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Abstract Tumor necrosis factor (TNF)-α-converting en-
zyme (TACE) is the major protease responsible for pro-
cessing pro-TNF-α frommembrane-anchored precursors to
secreted TNF-α. In the present study, a 15-peptide library
was used to identify potential TACE antagonists. To obtain
the recombinant TACE ectodomain and to use it as a selec-
tive molecule for the screening of peptide inhibitors of
TACE, cDNA coding for the catalytic domain (T800) and
full-length ectodomain (T1300) of TACE were amplified
by reverse transcription–polymerase chain reaction. The
expression plasmid were constructed by inserting T800/
T1300 into plasmid pET-28a/c respectively and were
transformed into Escherichia coli BL21 (DE3). Sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) andWestern blot analysis revealed that T800/T1300
were highly expressed in the form of an inclusion body
induced by isopropylthiogalactoside. After Ni2+–NTA resin
affinity chromatography, the purity of the recombinant
T800/T1300 protein was more than 90%. T800 and T1300
proteins were used in the screening of T800/T1300-binding
peptides from a phage display random 15-peptide library.
After four rounds of biopanning, the positive phage clones
were analyzed by enzyme-linked immunosorbent assay,
competitive inhibition assay (ELESA), and DNA sequenc-
ing. A common amino acid sequence (TRWLVYFS RPYL-
VAT) was confirmed and synthesized. A synthetic peptide
was shown to bind to TACE and to inhibit TNF-α release
from lipopolysaccharide (LPS)-stimulated human periph-
eral blood mononuclear cells (PBMC) by up to 60.3%.

Fluorescence-activated cell sorter (FACS) analysis revealed
that the peptide mediated the accumulation of TNF-α on an
LPS-stimulated PBMC surface. These results demonstrate
that the TACE-binding peptide is an effective antagonist of
TACE and that the deduced motif might be applied to the
molecular design of anti-inflammatory drugs.

Keywords TACE, ectodomain, phage display random
peptide library, peptide inhibitor

1 Introduction

There are two forms of tumor necrosis factor-α (TNF-α):
secreted TNF-α (sTNF-α) and its membrane-bound pre-
cursor transmembrane TNF-α (mTNF-α). TNF-α-convert-
ing enzyme (TACE) is the key protease responsible for
processing TNF-α from precursor mTNF-α to sTNF-α by
cleaving the precursor at the Ala76–Val77 bond. T lym-
phocytes from TACE knockout mouse produce 80–90%
less sTNF-α than that from wild type [1]. It was validated
that TACE and sTNF-α are involved in various pathophys-
iological inflammation processes such as arthritis, multiple
sclerosis, and Alzheimer’s disease; therefore, TACE could
be selected as a new target to inhibit the release of sTNF-α
and to cure sTNF-α-related diseases.

TACE, a membrane-bound disintegrin metallopro-
tease, contains a signal sequence followed by a prodomain,
a catalytic domain, a disintegrin domain, an epidermal growth
factor (EGF)-like domain, a transmembrane domain, and a
cytoplasmic tail [1,2]. Two forms of TACE have been found
in cells: a full-length precursor and a mature form lacking
the prodomain. TACE prodomain is cleaved by a furin-type
proprotein convertase in its mature process [3], and its ecto-
domain contains a catalytic domain, a disintegrin domain,
and an EGF-like domain.

Previous studies showed that Chinese herb preparatior
RDQ, antioligodeoxynucleotides (anti-ODN), and hydro-
xamic acids could suppress TACE in different levels [4]. In
this study, we further screened peptide inhibitors of TACE
from a phage display peptide library.
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2 Materials and methods

2.1 Materials

Prokaryote expression vector pET-28 a/c, Escherichia
coli DH5α, and BL21 (DE3) were preserved in our lab-
oratory. TRIzol reagent was purchased from GIBCO/
BRL Company. A phage display random 15-peptide li-
brary, E. coli K91, and phage display vector fUSE3 were
kindly donated by Professor G. P. Smith (The Missouri
University, USA). Horseradish peroxidase (HRP)-con-
jugated anti-M13 antibody was from Pharmacia Co. Ltd.
Polyclonal antibody against TACE was a gift from Pro-
fessor Milla. Peripheral blood mononuclear cells (PBMC)
were isolated from healthy adult donors. A hTNF-α assaying
kit was provided by the Fourth Military Medical University
(Xi’an, China).

2.2 Construction of prokaryotic expression plasmid
of TACE ectodomain

Total RNA from lipopolysaccharide (LPS)-stimulated human
PBMC were extracted with TRIzol reagent. Two versions
of TACE ectodomain transcript were amplified by reverse
transcription–polymerase chain reaction (RT-PCR). The
first version (referred to as T800) encoding the catalytic
domain of TACE was amplified with primers 1 and 2. The
second form of TACE ectodomain (referred to as T1300)
consisting of a catalytic domain, a disintegrin domain, and
a cysteine-rich domain (EGF-like domain) of TACE was
amplified with primers 3 and 4. Primers 1–4 are as follows:

Primer 1: 5′-cacgaattcagagctgacccagatcccat-3′ (con-
tains an EcoRI site)
Primer 2: 5′-ggtgtcgacttagcgttcttgaaaacactcct-3′ (con-
tains a SalI site)
Primer 3: 5′-cacggatccttgctgacccagatcccatgaag-3′ (con-
tains a BamHI site)
Primer 4: 5′-ctagaattcctacatcctgtactcgtttctcac-3′ (con-
tains an EcoRI site)

T800 and T1300 were subcloned into pET-28a and pET-
28c expression vectors, respectively. The sequences of
T800 and T1300 were identified by sequencing (Shanghai
Bioasia Biotech Co. Ltd.).

2.3 Expression and purification of TACE ectodomain

T800 and T1300 expression vectors were transformed into
E. coli BL21(DE3) and grown on kanamycin-containing
agar plates, respectively. PCR-tested colonies were inoculat-
ed in 2 ml of Luria–Bertani medium containing 50 mg/ml
kanamycin. The whole culture was transferred in a kanamy-
cin-containing 200-ml culture medium. When the culture
reached an OD600 of 0.3–0.4, the expression of the re-
combinant was induced by 1 mM isopropylthiogalactoside
for 4 h. TACE ectodomain (T800/T1300) were obtained in

the form of inclusion bodies and was solubilized in 20 mM
Tris–HCl (pH 8.0) containing 8 M urea and 100 mM 2-
mercaptoethanol. Solubilized proteins were refolded by a
1:100 dilution in a refolding buffer [20 mM Tris–HCl
(pH 7.6) containing 200 mM NaCl, 5 mM CaCl2, 100 mM
ZnCl2, 100 mM arginine, and 0.002% NaN3]. After incu-
bation for 2 days at 4°C, recombinant proteins were purified
with a Ni2+-chelating resin affinity column. Purified prod-
ucts were analyzed with sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis (SDS-PAGE) and Western blot
analysis.

2.4 Library screening and clone selection

Screening of T800/T1300-binding peptides from a peptide
library was carried out, as previously described [5]. Micro-
titer plates were coated with 100 μl of 20 mg/l T800 and
T1300 in 0.1 M NaHCO3 (pH 8.6) overnight at 4°C. After
blocking, T800/T1300-coated wells were incubated with
the 15-mer library and subjected to gentle agitation for
15 min at room temperature. Unbound phages were washed
out by rinsing ten times with phosphate-buffered saline
with Tween-20 (PBST; the concentration of Tween-20 was
0.1% in the first round and was 0.5% in the other rounds),
and bound phage clones were eluted with 100 μl of 0.2 M
glycine–HCl [containing 1 mg/ml bovine serum albumin
(BSA), pH 2.2]. After neutralization with 15 μl of 1 M
Tris–HCl (pH 9.1), eluted phages were amplified in E. coli
K91 and then harvested by polyethylene glycol/NaCl pre-
cipitation for the next panning round. After four rounds of
selection, 32 clones were randomly picked and amplified.
The binding analysis of phage to T800/T1300 was per-
formed by enzyme-linked immunosorbent assay (ELISA).
Microtiter wells were coated with 100 μl of 10 mg/l T800
and T1300 respectively. After mixing the phage (1010 pfu/
ml) and the BSA (2%) at a rate of 1:1 (vol/vol), the mix-
tures were added to each well and incubated for 1 h at 37°C.
After washing five times with PBST, HRP-conjugated anti-
M13 antibody (1:5,000, diluted in PBST) was added. The
HRP label was visualized using tetramethylbenzidine (TMB)
as a substrate and was measured at 450 nm wavelength. For
competitive inhibition assay, the procedure was almost the
same as above, except for the use of mixtures containing
10 μg/well T800 or T1300 instead of BSA for the assay.
Single-stranded genomic DNA from identified clones were
purified for sequencing.

2.5 Peptide synthesis

Peptides were prepared by AC Scientific, Inc. (Xi’an,
China) using the Fmoc machine protocol and then were
purified by reversed high-performance liquid chroma-
tography (HPLC) to more than 95% purity. The mass
weight (Mw) of the synthesized peptide was measured by
mass spectroscopy.
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2.6 Binding analysis of a synthetic peptide to T1300

The recombinant soluble T1300 was active in degrading its
substrate [6]; therefore, a high-affinity interaction between a
synthetic peptide and T1300 could represent a high-affinity
interaction between a synthetic peptide and mature TACE.
The binding of a synthetic peptide to T1300 was determined
by direct ELISA. Microtiter plates were coated with 10 mg/l
synthetic peptide and blocked with BSA, then the wells were
incubated with serial dilutions of T1300. Anti-TACE poly-
clonal antibody was used as the first antibody, and HRP-
conjugated goat against rabbit antibody was used as the
second antibody, with TMB as substrate. A positive reaction
was defined as: OD450 of test well≥ 2OD450 of negative
BSA-coated well.

2.7 Inhibition of sTNF-α release from LPS-stimulated
PBMC by a synthetic peptide

The isolation and treatment of human PBMC were per-
formed as previously described [7]. TNF-ELISA was per-
formed using the method as described in manual. Briefly,
monocytes were incubated in the wells of 24-well plates at a
concentration of 5×105 ml−1 in RPMI 1640 (1 ml/well) for
2 h at 37°C in 5% CO2. The cells were incubated with serial
dilutions of a synthetic peptide for 30 min and were sub-
sequently stimulated by 2.5 mg/l LPS for another 6 h. The
plate was centrifuged, the supernatants were collected for
ELISA, and the cells were harvested for flow cytometric
analysis. Each concentration of peptides was tested in
duplicate wells. The control groups of LPS with cells, cells
alone, and peptides alone with cells was also included in
each assay. The inhibition of sTNF-α was calcu-
lated as follows: % inhibition = (ODLPS−ODtest)/(ODLPS−
ODcontrol)×100%.

2.8 Flow cytometric analysis of mTNF-α change
on the surface of LPS-stimulated PBMC

After washing twice with PBS, the monocytes were in-
cubated with anti-TNF-α antibody (1:100 diluted in PBS,
containing 1% BSA) for 1 h at 4°C. The cells were washed
twice with PBS and then incubated with fluorescein-iso-
thiocyanate-conjugated goat against-mouse IgG (1:60 di-
luted in PBS, containing 1% BSA) for 1 h at 4°C in the
darkness. Finally, cells were washed twice with PBS and
resuspended in 0.5 ml of PBS until analysis.

3 Results

3.1 Construction of TACE ectodomain recombinant
plasmid

T800 and T1300 contain 798 and 1 300 bp, respectively.
Recombinant plasmids pET-T800 and pET-T1300 were
identified by digestion with restriction endonuclease and

PCR (Fig. 1). Results showed that the recombinant plas-
mids were constructed correctly and were also confirmed
by sequencing.

3.2 Expression and purification of TACE ectodomain

Western blot analysis and SDS-PAGE revealed that two
proteins of about 55 and 35 kDa were expressed and rec-
ognized by anti-TACE antibody, respectively. T800 and
T1300 were mostly expressed as insoluble inclusion bod-
ies, and the purity of the proteins purified with Ni2+–NTA
resin was more than 90% (Fig. 2).

Fig. 1 Enzyme analysis of plasmid pET-T800/pET-T1300. M
Markers, 1 pET-28a/EcoRI, 2 pET-T800/EcoRI, 3 pET-T800/
EcoRI + BamHI, 4 pET-T800/PCR, 5 pET-T1300/EcoRI, 6 pET-
T1300/EcoRI + BamHI, 7 pET-T1300/PCR

Fig. 2 SDS-PAGE and Western blot analysis of T800/T1300 pro-
teins. M Protein molecular mass marker, 1 noninduced T800, 2
induced T800, 3 purified T800, 4 Western blot analysis of T800, 5
noninduced T1300, 6 induced T1300, 7 purified T1300, 8 Western
blot analysis of T1300
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3.3 Library screening and clone selection

After four rounds of biopanning, 12 clones from T800 and
20 clones from T1300 were randomly picked for ELISA and
competitive ELISA assay, respectively. The results showed
that five clones (C2, C3, C8, C9, and C10) from T800 and
one clone (C27) from T1300 could strongly and specifically
bind to T800 and T1300, respectively (Fig. 3). Sequencing
results indicated that all the six clones shared identical
nucleotide and amino acid sequences (TRWLVYFSRPYL
VAT).

3.4 Peptide synthesis

The purity of the synthetic peptide (TRWLVYFSRPYL
VAT) was 95% after purification by HPLC. Its Mw, iden-
tified by mass spectroscopy, was 1,873.0 Da, which is
consistent with our prediction (1,872.14 Da).

3.5 Binding analysis of a synthetic peptide to T1300

To determine the binding of a synthetic peptide to T1300,
the peptide was used as a solid phage antigen, using anti-
TACE polyclonal antibody andHRP-conjugated goat against-
rabbit antibody for detection. Positive reactionswere observed
when the concentration of T1300 varied from 1 to 100 mg/l
and when the OD450 of test wells increased in concordance

with the increasing concentration of T1300 (data not shown).
These results suggest that a synthetic peptide could specif-
ically bind to T1300.

3.6 Inhibition of sTNF-α release from LPS-stimulated
PBMC by a synthetic peptide

As demonstrated in Fig. 4, a synthetic peptide could dose-
dependently suppress the release of sTNF-α from LPS-
stimulated PBMC. The addition of a synthetic peptide at a
concentration of 50 mg/l resulted in 60.3% inhibition of
sTNF-α release and a half-inhibition concentration (IC50)
of 10 mg/l.

3.7 Synthetic peptide-mediated accumulation on the surface
of LPS-stimulated PBMC

To further confirm the inhibition of a synthetic peptide on
TACE activity, mTNF-α on the surface of LPS-stimulated
PBMCwas determined by fluorescence-activated cell sorter
analysis. Results showed that a synthetic peptide mediated
the accumulation of mTNF-α on the cell surface and led to
decreasing sTNF-α release from the cells (Fig. 5).

4 Discussion

The overproduction of sTNF-α plays a central role in
inflammatory processes. Thus, to control inflammation and
alleviate disorders, it is important to reduce the level of
sTNF-α or to inhibit its function. TACE inhibitors can
inhibit the cleavage process of mTNF-α and then suppress
the production of sTNF-α, so that they can be used as
effective antagonists in inflammatory therapy.

Phage display peptide library technology could be used
to select the specific binding peptides of various target
molecules without any advance information about peptide
sequences. This method is convenient and highly effective.
Phage display peptide libraries have become a powerful
tool for the study of protein recognition and interaction,
analysis of enzyme substrates, inhibition of enzymes,

Fig. 3 Evaluation of the binding specificity of phage clones to
T800/T1300 by ELISA. A450: x±SD, n=3. (▪) Phage alone; (□)
phage + 10 μg of T800/T1300

Fig. 4 Inhibition of sTNF-α release from LPS-stimulated PBMC by
a synthetic peptide

Fig. 5 Synthetic-peptide-mediated accumulation of mTNF-α on an
LPS-stimulated PBMC surface. 1 Without LPS, 2 LPS, 3 LPS +
2 mg/l peptide, 4 LPS + 10 mg/l peptide, 5 LPS + 20 mg/l peptide, 6
LPS + 50 mg/l peptide

59



development of vaccines, and design of small-molecule
drugs. TACE-binding peptides screened by phage peptides
libraries may have the ability to inhibit TACE.

The catalytic function of protease depends activity on
the interaction of its catalytic domain of TACE and its
substrate; thus, if TACE-binding peptides could bind to a
catalytic domain of TACE, they might inhibit TACE ac-
tivity. It is very difficult to purify TACE from tissues and
cultured cells; TACE from these sources contains a
cytoplasmic domain, which has no effect on TACE activity
[8]. The recombinant TACE ectodomain provides numer-
ous and effective target proteins used to screen TACE
peptide inhibitors.

The catalytic domain and the disintegrin domain play
crucial roles in the recognition and cleavage between
mature TACE and its substrates. They are also ideal target
proteins on which inhibitors perform their functions. To
reduce error, two molecules that contain a common
fragment of a catalytic domain were tested. Five clones
among six strong positive clones shared identical nucleo-
tide and amino acid sequences. Identical sequences were
from two independent screenings and were suggested to
inhibit TACE due to its ability to bind to the catalytic
domain of TACE. The suggestion was confirmed by the
inhibition of sTNF-α release from LPS-stimulated PBMC
using a synthetic peptide, and it was further confirmed by a
synthetic peptide-mediated accumulation of mTNF-α on
an LPS-stimulated PBMC surface.

Animal experiments of synthetic peptides have been
performed, and functions of other peptides identified from
phage libraries are being readied for testing. All data of
TACE inhibitors will be analyzed by a computer to reveal
the relation between TACE and its inhibitors, and these
could be applied to the molecular design of anti-inflam-
matory drugs.
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