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Tumor necrosis factor-a (TNF) converting enzyme (TACE) is responsible for shedding of various membrane
proteins including proinflammatory cytokine TNF. In vivo regulation of TACE is poorly understood mainly due
to lack of reliable methodology to measure TACE activity in cell-based assays. Here we report a novel enzyme
assay that enables continuous real-time measurement of TACE activity on the surface of live cells. Cells were
incubated with a new fluorescent resonance energy transfer peptide consisting of a TACE-sensitive TNF
sequence and fluorescein–tetramethylrhodamine (FAM–TAMRA), and enzyme activity was monitored by the
rate of increase in fluorescent signal due to peptide cleavage. Validation studies using resting as well as
stimulated monocytic cells indicated that the assay was sensitive, reproducible and quantitative. Pharmaco-
logical studies with various inhibitors indicated that the observed enzyme activity could largely be ascribed to
TACE. Thus, the FAM–TAMRA peptide provides a powerful tool for measurement of constitutive and inducible
cellular TACE activity. The principles developed may be applied to analyses of enzyme activity of various
sheddases on live cells.
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Ectodomain shedding of membrane proteins is
recognized as a potent mechanism for downregula-
tion of their cell-associated activity while at the
same time enabling their function as soluble
mediators.1,2 Tumor necrosis factor-a (TNF) convert-
ing enzyme (TACE), a member of the ADAM (a
disintegrin and metalloprotease) family of proteases
(ADAM-17), is the first discovered mammalian
sheddase, responsible for cleavage of a variety of
membrane proteins, including the proinflammatory
cytokine TNF, transforming growth factor-a, p75
TNF receptor and L-selectin.3–8 As a TNF sheddase,
TACE regulates the in vivo cleavage of membrane-
bound proTNF to release soluble TNF,3,4 which has
been shown to play a crucial role in acute and
chronic inflammation. Thus, analysis of TACE
activity should provide important insights into the

pathophysiology of inflammatory diseases and
potentially help the future development of TACE-
targeted therapies. However, the mechanism of
in vivo regulation of TACE activity is not well under-
stood,7–9 mainly due to lack of accurate methods for
measuring TACE activity on viable cells.

Fluorescence resonance energy transfer (FRET)
peptides provide useful tools for kinetic studies of
metalloproteases in solution.10,11 These substrates
consist of a donor fluorophore and a light-absorbing
acceptor, attached to the terminal residues of a
peptide susceptible to cleavage by a protease. Once
the substrate is cleaved, increased fluorescence is
observed due to loss of internal quenching, allowing
quantitative measurement of real-time enzyme
activity. The common donor/acceptor pairs are
4-(dimethylaminoazo) benzene-4-carboxyl (Dabcyl)
and 5-(2-aminoethylamino)-1-naphthalenesulfonic
(Edans), and (7-methoxycoumarin-4-yl) acetyl (Mca)
and 2,4-dinitrophenyl (Dnp) or 3-(2,4-dinitro-
phenyl)-L-2,3-diaminopropionyl (Dpa), and peptides
containing these pairs have been used for
in vitro assays of recombinant or purified native
TACE.12–14 However, application of these FRET
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peptides to in vivo assays with intact cells, that is,
continuous real-time measurement of TACE activity
on the surface of live cells, has not gained much
success,15 because of insufficient sensitivity and non-
specific peptide cleavage in the cellular environ-
ment. Doedens et al16 succeeded in detecting
cleavage of a Dnp-based peptide by activated mouse
monocytic cells, yet in that study substrate hydro-
lysis was analyzed by high-performance liquid
chromatography (HPLC), which precludes direct
continuous measurement and is more labor intensive
and less quantitative than FRET peptide assays.

Unlike the above fluorophores, fluorescein (FAM)
is less susceptible to signal interference due to
longer excitation wavelength, large absorption co-
efficient and quantum yield in the visible region,
where output from xenon lamps in fluorimeters is
relatively high.17 These properties allow greater
assay accuracy and sensitivity, which may enable
signal detection even in the cellular environment.
Furthermore, the FAM–tetramethylrhodamine
(TAMRA) pair has considerably longer Förster
radius (distance at which 50% of internal quenching
occurs), allowing longer peptides (14 amino acids vs
9–10 for Dabcyl–Edans or Mca–Dnp pairs) between
donor and acceptor17 and leading to improved
specificity. The larger size of FAM and TAMRA
may also constrain substrate cleavage by unrelated
enzymes.

Here we investigate the application of a new
TNF-based FRET peptide with the FAM–TAMRA
fluorophore pair for direct continuous measurement
of cell-associated TACE activity in live cells. The
peptide was first validated in vitrowith recombinant
enzymes, and a cell-based assay was then developed
using resting as well as stimulated human
monocytic cell lines. The results indicated that the
FAM–TAMRA peptide is useful for real-time
assessment of TACE activity on the surface of live
cells.

Materials and methods

Materials and Synthesis of Peptide

Unless otherwise stated, all reagents were from
Sigma (Poole, UK). We synthesized a 13 amino-acid
peptide FAM–SPLAQAVRSSSRK–TAMRA (FAM–
TAMRA peptide) corresponding to the human
proTNF sequence surrounding the TACE-specific
cleaving site (Ala–Val bond).8 The peptide was
synthesized on an Na-(9fluorenyl)methoxycarbonyl
(Fmoc)-amide resin (0.1mmol) using an ABI 431A
peptide synthesizer (Applied Biosystems, Warring-
ton, UK). Fmoc chemistry with t-butyl based side-
chain protection was used throughout and a 10-fold
excess of amino acid was applied at each acylation
step. After removal of the Fmoc group with 20%
piperidine in dymethylformamide, N-terminal acy-
lation with 5-fluorescein carboxylic acid was carried
out via 1-hydroxybenzotriazole/diisopropylcarbo-

dimide-mediated coupling. Deprotection and resin
cleavage was carried out for 3 h. The crude product
was isolated and purified by reversed phase-HPLC
using a Jupiter C18 analytical column (Phenomenex,
Macclesfield, UK), and fractions containing the
FAM-peptide were pooled and lyophilized to con-
stant weight. Reaction with the mixed isomers (5,6-)
of tetramethylrhodamine carboxylic acid hydroxy-
succinimide ester in 50% dymethylformamide/
water/sodium hydrogen carbonate, gave the crude
FAM–TAMRA peptide, which was purified and
resolved into the two separate isomers by reversed
phase-HPLC.

Analysis of FAM–TAMRA Peptide Cleavage by
Recombinant Enzymes

Human recombinant (r) TACE or murine rADAM-10
(R&D Systems, Abingdon, UK) were incubated with
the FAM–TAMRA TNF peptide over 60min at 201C
in 20ml of tris-based assay buffer (50mM pH 8.0 Bis-
Tris propane, 100mM NaCl, 10mM CaCl2 and
0.01% Triton X-100), using black NUNC polystyrene
384-well microtiter plates (VWR, Poole, UK). For
inhibitor studies, a hydroxamate derivative GM6001
(Chemicon Europe Ltd, Hampshire, UK) was used.
Enzyme activity measurements were performed by
continuous monitoring of peptide cleavage, that is,
real-time increases in fluorescence intensity, at an
excitation wavelength (lex) of 485nm and emission
wavelength (lem) of 535nm, using an Ultra spectro-
fluorimeter (Tecan, Reading, UK). Kinetic analyses
were performed with GraFit 3.0 software (Erithacus
Software Ltd, Staines, UK). Initial velocities (V) of
the substrate hydrolysis were determined at various
substrate concentrations [S] (0–50 mM), and Michae-
lis constant (Km) and maximum velocity (Vmax) was
estimated by fitting V to the equation,

V ¼ Vmax½S�
½S� þ Km

Specificity constant kcat/Km values were estimated
by linear regression of V at low concentrations of [S]
(oKm) to the simplified Michaelis equation,

V ¼ kcat
Km

½E�½S�

where [E] represents the concentration of the
enzyme used.

Comparison of FAM–TAMRA Peptide with other TNF
FRET Peptides

Human rTACE was incubated with one of the
three peptides, that is, FAM–TAMRA TNF pep-
tide, Dabcyl–Edans TNF peptide (Dabcyl–LA-
QAVRSSSR–Edans, purchased from Bachem, St
Helen’s, UK) or Mca–Dpa TNF peptide (Mca–
PLAQAV(Dpa)RSSSR–NH2, purchased from Calbio-
chem, Nottingham, UK) at 201C in the tris-based
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assay buffer overnight, until complete cleavage of
each peptide was achieved. The reaction products,
together with the original uncleaved FRET peptides,
were then diluted in either the tris-based assay
buffer or CO2-independent medium (Invitrogen,
Paisley, UK), and fluorescent signals measured
using a Safire monochromator (Tecan, Reading,
UK) at lex 485nm and lem 535nm for FAM–TAMRA,
lex 360nm and lem 485nm for Dabcyl–Edans, and lex
320nm and lem 400nm for Mca–Dpa peptides. The
ratio of fluorescence intensity between cleaved and
uncleaved peptide was calculated for each FRET
peptide in each of the assay solutions.

Analysis of FAM–TAMRA Peptide Cleavage by
Intact Cells

Cell culture was performed at 371C in 95% air/5%
CO2. THP-1 cells (European Collection of Cell
Cultures, Salisbury, UK) were grown in RPMI-1640
containing 10% fetal calf serum, 2mM glutamine,
10 mg/ml streptomycin and 10U/ml penicillin-G.
MonoMac-6 cells (Inerlab Cell Line Collection,
Genova, Italy) were grown in RPMI-1640 containing
10% fetal calf serum, 1% nonessential amino acids,
9mg/ml bovine insulin, 1mM sodium pyruvate,
10 mg/ml streptomycin and 10U/ml penicillin-G.

Prior to the fluorimetric assay, cells were resus-
pended in fresh assay medium: CO2-independent
medium containing 1% bovine serum albumin. Cell
viability was determined using trypan blue, with
viability rates of 498% routinely obtained. Cells
(2� 105/well) were dispensed into black NUNC
polystyrene 96-well microtiter plates (VWR) with
5mM of the FAM–TAMRA TNF peptide, in total
volume of 80ml. For inhibitor studies, test com-
pounds dissolved in dimethylsulfoxide were dis-
pensed to wells prior to the addition of substrate and
cells. Final dimethylsulfoxide concentration was
adjusted to 0.75% (v/v) in all wells. Hydroxamate-
based metalloprotease inhibitors, BB94 (British
Biotech Pharmaceuticals Ltd, Abingdon, UK),
GM6001, GW280264X and GI254023X (Glaxo-
SmithKline); and broad-spectrum cysteine (E-64),
serine (Leupeptin) and aspartyl (H-KTEEISEVN-
stat-VAEF-NH2) protease inhibitors were tested.
Peptide cleavage in the wells was monitored
continuously for 30–60min at 351C using a Bio-Tek
FLx800 microplate fluorescence reader (Bio-Tek
Instruments, Vermont, USA) at lex 485nm and lem
535nm, and analyzed by KC4 software (Erithacus
Software Ltd).

Inhibition of proTNF Cleavage from THP-1 Cells

THP-1 cells were pretreated overnight with 100ng/
ml of interferon-gamma (R&D Systems) and then
stimulated with 1 mg/ml of lipopolysaccharide
(LPS) for 3 h in the presence of titrated doses of
GM6001 (0.05–128.5mM). Soluble TNF levels in the

supernatants were determined by enzyme-linked
immuno-sorbent assay using paired anti-TNF mono-
clonal antibodies (BD Biosciences, Oxford, UK).

Analysis of FAM–TAMRA Peptide Cleavage by
Activated Cells

Interferon-gamma-primed THP-1 cells were stimu-
lated with 1mg/ml of LPS for 3h, and then analyzed
using the FAM–TAMRA TNF peptide as described
above. MonoMac-6 cells were directly stimulated
with 30ng/ml of phorbol myristate acetate (PMA)
within the 96-well assay plates. PMA was added to
the cell/substrate mixture immediately prior to the
start of the assay, and real-time changes in fluor-
escent signal induced by PMA were monitored.

Flow Cytometry Analysis of Cell Surface TACE
Expression

Cells were stained in the dark at 41C for 30min with
phycoerythrin-conjugated anti-TACE ectodomain
(clone 111633) or isotype-matched control anti-
bodies (R&D Systems). Cells were fixed with 1%
formaldehyde and analyzed with a FACSCalibur
flow cytometer and CellQuest software (BD Bio-
sciences, Oxford, UK).

Results

FAM–TAMRA Peptide Cleavage by Recombinant
TACE and ADAM-10

We first tested the validity of the FAM–TAMRATNF
peptide in vitro using recombinant enzymes. Pep-
tide cleavage was measured by real-time monitoring
of fluorescent signal using a spectrofluorimeter.
Hydrolysis of 5mM FAM–TAMRA TNF peptide by
7nM rTACE produced a four-fold increase above the
background fluorescent signal over 60min (Figure
1a). The reaction curve was linear over time with
the rate of peptide cleavage effectively constant.
No peptide cleavage was observed in the absence
of enzyme, and complete inhibition of the cleav-
age was achieved by 46 mM of GM6001 with an
IC50 of 20.671.2 (s.e.) nM (n¼ 4). A kcat/Km of
0.9970.03 mM�1 s�1 was determined (n¼ 8), which
is47-fold higher than the previously published kcat/
Km value of TACE for an Mca–SPLAQAVRSSSRK–
(Dnp)–NH2 peptide (0.1370.01 mM�1 s�1).12 This
implies that TACE can cleave the FAM–TAMRA
TNF peptide more efficiently than the Mca–Dnp
peptide of the same amino-acid sequence. The
peptide could not be dissolved in the buffer solution
at concentrations high enough to allow accurate
determination of Km and Vmax.

ADAM-10, another protease of the ADAM family,
has been reported to cleave TNF-based peptides.6

Hydrolysis of 5mM FAM–TAMRA TNF peptide by
17nM rADAM-10 over 60min produced a 2.3-fold
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increase of the fluorescent signal above the back-
ground (Figure 1a). However, kcat/Km was 0.127
0.004 mM�1 s�1 for rADAM-10 (n¼ 8), that is, 48-
fold lower than for TACE, indicating that ADAM-10
is less efficient at cleaving this peptide.

Signal Intensity of FAM–TAMRA Peptide and Cell
Media Interference

We then investigated the signal intensity of FAM–
TAMRA TNF peptide in comparison with Dabcyl–
Edans and Mca–Dpa peptides, in assay solutions
used for our in vitro as well as cell-based assays.
Complete hydrolysis of these TNF peptides was
achieved by overnight incubation with an excess
dose of rTACE (50 nM for 10 mM substrate), and the
ratio of fluorescent signal between the cleaved and
uncleaved peptide, both diluted to 400nM in each
assay solution, was compared among the peptides.

In the tris-based assay buffer, peptide cleavage
resulted in much larger increase in fluorescent
signal with FAM–TAMRA (B74-fold) than Dabcyl–
Edans (B5-fold) or Mca–Dpa (B20-fold) peptides
(Figure 1b). In CO2-independent medium, signal
enhancement due to peptide hydrolysis remained
high with FAM–TAMRA peptide (B50-fold), but
was reduced to very low levels with both Dabcyl–
Edans and Mca–Dpa peptides (o5-fold). These
results demonstrated that the FAM–TAMRA peptide
provides superior signal/background ratio to Dab-
cyl–Edans or Mca–Dpa peptides, and that signal
interference by cell culture media substantially
hampers the sensitivity of Dabcyl–Edans or Mca–
Dpa peptides, but not that of FAM–TAMRA peptide.

FAM–TAMRA Peptide Cleavage by Intact THP-1 Cells

We evaluated the cleavage of this FAM–TAMRA
TNF peptide by THP-1 cells in viable whole-cell
preparations. Cells were incubated at a density of
2� 105/well with 5 mM of FAM–TAMRA TNF pep-
tide, and peptide cleavage was monitored at minute
intervals for 30–60min. The reaction curve was
remarkably linear over time (Figure 2a), suggesting
that the assay conditions are adequate for cell
stability and constant substrate hydrolysis, as
observed with rTACE. After an initial equilibration
period, the rate of fluorescent signal increase was
calculated over 10min, as an estimation of enzyme
activity (FU/min). Peptide cleavage in medium-only
wells was negligible, and incubation of cells with a
control nonspecific FAM–TAMRA peptide (FAM–
SEVNLDAEFK–TAMRA) lacking the cleavage site of
human proTNF by TACE (Ala–Val bond),8 did not
produce any signal, demonstrating that the observed
fluorescence increase is peptide sequence-specific.

To assess the quantitative nature of this assay,
different densities of THP-1 cells (from 1� 104 to
2� 106/well) were incubated with 5 mM of the FAM–
TAMRA TNF peptide, and enzyme activity calcu-
lated from each reaction curve. Increasing cell
density resulted in a proportional increase in the
enzyme activity (Figure 2b), indicating a linear
relationship between the amount of cellular enzyme
in the reaction mixture and the degree of peptide
hydrolysis. The assay was highly sensitive, with
enough signal detected for reliable calculation of the
enzyme activity at cell densities as low as 1� 105/
well. The assay was reproducible with intra-assay
variability of o5% and interassay variability of
o20%.

Effect of Inhibitors on FAM–TAMRA Peptide Cleavage

To characterize the enzymatic profile of FAM–
TAMRA TNF peptide cleavage by THP-1 cells, we
investigated the effects of addition of various
protease inhibitors to the cell/peptide mixture.
Saturating concentrations of broad-spectrum metal-

Figure 1 Validation of the FAM–TAMRA TNF peptide-based
assay using recombinant enzymes. (a) Typical reaction curves of
the peptide cleavage by rTACE (K) (7 nM) and rADAM-10 (n)
(17nM). The dashed line represents peptide cleavage in assay
medium without any enzyme. Fluorescent unit (FU) was plotted
against time with background fluorescent values at t¼ 0 sub-
tracted. (b) Signal intensity of FAM–TAMRA TNF peptide and
cell media interference. Ratios of fluorescent signal between
cleaved and uncleaved substrate by rTACE, are shown for FAM–
TAMRA (gray), Dabcyl–Edans (black) and Mca–Dpa (white)
peptides (n¼ 4). Signal/background ratio for the FAM–TAMRA
peptide was considerably higher than those for the other two
peptides in both the tris-based assay buffer and CO2-independent
medium.
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loprotease inhibitors BB94 and GM6001 resulted in
marked reduction of the rate of fluorescent signal
increase (Figure 2a). The inhibition was 7972%
(n¼ 4) with 100 mM BB94 and 8174% (n¼ 3) with
128.5 mM GM6001. In contrast, inhibitors of cysteine
(E-64), serine (Leupeptin) and aspartyl (H-KTEEI-
SEVN-stat-VAEF-NH2) proteases did not produce
any changes in peptide hydrolysis (data not shown).

We then determined the dose–response curve for
GM6001-mediated inhibition of the peptide clea-
vage, and compared it with the dose–response curve
for GM6001-mediated inhibition of proTNF clea-
vage, that is, inhibition of soluble TNF release from
LPS-stimulated cells into culture supernatants (Fig-
ure 3a). The inhibition profiles of the synthetic and
native substrate cleavage by THP-1 cells were very
similar, with an IC50 of 5.573 mM for the FAM–
TAMRA TNF peptide cleavage and 13715 mM for
the proTNF cleavage (n¼ 3). We further studied
the effects of two inhibitors of more specific spec-
tra, that is, the dual TACE/ADAM-10 inhibitor
GW280264X, and the ADAM-10 selective inhibitor
GI254023X, both previously used to determine the
roles of TACE and ADAM-10 in chemokine clea-
vage.18,19 Dose–response curves demonstrated that

the peptide cleavage by THP-1 cells was efficiently
inhibited by the dual inhibitor but not by the
ADAM-10 inhibitor (Figure 3b). GW280264X
showed considerable inhibition (60–68%) at con-
centrations 410 mM with an IC50 of 4.570.3 mM,
while same concentrations of GI254023X induced
only 5–15% inhibition with an IC50 4100 mM
(n¼ 6). These pharmacological profiles indicated
that TACE is most likely the enzyme responsible for
the majority of the FAM–TAMRA TNF peptide
cleavage by intact THP-1 cells.

FAM–TAMRA Peptide Cleavage by Activated THP-1
and MonoMac-6 Cells

To investigate whether the FAM–TAMRA TNF
peptide is useful not only for detection of basal

Figure 2 Validation of the FAM–TAMRA TNF peptide-based
assay using live cells. (a) A typical reaction curve of the peptide
cleavage by live THP-1 cells (K) and the effect of the
metalloprotease inhibitor BB94 (J). In this case, BB94 (100mM)
showed 83% reduction of the rate of fluorescent signal increase.
(b) Relationship between the enzyme activity and the number of
THP-1 cells in the reaction mixture. With a fixed concentration of
the peptide, increasing cell density resulted in a proportional
increase in the enzyme activity (calculated from each reaction
curve).

Figure 3 Validation of the FAM–TAMRA TNF peptide-based
assay for specific detection of TACE enzyme activity. (a) GM6001-
mediated inhibition of the peptide cleavage by THP-1 cells (K)
was compared to GM6001-mediated inhibition of proTNF
cleavage from the surface of THP-1 cells (m). Both curves were
similar with an IC50 of 5.573 mM for the peptide cleavage and
13715mM for the proTNF cleavage (n¼ 3). (b) GW280264X (K), a
dual TACE/ADAM-10 inhibitor, induced substantial inhibition in
the peptide cleavage at concentrations 410mM (IC50 4.570.3 mM),
while selective ADAM-10 inhibitor GI254023X (m) induced only
minimal inhibition (IC50 4100mM) (n¼ 6). Data presented as
mean7s.e.
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TACE activity on unstimulated cells, but also for
detection of ‘changes’ in cellular TACE activity
upon cell stimulation, we studied the peptide
cleavage by activated THP-1 cells. Cells pretreated
with interferon-gamma and stimulated with LPS for
3h produced a substantial (3.3-fold) increase in the
rate of peptide hydrolysis, compared with nonsti-
mulated (interferon-gamma only) cells (Figure 4a).
Addition of 33 mM GW280264X to LPS-stimulated

THP-1 cells resulted in 7970.5% reduction in
peptide cleavage while GI254023X at the same
concentration produced only 574% inhibition
(n¼ 5). This inhibition profile, essentially similar
to unstimulated THP-1 cells, implies that the
observed LPS-induced increase in peptide cleavage
is also largely attributable to increased TACE
activity. Interestingly, flow cytometric analysis
showed that cell surface TACE expression did not
increase upon LPS stimulation (Figure 4b), suggest-
ing that increased TACE activity on THP-1 cells
could occur independently of the enzyme surface
expression.

MonoMac-6 cells secrete little soluble TNF when
stimulated with LPS alone, but produce an immedi-
ate (within 20–30min) large release of soluble TNF
when pretreated with LPS and then stimulated with
PMA,20 presumably due to rapid upregulation of
proTNF shedding. To assess whether such PMA-
induced rapid changes in TACE activity could be
demonstrated using the FAM–TAMRATNF peptide,
MonoMac-6 cells were assayed with the peptide in
the presence of PMA (30ng/ml) and changes in rate
of peptide hydrolysis were monitored in comparison
with unstimulated cells. We observed a rapid
increase in the rate of peptide hydrolysis 5min after
the addition of PMA, becoming distinct by 10–
15min (Figure 3c). This provides evidence that the
assay is highly sensitive and capable of detecting
dynamic real-time changes in cellular TACE activity
upon cell activation.

FAM–TAMRA Peptide Cleavage and TACE Expression
in MonoMac-6 Cells

Using flow cytometry, we have observed two
distinct subpopulations of MonoMac-6 cells, high
side scatter cells with significant surface TACE
expression, and low side scatter cells expressing
negligible amounts of TACE (o3 mean fluorescence
intensity). With continuous culture, the percentage
of high side scatter cells, as well as the amount of
TACE expressed by the cells, decreased to low or
undetectable levels. Application of the FAM–TAM-
RA peptide assay to these MonoMac-6 cells at
different passages exhibited a correlation (R2 0.95,
Po0.01, n¼ 7) between cell surface TACE expres-
sion and rates of peptide cleavage (Figure 5).

Discussion

Analysis of the biological role of TACE requires
measurement of its enzyme activity in situ, that is,
on the cell surface. However, previous methodolo-
gies have failed to provide reliable direct continuous
measurement of TACE activity in intact cells. Using
a newly designed TNF-based FRET peptide with the
fluorophore pair FAM–TAMRA, we have developed
an assay that enabled for the first time accurate and

Figure 4 Detection of TACE enzyme activity in activated cells. (a)
THP-1 cells that were treated with LPS 1mg/ml for 3 h showed
considerable increase in the rate of FAM–TAMRA peptide
cleavage compared to nontreated controls (n¼ 3, *Po0.05, t-test).
Data presented as mean7s.e. (b) Flow cytometric analysis of LPS-
treated cells demonstrated that cell surface TACE expression did
not increase, but rather showed a tendency to decrease, compared
to nontreated cells. The values of mean fluorescence intensity
(MFI) of anti-TACE antibody staining are shown, with the isotype
control (gray fill) MFI values subtracted. (c) MonoMac-6 cells
were assayed with the peptide in the presence of PMA 30ng/ml
(J), and real-time changes in peptide cleavage were monitored.
A higher rate of hydrolysis of the FAM–TAMRA peptide in
PMA-treated cells was observed in comparison with nontreated
cells (K), and this was already evident after 5–10min (single
representative experiment, n¼ 3).
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reproducible determination of continuous real-time
TACE activity on the surface of intact viable cells.

Up to now, successful measurement of TACE
activity in intact cells has only been achieved using
HPLC,16 which precludes continuous measurement
of the enzyme’s activity. Although the use of TNF-
based FRET peptides for real-time measurement of
recombinant and isolated native TACE activity is
well established, their application to cell lysates
or whole-cell preparations has been unsuccessful,
mainly due to low assay sensitivity and specificity.15

By synthesizing a new TNF-based FRET peptide
with the fluorophore pair FAM–TAMRA, we have
overcome the problems of the previously used FRET
peptides. The unique physical properties of FAM,
that is, greater fluorescent intensity and lower signal
interference, allow detection of the signal in cell
suspensions with much better sensitivity, as re-
flected by a considerably higher signal/background
ratio of FAM–TAMRA peptide than that of Dabcyl–
Edans or Mca–Dpa-based peptides. Furthermore, the
signal/background ratio remained high even in cell
culture media despite some signal interference, that
is, 410-fold higher than that for the Dabcyl and Mca
peptides, which makes FAM–TAMRA peptide more
suitable for measurement of cellular TACE activity.

Since our assay is based on the substrate specifi-
city of an enzyme, but not on its immunological
properties, there is always some concern whether
the peptide substrate used may have some cross-
reactivity with other enzymes. In particular,
although TACE is considered to be the major
physiological TNF sheddase, responsible for 90%
of its cleavage in vivo,3 other cell surface sheddases
in the metalloprotease family, such as ADAM-10
and matrix metalloprotease (MMP)-7, have been
shown to possess some, albeit small, TNF-cleaving
activity.6,21,22 However, we found that specificity
constant (kcat/Km) for the cleavage of FAM–TAMRA

TNF peptide by rADAM-10 was eight-fold lower
than that by rTACE, consistent with previous
published data by Moss et al.6 Mohan et al22

reported that the kcat/Km for the cleavage of a similar
peptide with a TACE-sensitive TNF sequence was
200-fold lower with rMMP-7 than rTACE. These
in vitro experiments using recombinant enzymes
suggest that if hydrolysis of the FAM–TAMRA pep-
tide in cell-based assays is metalloprotease-depen-
dent, then the observed enzyme activity should be
attributable mainly to TACE, rather than ADAM-10
or MMP-7.

In order to directly evaluate TACE specificity of
our cellular assay, we first studied how FAM–
TAMRA TNF peptide cleavage was affected by the
broad-spectrum metalloprotease inhibitors BB94
and GM6001, which have been shown to efficiently
inhibit proTNF shedding from cells in vivo.23,24

Approximately 80% inhibition was observed with
these compounds while other protease inhibitors
were completely ineffective, indicating that the
peptide cleavage was almost entirely metallopro-
tease-dependent. We also found that the dose–
response profile of GM6001 inhibition of the
FAM–TAMRA TNF peptide cleavage was remark-
ably similar to that of the in vivo proTNF cleavage,
suggesting that TACE, which is responsible for the
cleavage of proTNF from cell surface, also cleaves
the synthetic TNF peptide. Finally, to exclude a
potential role of ADAM-10 in the peptide cleavage,
we compared the inhibitory effects of two new
ADAM inhibitors with different specificity. The
dual TACE/ADAM-10 inhibitor GW280264X sub-
stantially reduced the peptide cleavage, while the
ADAM-10 selective inhibitor GI254023X produced
minimal inhibition. Thus, despite the potential
crossreactivity of the FAM–TAMRA TNF peptide
with other sheddases on the cell surface, the results
strongly suggest that the observed proteolytic activ-
ity in our cellular assay could be largely ascribed to
TACE. The correlation between the peptide cleavage
and the levels of surface TACE expression found in
MonoMac cells is consistent with this hypothesis.
Clearly, some validation experiments may be neces-
sary if applying this assay to other cell types in
which the relative levels of active TACE or other cell
surface metalloproteases are different.

We further investigated the suitability of this
assay to detect ‘changes’ in TACE activity in viable
intact cells. In the present study, a substantial
increase in FAM–TAMRA TNF peptide cleavage
was detected in THP-1 cells upon LPS stimulation.
This effect of LPS was not associated with signifi-
cant changes in surface TACE expression, suggesting
that TACE catalytic activity per se (TACE activity
per enzyme molecule) was upregulated by LPS.
Although it is possible that upregulation of other
TNF sheddases expression, in particular ADAM-10,
were responsible for the increased activity, addition
of the dual TACE/ADAM-10 as well as ADAM-10
selective inhibitors to the LPS-treated cells indi-

Figure 5 Linear regression analysis of the relationship between
surface TACE expression on MonoMac-6 cells and FAM–TAMRA
peptide cleavage. Different passages of the cells were analyzed for
surface TACE expression using flow cytometry, expressed by
mean of fluorescent intensity (MFI) of the total cell population
with values of isotype control subtracted, and for enzyme activity
using FAM–TAMRA peptide. R2 was 0.95 (n¼ 7, Po0.01).
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cated that the LPS-induced increase in enzyme
activity was largely ascribed to enhanced activity
of TACE, rather than ADAM-10 or other nonmetal-
loprotease enzymes. In addition, dynamic very
rapid changes in enzyme activity were observed in
MonoMac-6 cells upon PMA stimulation, consistent
with the previously proposed concept of rapid
induction of TNF shedding activity by PMA in
these cells.20 The inferior signal/background ratio of
traditional FRET-based TNF peptides, as compared
to the FAM–TAMRA peptide, would have precluded
their use in studying such a phenomenon. Thus, our
cellular assay provides quantitative, real-time data
of the catalytic performance of TACE, both at basal
and induced states. The ability to perform real-time
measurements would be of particular benefit for
investigating the regulation of TACE under acute
inflammatory conditions.

TACE-mediated shedding occurs constitutively at
low rates, and can be rapidly upregulated with
stimuli such as phorbol esters or MAP kinase
cascade activators.25–27 Like other ADAMs, TACE
requires cleavage of its prodomain to become a
‘mature’ fully active protease.6–8 It has been sug-
gested that constitutive removal of the prodomain
occurs intracellularly and only processed, active
TACE is expressed on the cell surface, as is the case
for THP-1 cells.28,29 Several mechanisms have been
postulated to explain how TACE activity is modu-
lated, for example, phosphorylation of the intracel-
lular domain and association with cytoplasmic
proteins7–9 that could explain how proteolytic
activity of ‘mature’ TACE could be upregulated
following cell activation irrespective of changes in
cell surface expression. In contrast, others reported
that prodomain removal is not a prerequisite for
surface TACE expression30 and that reactive oxygen
species may mediate prodomain removal and acti-
vation on the cell surface.26,27 Thus, regulation of
TACE activity appears to be a complex and dynamic
process, involving various biochemical as well as
signaling pathways. Development of a reliable direct
methodology for measurement of TACE catalytic
activity in live cells is essential, and our new FRET
peptide assay represents a step forward to better
understanding of the mechanisms of TACE regula-
tion in vivo.

In summary, this study reports the development
and validation of a new TACE activity assay which,
to our knowledge, for the first time enables accurate,
quantitative and reproducible determination of
continuous real-time TACE activity on the surface
of live cells, both at resting and activated states. The
assay offers a valuable tool for the in vivo analysis of
TACE activity, potentially leading to new insights
into the biological roles of TACE and TNF in the
pathophysiology of inflammatory diseases. More-
over, the principles developed in this study, that
is, FAM–TAMRA FRET technology and assessment
by pharmacological/enzymatic profiling, could be
further extrapolated to any surface enzymes with

defined substrates, facilitating the establishment of
new assays to measure their activity on the surface
of live cells.
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