cut-off: 10,000) and diluted (1:1) with electropho-
resis sample buffer (0.12 M Tris-HCl, 5% glycerol w/v, 0.01%
bromophenol blue w/v, pH 6.8). This sample was then frac-
tionated by preparative native polyacrylamide gel electropho-
resis. A Model 491 PrepCell (BioRad, Nazareth Eke, Belgium)
was used with a 37 x 120 mM, 7% T, 2.6% C resolving gel buf-
fered with 0.37 M Tris-HCl, pH 8.8, and a 37 x5mM, 4% T,
2.6% C concentrating gel buffered with 0.12 M Tris-HCl, pH
6.8. The electrode buffer was 25 mM Tris, 192 mM glycine,
pH 8.3, and the elution buffer 100 mM triethanolamine,
0.01% Triton X-100 w/v, 50 uM CoCl,, pH 7.2. After 30 min at
30 mA, separation was performed for 24 h at 40 mA. Fractions
were collected at a flow rate of 0.4 ml/min. The active frac-
tions (~150 mg of protein) were pooled, concentrated by ultra-
filtration (molecular weight cut-off: 10,000) and were applied
to a gel filtration HPLC column (TosoHaas TSK G3000SWXL,
7.8 x 600 mM) eluted at 0.3 ml/min with a pH 7.0, 50 mM phos-
phate buffer containing 0.2 M K,SO,. Fractions were collected
and the active fractions were stored at —80 °C.

2.2.8. Sample preparation for mass spectrometry

Purified Hela initial cleavage enzyme recovered from gel fil-
tration HPLC was lyophilised overnight, dissolved in 30 pl
electrophoresis sample buffer, heated at 90 °C for 1 min, cen-
trifuged to remove any insoluble material and loaded on a so-
dium dodecyl sulphate (SDS) polyacrylamide gel. Running
conditions were 30 mA, 300V for 45 min. After staining with
Coomassie blue R250, two bands (A and B) were detected. A
2 x 2 mM piece of each band was transferred into small tubes
and washed in 15 min steps under agitation with each of the
following solutions: 25 mM ammonium bicarbonate, 50% ace-
tonitrile v/v in water, 25 mM ammonium bicarbonate. The
samples were then dried in a centrifugal concentrator (Speed-
vac) before incubation 3h at 37°C with 10pl of a 25 mM
ammonium bicarbonate solution containing 0.5 mg trypsin.
The trypsin digest was extracted with acetonitrile, dried in a
centrifugal vacuum concentrator (Speedvac) and purified
with a ZipTip™ C18 microextraction device.

2.2.9. Matrix-assisted laser desorbtion ionisation-time of
flight (MALDI-tof) and nanospray-mass spectrometry (MS)
Mass spectra of the tryptic digests were acquired on a Biflex
(Bruker-Daltonik, Bremen, Germany) MALDI-tof mass spec-
trometer equipped with delayed extraction operated in the
reflector mode. The peptide mass fingerprint obtained for
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each digest was matched to predicted digest patterns from
known protein sequences using MS-Fit (http://prospec-
tor.ucsf.edu). Electrospray ionisation (ESI) quadrupole-time
of flight (Q-tof) tandem mass spectrometry was performed
using a Q-tof instrument (Micromass Ltd., Manchester, United
Kingdom) with a Z-spray ion source working in the nanospray
mode. MS/MS spectra were transformed using MaxEnt3
(MassLynx, Micromass Ltd.) and amino acid sequences were
determined using PepSeq (Biolynx, Micromass Ltd.).

2.2.10. Immunoprecipitation

Five microliters of test samples was incubated 1 h at 4 °C with
10 pl 1:250 diluted anti-TOP or irrelevant affinity purified rab-
bit IgG in pH 7.2, 10 mM hydroxyethylpiperazine (HEPES),
150 mM NaCl solution. This mixture was added to 15 ul Pro-
tein A Sepharose (Amersham Pharmacia Biotech, Roosendaal,
The Netherlands) equilibrated in the same buffer and incu-
bated at 4°C for 1h. After centrifugation, residual enzyme
activity was determined in the supernatant by incubation at
37°C for 2h with 17.24 yM CPI-0004Na as the substrate in
PH 7.2, 20 mM HEPES buffer with 100 mM MnCl,. The reaction
was stopped by adding three volumes of acetonitrile. Precipi-
tated protein was removed by centrifugation and the super-
natant was diluted into three volumes of water and
analysed by HPLC as described above for cleavage by commer-
cial enzymes.

2.2.11. Hydrolysis of different doxorubicin-linked substrates
To compare hydrolysis rates of the different doxorubicin-
linked substrates, test solutions were also incubated at 37 °C
for up to 2 h with 17.24 uM substrate in pH 7.2, 20 mM HEPES
buffer with 100 mM MnCl,. The post-incubation samples were
analysed as described above for immunoprecipitation
supernatants.

2.2.12. Thiol activation

MCF-7/6 conditioned medium was pre-incubated for 30 min
at room temperature with dithiothreitol (DTT). CPI-0004Na
or N-i-alanyl-1-leucyl-doxorubicin (17.24 uM) was added be-
fore incubation at 37 °C. Hydrolysis products were extracted
and analysed by HPLC as described previously.!

3. Results

3.1.  Initial characterisation of enzyme X activity

Hydrolysis of CPI-0004Na was initially assessed with 18 com-
mercial peptidases — many of them potentially cancer-related
(see Section 2.2 for list) — in conditions (buffer, enzyme and
substrate concentrations) appropriate for hydrolysis of the
standard substrate used by the manufacturer to determine
enzyme activity. However, no CPI-0004Na cleavage was ob-
served with any of these enzymes although only 3 (cathepsin
B, cathepsin L, and PSA) out of 15 proved inactive when sim-
ilarly tested with the universal protease substrate as a
control.

In order to determine the peptidase subclass of which en-
zyme X is a member, inhibition experiments were performed
with MCF-7/6 breast cancer cell homogenates. Cleavage of
CPI-0004Na into N-r-leucyl-doxorubicin (enzyme X activity)

was almost 90% inhibited by 1 mM EDTA or 2 mM 1,10-phe-
nanthroline treatment, but all other inhibitors tested (50 M
AEBSF, 4 pg/ml aprotinin, 20 pM E-64, 1.5 uM pepstatin, 1 uM
CA074, 1 pM fumagillin, or 15 uM leupeptin) had no effect.
On the other hand, EDTA and 1,10-phenantroline similarly
inhibited CPI-0004Na cleavage by MCF-7/6 cell conditioned
media but were totally unable to inhibit cleavage of N-1-ala-
nyl-i-leucyl-doxorubicin into N-i-leucyl-doxorubicin by the
same media. Based on these results, the enzyme mediating
the initial step of extracellular CPI-0004Na activation was
speculated to be a metallopeptidase and reactivation by diva-
lent cations was studied. Following EDTA treatment of condi-
tioned media or cell homogenates, reactivation of CPI-0004Na
cleavage activity could be achieved by the addition of Co** or
Mn?* (50 uM). Zn?* or Cu?* at the same concentration did not
allow to recover activity (Fig. 1). Co®>* concentrations higher
than 100 uM led only to partial reactivation.

Enzyme X activity from MCF-7/6 cell homogenates was
found to have an apparent molecular weight of about
70 kDa and an isoelectric point of 5.2. Its pH of optimum activ-
ity was found to be close to neutrality (7.2-7.7).

3.2.  Structural characterisation of initial cleavage
peptidase

Since no known enzyme capable of activating CPI-0004Na
could be found, it was decided to purify and identify the main
prodrug-activating peptidase (i.e. the one mediating initial
cleavage into N-r-alanyl-t-leucyl-doxorubicin) from human
cancer cells. A starting material likely to be obtained easily
in large amounts was needed and HelLa cells were selected
following confirmation of the presence in lysates of
CPI-0004Na-activating peptidase similar in its major charac-
teristics to that of MCF-7/6 cells (inhibition by EDTA and
1,10-phenanthroline, reactivation by Co?* and Mn?*, neutral
pH optimum). The CPI-0004Na cleavage activity was purified
from HelLa cell homogenates as described in Section 2. Anal-
ysis of fractions from the first, ion-exchange, chromatogra-
phy step definitely confirmed a two-step process, involving
two different enzymes, for CPI-0004Na activation into N-i-
leucyl-doxorubicin. Indeed, fraction analysis using CPI-
0004Na as the substrate revealed a single chromatographic
peak corresponding to a peptidase yielding N-L-alanyl-L-leu-
cyl-doxorubicin as the sole product. Subsequent re-analysis
of all fractions using N-r-alanyl-L-leucyl-doxorubicin as the
substrate revealed a separate peak eluting later and corre-
sponding to a peptidase generating N-r-leucyl-doxorubicin.
The first peak, corresponding to the activity of interest
(rate-limiting step in CPI-0004Na activation), was called frac-
tion 1 or F1 and further purified using Co®*-chelation affinity
chromatography, preparative polyacrylamide gel electropho-
resis and finally gel filtration HPLC.

Progressive enrichment in initial cleavage activity (Fig. 2)
led to a sample containing two major protein bands with
apparent molecular weights of 74 and 63 kDa, respectively
(Fig. 2, Lane 5). Both bands were excised from a SDS gel, di-
gested with trypsin and fragments were analysed by MALDI-
tof mass spectrometry. The peptide mass fingerprint obtained
with the 74 kDa band digest was compared to predicted tryp-
sin digests results of known protein sequences. The best
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Fig. 1 - Reactivation of ethylenediaminetetraacetic acid
(EDTA)-inactivated enzyme X from MCF-7/6 breast cancer
cell homogenates. MCF-7/6 cell homogenates were
pre-treated with 1.3 mM EDTA for 2 h at 4 °C. EDTA was then
removed by gel filtration chromatography and the samples
were incubated 2 h at 37 °C with N-g-alanyl-L-leucyl-L-
alanyl-L-leucyl-doxorubicin as the substrate and increasing
concentrations of Co?*, Zn**, Cu?* or Mn?*(chloride salts).
Residual substrate and product quantifications were
performed using high performance liquid chromatography
as detailed in Section 2. Contr., corresponding homogenate
activity prior to EDTA treatment; Leu-Dox, N-L-
leucyl-doxorubicin.

score was obtained for thimet oligopeptidase (TOP, EC
3.4.24.15) with 20 fragments corresponding to predicted mass,
which accounts for 33% of the known human TOP sequence.®

Fig. 2 - Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis analysis (silver staining) of the different
steps of the purification of HeLa cell initial cleavage enzyme.
The HeLa cell enzyme responsible for cleavage of
CPI-0004Na into N-L-alanyl-L-leucyl-doxorubicin was
purified from cell homogenates (lane 1, ultracentrifugation
supernatant). Activity-containing fractions were identified,
pooled and used for the next step as described in Section 2.
Pooled fractions from the successive steps are presented:
lane 2, ion-exchange chromatography; lane 3, cobalt-
chelating affinity chromatography; lane 4, preparative
electrophoresis; lane 5, high performance gel filtration
chromatography. The pool collected from gel filtration
chromatography was used for matrix-assisted laser
desorption ionisation-time of flight mass spectrometry
analysis of tryptic fragments following in-gel digestion.

MALDI-tof analysis of the 63 kDa band trypsin digest indi-
cated that it shares the same sequence but with the absence
of a small portion of the carboxy-terminus.

To further confirm this result, two of the HeLa cell 74 kDa
band tryptic fragments were sequenced by electrospray ioni-
sation-quadrupole-time of flight (ESI-Q-tof) tandem mass
spectrometry. Both fragments analysed (A[l/L]JADVEV-
TYTVQR, m/z 1464.65 and WDLSAQQIEER, m/z 1374.43) com-
pletely matched (100% identity) the known sequence of
human TOP (residues 66-78 and 25-35, respectively).’®
Homology to rat and pig TOP’s corresponding sequences
ranges from 73% to 100%.

Western immunoblots performed with an anti-TOP anti-
body stained both the 74 and 63 kDa bands in HeLa cell
homogenates, and only a 74kDa band in homogenates of
MCF-7/6 or MDA-MB-231 breast cancer cells (not shown).
Immunoprecipitation of partially purified HeLa cell homoge-
nate (F1) with the same antibody completely removed CPI-
0004Na-cleavage activity from the solution, as in the case of
rR-TOP. In Hela cell total homogenates, enzyme X activity
was 71% reduced by immunoprecipitation with the anti-TOP
antibody. Immunoprecipitation of F1, rR-TOP or HeLa cell
homogenates in the same conditions but with an irrelevant
antibody had no effect on enzyme X activity.

3.3.  Functional evidence of TOP involvement in
CPI-0004Na activation

Substrate specificity of partially purified HeLa cell homoge-
nate (F1) was compared to that of rR-TOP. Eight peptidyl
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conjugates were prepared and conjugated to doxorubicin
before being used as substrates in comparison with CPI-
0004Na. As shown in Table 1, all eight conjugates and CPI-
0004Na were found to have essentially the same rate of
hydrolysis with HeLa cell fraction F1 and rR-TOP. In all cases,
the product was X-Y-doxorubicin.

The compound N-[1-(R,S)-carboxypropyl]-Ala-Ala-Phe-p-
aminobenzoate is a selective inhibitor of TOP and of the
closely related metallopeptidase neurolysin.'” At the concen-
tration of 3 puM, this compound completely inhibited CPI-
0004Na hydrolysis by HeLa cell fraction F1. On the other hand,
the dipeptide Pro-Ile, a selective inhibitor of neurolysin,*® had
no effect at the recommended concentration of 5 mM.

For a metallopeptidase, a unique characteristic of TOP is
the fact that it is activated by low levels of thiol reducing

Table 1 - Digestion rate (relative to CPI-0004Na) of
different peptidyl conjugates of doxorubicin by HeLa cell

fraction F1 and recombinant rat thimet oligopeptidase
(rR-TOP)

Substrate?® Hela cell fraction F1 rR-TOP
Succ-p-Ala-Leu-Ala-Leu-Dox® 1.0 1.0
Succ-B-Ala-Ile-Ala-Leu-Dox 0.025 <0.03
Succ-Leu-Ala-Leu-Dox 0.64 0.66
Succ-Met-Ala-Leu-Dox 0.41 0.97
Succ-Leu-Tyr-Leu-Dox 0 0
Succ-Ile-Ala-Leu-Dox 0 0
Succ-Leu-Ala-Gly-Dox 0.40 0.43
Succ-Leu-NmAla-Leu-Dox 0 0
Succ-Ile-NmAla-Leu-Dox 0 0

Test solutions were incubated up to 2 h with 17.24 uM substrate in
a 20 mM hydroxyethylpiperazine, 100 mM MnCl, buffer pH 7.2. The
reaction was stopped by the addition of acetonitrile and the
supernatant was analysed by high performance liquid chroma-
tography as detailed in Section 2.

a All optically active amino acids are from the 1 series: Succ, suc-
cinyl; Dox, doxorubicin; Nm, N-methyl.

b CPI-0004Na.

0.05}

Activity (pmole/min.ml)

0.00 T i

0 1 10 100 1000 10000

[DTT] (uM)

Fig. 3 - Effect of dithiothreitol (DTT) on the activation of
CPI-0004Na by MCF-7/6 breast cancer cell conditioned
media. MCF-7/6 cell conditioned medium was
pre-incubated 30 min at room temperature with increasing
concentrations of DTT. In both cases, CPI-0004Na was added
(17.2 pM) before incubation at 37 °C. The samples were then
analysed by high performance liquid chromatography as
described in Section 2. [J, N-L-leucyl-doxorubicin.

agents such as 50 yM DTT or 1 mM 2-mercaptoethanol, but
inhibited by higher concentrations of the same agents such
as 5 mM DTT.**?° MCF-7/6 cell conditioned media were there-
fore pre-treated or not with increasing concentrations of DTT.
These experiments indicated a maximal 10-fold activation of
CPI-0004Na hydrolysis at the concentration of 1 mM, higher
concentrations were ineffective (Fig. 3). It should be noted
that the product observed is N-i-leucyl-doxorubicin rather
than N-r-alanyl-i-leucyl-doxorubicin as in all experiments
performed with crude material that also contains exopeptid-
ases able to remove the terminal alanine residue of TOP’s
cleavage product. However, no effect of DTT is observed on
the hydrolysis of N-L-alanyl-L-leucyl-doxorubicin by the same
conditioned media.

4, Discussion

CPI-0004Na, an extracellularly tumour-activated prodrug of
doxorubicin, is the result of studies that began with in vitro
screening of several oligopeptidic derivatives of doxorubicin
(known to be unable to permeate cells) for their stability in
whole human blood as well as for their capacity to be cleaved
into N-i-leucyl-doxorubicin by MCF-7/6 breast cancer cell
conditioned media.*® The p-alanyl-i-leucyl-i-alanyl-i-leu-
cine tetrapeptide allowing stability of the corresponding
doxorubicin conjugate in blood and its extracellular activa-
tion by cancer cells was therefore not selected on the basis
of the substrate specificity of any known tumour-associated
peptidase. Ignoring the identity of the activating peptidase(s)
we progressively gathered in vitro? and then in vivo® evidence
that the activation of CPI-0004Na could be a two-step process,
the limiting one being initial cleavage into N-r-alanyl-r-leucyl-
doxorubicin. In view of the characterisation and identification
of the enzyme responsible for this initial activation step, cer-
tain commercially available peptidases, including most of
those known to be associated to the malignant phenotype
(such as matrix metallopeptidases or cathepsins®:??), were
tested for their ability to cleave CPI-0004Na. Since the results
were totally negative in spite of positive controls, the CPI-
0004Na activating peptidase was thought to be either un-
known or a peptidase not known to be related to cancer.
The enzyme has all the characteristics of a metallopeptidase,
being inhibited by EDTA and 1,10-phenanthroline and reacti-
vated by Co?* or Mn?* ions.?® Preliminary studies of the MCF-
7/6 cell extract hydrolytic activity indicated an enzyme with
molecular weight close to 70 kDa, an isoelectric point of about
5.2, and maximum activity at neutral pH.

Purification proved impossible from MCF-7/6 cell condi-
tioned media or homogenates, the availability of starting
material being too restricted. Therefore, homogenates of
Hela cells grown in suspension were selected because they
contained a CPI-0004Na cleavage activity similar in its major
features (inhibition, reactivation, pH optimum, etc.) to that
of MCF-7/6 cells. The mediation of the two steps of CPI-
0004Na activation by two different enzymes was confirmed
when they were separated by ion-exchange chromatography.
Further purification of the initial cleavage enzyme yielded a
final sample characterised by two major bands of 74 and
63kDa in SDS-polyacrylamide gel electrophoresis. Enough
material was produced for identification by mass spectrome-



EUROPEAN JOURNAL OF CANCER 42 (2006) 3049-3056

3055

try following in-gel trypsin digestion. Comparison of the pep-
tide mass fingerprint of the 74 kDa band with predicted pat-
terns of known proteins using MS-Fit indicated homology of
20 fragments to human thimet oligopeptidase (TOP), covering
33% of its entire sequence and distributed over its full
length.'® MALDI-tof analysis of the 63 kDa band following
trypsin digestion showed that it shares the same sequence
with the exception of a missing part of the carboxy-terminus.
A 63 kDa form of TOP has not been previously reported and it
may be a proteolytic product formed during purification. The
identification of the two purified bands with TOP was con-
firmed by ESI-Q-tof mass spectrometry sequencing of two
tryptic fragments that perfectly match the published human
sequence. Furthermore, bands of the same molecular weight
(74 and 63 kDa) were observed in western immunoblots of
Hela cell fraction 1 when stained with anti-TOP antibodies.
TOP is a thiol-dependent metalloendopeptidase. It is a sin-
gle chain, monomeric, non-glycosylated protein comprised of
687 amino acids.?* The size (74 kDa) of the purified protein
was well within the range of reported molecular weight for
human,’® rabbit,?>?° rat?” and chicken®® TOP. It was also in
good agreement with the initial estimation of 70 kDa made
for enzyme X. Indeed, this value was determined by gel filtra-
tion chromatography and the difference can easily be ex-
plained by the inherent error of such molecular weight
determinations. Similarly, the isoelectric point of enzyme X
was initially estimated by chromatofocusing to be 5.2, a value
which is similar to the reported isoelectric point of TOP
(5.0 £ 0.2%). The same is also true for the pH optimum.?®
More experiments were performed in order to support the
identity of TOP and the initial CPI-0004Na cleavage enzyme.
Substrate specificity of HeLa cell fraction 1 was found to be
similar to that of recombinant rat TOP by testing nine differ-
ent peptidyl conjugates of doxorubicin, including CPI-0004Na
and non-substrates. The CPI-0004Na cleaving activity of HeLa
cell fraction 1 could also be inhibited by an inhibitor of both
TOP and neurolysin, but not by a specific inhibitor of the lat-
ter. Immunoprecipitation of HeLa cell fraction 1 or of Hela
cell total homogenates using a specific anti-TOP antibody re-
sulted in removal of CPI-0004Na cleaving activity from solu-
tion. This removal was total in the case of HeLa cell fraction
1 but only 71% complete in the case of total cell homogenates
indicating that other enzymes could be involved in CPI-
0004Na activation. The role of TOP in CPI-0004Na activation
was further supported by the observation that thiol treatment
of MCF-7/6 cell conditioned media greatly enhanced the pro-
drug’s cleavage rate, and thiol activation is a unique feature of
TOP.*®
The only apparent discrepancy between our characterisa-
tion of enzyme X and TOP characteristics is the fact that
although it is also possible to reactivate EDTA-deactivated
rat®® or human®® TOP with Zn?*, such reactivation was not
seen with the EDTA-treated MCF-7/6 cell enzyme. The specific
methods used for EDTA treatment and removal could have af-
fected the results, and the fact that concentrations of Zn?* as
low as 100 uM are inhibitory to TOP?® could also be a factor.
Our results show that thimet oligopeptidase (TOP; EC
3.4.24.15), a thiol-dependent metallopeptidase, is a very likely
candidate for the extracellular activation of the prodrug CPI-
0004Na. TOP is found in tumour cell conditioned media, and

our unpublished results indicate that this is not likely to be
the result of leakage from dead cells because there is no cor-
relation between the released levels and those of lactate
dehydrogenase, a typical cytosolic enzyme. Although TOP
has also been described as a mainly cytosolic enzyme, our re-
sults suggest that this peptidase is secreted by tumour cells,
at least in vitro. TOP secretion was previously described in
the case of glioma cells® or of corticotrope AtT-20 cells.>? It
was also found to be associated with the extracellular surface
of these same AtT-20 cells.*® Finally, and interestingly, it
should also be noted that TOP could be particularly well sui-
ted for the in vivo activation of a prodrug such as CPI-
0004Na since its activity is inhibited in oxygenated media
such as blood and enhanced in mildly reducing and anoxic
environments that are very often characteristic of solid tu-
mours. Of course, the role actually played by TOP - as well
as by CD10™ - in the in vivo activation of CPI-0004Na remains
to be formally demonstrated. CD10 cleavage activity (yielding
directly N-r-leucyl-doxorubicin from CPI-0004Na; 12) was not
detected as part of this work, likely because of the fact that
CD10 is mainly a membrane-bound enzyme and that mem-
branes were eliminated from the cell preparations used here.
The relative importance of both peptidases (TOP and CD10)
with regard to CPI-0004Na’s activity will receive particular
attention in future human studies.
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