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ABSTRACT. Shedding of TNFa requires a single cleavage event, whereas the ectodomain of praTGF-

is cleaved at N-proximal (N-terminal) and membrane proximal (C-terminal) sites to release mature TGF-
o.. Tumor necrosis factos- converting enzyme (TACE) was shown to have a central role in the shedding
of both factors. Here we show that cleavage of the proDGE-terminal site, required for release of
mature growth factor, is less sensitive to a panel of hydroxamates tharoIpMéeessing. Recombinant
TACE cleaves TNFx and N-terminal TGFe peptides 50-fold more efficiently than the C-terminal TGF-
peptide. Moreover, fractionation of rat liver epithelial cell membranes yields two populations: one contains
TACE and cleaves peptides corresponding to TdN&Ad both proTGFx processing sites, while the other
lacks detectable TACE and cleaves only the C-terminal pro&Gifecessing site. Activities in both
fractions are inhibited by hydroxamates and EDTA but not by cysteine, aspartate, or serine protease
inhibitors. Both membrane fractions also contain ADAM 10. ADAM 10 correctly cleaves peptides and a
soluble form of precursor TGE-(proTGFecto) at the N-terminal site but not the C-terminal site. However,
the kinetics of N-terminal peptide cleavage by ADAM 10 are 90-fold less efficient than TACE. Our
findings indicate that while TACE is an efficient proTGEN-terminal convertase, a different activity,
distinguishable from TACE, exists that can process prooGithe C-terminal site. A model that accounts

for these findings and the requirement for TACE in T@Fshedding is proposed.

Extracellular domains of various cell surface proteins are proteolysis is a key step in several cellular procesgegl(
released by proteolytic cleavage in a phenomenon known6, 8—13) and is likely to be complex given the diversity of
as ectodomain sheddindl{4). Targets of this process ectodomain shedding stimulants, including phorbol esters
include growth factors and cytokines (EGF family ligands, (14—20), calcium ionophores2(l, 22), serum factorsZ3),
TNF-a,! CSF-1), receptors (ErbB4, TNF receptors, inter- and phosphatase inhibitor24, 25). Multiple enzymes,
leukin receptors, PDGF-R, Notch, growth hormone receptor), including zinc-dependent metalloproteinases, have been
enzymes (angiotensin converting enzyme), adhesion proteinsmplicated in ectodomain shedding, (6, 8—13, 18, 26—
(L-selectin, L1, CD30, CD44), and ectodomains of unknown 33). Notably, RANKL(TRANCE), a TNF family member,
function (3-amyloid precursor protein, cellular prion protein) is cleaved by at least two separate metalloproteing®®s (
(reviewed in refs3 and 5—8). Cleavage of these various and HB-EGF, an EGF family ligand, may be cleaved by
proteins contributes to mitogenesis, cell migration, dif- multiple metalloproteinases including ADAMs 35), 10
ferentiation, and the pathology of disease states such ag36), 12 (37), and 17 27, 38) and MMPs 3 89) and 7 40).

inflammatiqn, tumo_rigenesis, spongiform encephglopathies, TGF-a, another member of the epidermal growth factor
and Alzheimer's disease2t4, 6, 8-13). Regulation of  (eceptor (EGFR) ligand family, is a well-studied model of
ectodomain shedding. TGdeis synthesized as a biologically
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§ University Of Pennsyh/ania Sch00| Of Medicine_ aCt'VateS EGFR 41_44), but the dOWI’]Stream bl0|OgI0a|
"'Glaxo SmithKline Inc. consequences may be different from those mediated by the
f;ﬂ%@ﬁg' Inc. transmembrane proteid1, 42, 44—50). Membrane-anchored

1 Abbreviations: TGFe, transforming growth factoe TACE, growt.h factor mediates juxtac;rine signaling, whereas pro-
tumor necrosis factoe converting enzyme; TNIg, tumor necrosis teolytic conversion of TGFe to its soluble form presumably
factora; R1 cells, ras-transformed rat liver epithelial cells; hPBMCs, switches the growth factor to an autocrine or paracrine
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potent cell mitogen in vitro, may have physiological roles
in cell migration 61, 52).

Intriguingly, although the two TGl cleavage sites
contain the Ala-Val dipeptide at their cores (N-terminal,
SPVAAA/VVSHFN; C-terminal, HADLLA/VVAASQ)?
distinct convertases may carry out the N- and C-terminal

Hinkle et al.

and purified ADAM 10 correctly cleaves the N-terminal site
of proTGFa in vitro, it does not cleave the correct
C-terminal site, pointing to an unidentified proTGF-
C-terminal converting activity. A model that combines the
demonstrated requirement for TACE with these observations
is proposed.

cleavage events. The N-terminal site is processed more

rapidly than the C-terminal site in transfected CHO cdll (
53). Conversely, many transformed cell lines and tumors
secrete larger forms of TGé&-that retain the N-terminus,
indicating inefficient or altered processing({ 54—56).
Much emphasis has been placed on efforts to purify the
enzymes responsible for TGde-processing. ProTGE-
cleavage has been shown to be mediated by zinc-depende
metalloproteinasesl), and candidate activities have been
identified @7, 56). However, despite significant effort,
candidates for the physiological enzyme(s) have remained
elusive until the identification and purification of the TNE-
converting enzyme, TACE/ADAM-173Q, 32), a zinc-
dependent metalloproteinase.

TACE is one member of the ADAM family of disintegrin
metalloproteinases. It was purified on the basis of its ability

to accurately cleave a peptide substrate spanning the cleavag

site of TNFe. and was shown to process the full-length
precursor proteind0—32). Subsequently, TACE was found
to be a proTGFa convertase on the basis of similarity in
phenotypes between mice homozygous for a protease
inactivating mutation and those lacking T@k-including
open eyes at birth, wavy hair, and aberrant skin architecture
(49, 51, 57). Furthermore, fibroblasts38, 57) and primary
keratinocytes38) established from these mice were impaired
10—20-fold in their ability to shed TGkt Recombinant
TACE also cleaves full-length and soluble forms of TGF-

at the correct N-terminal processing site in vit@Terminal
cleavage of the full-length form by TACE in vitro, however,
does not occur, but processing of a soluble Té&G€enstruct
occurs at both an incorrect and correct cleavage 88 (
These results indicate that TACE is required for efficient
TGF-a release, but it remains to be determined whether
TACE directly cleaves proTGE-in vivo. Residual TGFa
release by TACE-deficient cells suggests the existence of
other enzymes with proTGE&-converting enzyme activities.
Consistent with this, a recent report by Merlos-f&zaand
colleagues recently demonstrated that APMA induced met-
alloproteinase-dependent proT@Feleavage in TACE- or
shedding-deficient cell{).

Here, we show that the release of TiHFand TGFe. from
cellular membranes can be differentiated through a series o
hydroxamic acid inhibitors. We also demonstrate that partial
fractionation experiments yield two separate activities, one

5

EXPERIMENTAL PROCEDURES

Materials The following peptides were synthesized by
the University of North Carolina Peptide Synthesis Facil-
ity and were used in subsequent experiments: TINF-
DNP-SPLAQAVRSSSR-CONE N-terminal TGFer, DNP-
PVAAAVVSHFN-CONH,; and C-terminal TGFe,, DNP-
ADLLAVVAASQ-CONH,. The antibodies were anti-
FLAG (Sigma, St. Louis, MO), anti-HA (Covance, Richmond,
CA), anti-TACE/ADAM 17 (Chemicon International, Te-
mecula, CA), and anti-ADAM 10 (Oncogene Research
Products, Boston, MA). The furin inhibitor, decanoyl-Arg-
Val-Lys-Arg chloromethyl ketone, was from Bachem Bio-
science Inc. (King of Prussia, PA). Recombinant human
ADAM 10 (rhADAM 10) was from R&D Systems (Min-
neapolis, MN). Bovine brain was purified essentially as
fescribed by Glynn and Howar&g).

Cell Lines and Cell CultureRas-transformed rat liver cells
(R1 cells) and the proTGE-expressing stable clone deriva-
tive (59) were grown in minimal essential media (MEM)
supplemented with 5% (v/v) fetal bovine serum (FBS) and
1% (v/v) gentamicin (Gibco BRL). Human peripheral blood
mononuclear cells (hPBMCs) were isolated by Ficoll gradient
centrifugation with 1-Step Polymorphs (Accurate Chemical
& Scientific Corp., Westbury, NY) from the heparinized
blood of a volunteer donor. Purified hPBMCs were sus-
pended at 8x 10° cells/mL in RPMI 1640 medium
supplemented with 10% heat-inactivated FBS and 1%
antibiotics.

Cell-Based Inhibitor Assay#liquots of 100ulL (4 x 10°
cells) of hPBMCs were added to 96-well microtiter plates.
Compounds or DMSO vehicle was added at doses ranging
from 0.04 to 10uM (final DMSO concentration in culture
medium was 0.05%) fol h before addition of lipopolysac-
charide (LPS) (100 ng/mL) and PHA (5@y/mL) (Sigma)
(60—62). After incubation at 37C and 5% CQ for 48 h,
cell-free conditioned media were collected by centrifugation
at 80@. Media levels of soluble human TGkand TNFe
were determined using Quantikine immunoassay (R&D
Systems, Minneapolis, MN) and ELISA (Oncogene Research

Products, Cambridge, MA), respectively.

Twenty-four hours prior to addition of inhibitor, R1 cells
were seeded in 60 mm dishes at 1.878C° cells/mL. Plates

that correctly processes a peptide substrate correspondingvere washed with phosphate-buffered saline (PBS) and fresh

to the C-terminal cleavage sequence of proT&GRnd
another that correctly processes N- and C-terminal BGF-
and TNFe peptide substrates. Inhibition profiles for these

media added containing either DMSO vehicle or hydroxamic
acid inhibitor at 1 nM-100uM for 1Cso measurements or 1
nM—10 uM for Western blots (final DMSO concentration

fractions in peptide assays and kinetic measurements within culture medium was 1%). After incubation at 3¢ and

recombinant forms of TACE and ADAM 10 on the peptide
substrates confirm that TACE is the most efficient N-terminal
convertase. Although ADAM 10 is present in both fractions,

2The TGFe. membrane proximal site is referred to as the C-terminal
site and the TGFx N-proximal site is referred to as the N-terminal
site for the remainder of the paper.

5% CQ for 24 h, conditioned media and cells were
harvested. Cells were disrupted in lysis buffer including
protease inhibitors [50 mM Trisbase, 150 mM NaCl, 1%
(viv) Triton X-100, 0.01 mg/mL leupeptin, 0.1 mg/mL
aprotinin, 1 mM phenylmethanesulfonyl fluoride (PMSF),
and 1 mM EDTA]. Clarified lysates were analyzed for total
protein content by the BCA protein assay (Pierce, Rockford,
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IL). Conditioned media was treated with 1 mM PMSF, 1

mM EDTA, and 0.05% (v/v) trifluoroacetic acid (TFA), OH H

concentrated on a Sep Pak C-18 cartridge (Waters), and N N N

lyophilized in a speed vac. The media were resuspended in © "

lysis buffer plus protease inhibitors. Media were analyzed

by radioimmunoassay (RIA) as described previou§$).(

Lysate and media were also analyzed by Western blot.
Immunoblotting.For cell-based inhibitor studies, 20y © | H © gH [ H O N

of cell lysate and equivalent amounts of concentrated HOH N N g S

conditioned media were resolved by 15% SEFFAGE. For oH O

analysis of membrane content,-280 ug of total homogenate Gl 5712 GW 8536

or purified bovine ADAM 10 and 1220 ug of membrane

fractions from R1 cells were resolved by 10% SEFAGE. o (w o

The gels were transferred to Immobilon-P PVDF membrane HO N

(Millipore). Membranes were blotted in 5% milk block}1

Tris-buffered saline and 0.1% Tween 20 (TBBween) and Gl 9901

5% (w/v) nonfat dry milk] and the appropriate antibodies, ) - :

followed by incubation with HRP-conjugated secondary Q(S(Lj)reEsl Structures of hydroxamate inhibitors used in these

antibodies, and developed by chemiluminescence and auto-

radiography. Blots were directly captured, films were den- qyadrupole mass spectrometer. UV absorbance was moni-
sitometrically quantitated on a Kodak Digital Science Image sred at 350 nm. Uncleaved substrate and cleavage products
Station 440CF, and data were analyzed using the Kodak 1Dyere jdentified by respective molecular masses and turnover
Image Analysis software. The fractional inhibition was caicylated on the basis of UV absorbance or mass spectro-
calculated by taking the intensities of the bands in the DMSO yetric signal intensity.

control, I, and subtracting from the band intensities in the Specificity constants were determined for the peptides

presence of inhibitor};, and then dividing by the DMSO using homogeneously pure forms of TACE expressed in
control intensityl, according to the equatioty(— I;)/lo. The insect cells 65, 66). Peptides (26:35 xM) were incubated
average of thr_ee experiments and the standard deviation WETS ith each forrr’1 of the enzyme and separated by HPLC, and
calculated using 'V'_'C“’SP“ Ex_cel. _ keafKm values were calculated according to the equation

Membrane FractlonatlonTh|rty—fou.r 150 mm dishes of {[P/(S+ P)/LOG}/([E] x time), whereP is the area under
confluent R1 cells were washed in ,PBS' scraped, and the product pealSis the area under the substrate peak, and
pelleted. R1 cells were resuspended in 0.25 M sucrose, 2[E] is the concentration of enzyme used.

n}';gggg%ﬁ%{% ,\r/lclj)lilftsj,(gindmla;nIéi(ljlsgv\\l/veertewberlgl?er?eigsa Using the fluorescent substrate Dabcyl-LAQAHomopheR-
P 9 ' . SC(Fluorescein)-Nk rhADAM 10 was first titrated with

ﬁ,?g'briamghzomgingﬁgttg [\)/\:zzetr;]/gnmi;tt):iel‘lgee?jndsﬂ)(r:gfeeslt]TIMp'l in order to obtain specificity constants for the DNP-
ey .y. nog g 9 peptide substrates. Peptides were incubated with rhrADAM

sively: 200@, 5 min, 4°C; supernatant spun at 32@)a.0 . o
X ’ ' ' 10, and product formation was measured by HPLC. Specific-

min, 4 °C; supernatant spun at 45@)®0 min, 4°C. The : .
. . ity constantsk../Kn, values, were calculated for the peptides
resulting pellet was resuspended in 2.5 mL of 0.25 M according to the same formula used for TACE.

sucrose, 10 mM HEPES, and protease inhibitor cocktail, In Vitro Cleavage of ProTGFe Proteins by ADAM 10

or A .
;ﬁ%ﬁi?‘t o;ndt Ocpenct):ifl?ge3cis3a?';8/&9&?1)2220# ZIS:%OSQ Aliquots of concentrated media from COS-1 cells transfected
forming ,two membrane pellets: one at the bottom o;‘ the with the proTGFecto construdB@) were incubated with 100
tube (G1) and the other at the -338.7% sucrose interface ng Of rhADA_M 100r 10 mM Tris, pH 8.0 at 37C, over a
(G2). The G2 pellet was removed Wia 3 cnf syringe and 4 h time period. The reactions were stopped by addition of
a 25 g needle, mixed with 10 mM HEPES, and centrifuged SDS-PAGE sample buﬁer, separated by SEEA?GE’. and
at 9800@ for 30 min to remove excess sucrose. Both Western blotted as_descnbed above using antibodies to the
d:LAG and HA epitope tags. Sequence of the cleavage

membrane pellets were resuspended in 0.25 M sucrose, 1 )
mM HEPES, and protease inhibitor cocktail. The membrane products was perfefmed by th.e UNC Proteomics and Mass
Spectrometry Facility according to a recently described

fractions were frozen in liquid nitrogen and stored-&80

O o l
N HO

GW 3333 Gl 4747

°C. This procedure has been used previously to charr:lcterizemoceOlure $9).
TACE activity (31, 64, 65). RESULTS
Peptide Assay$®eptides (26:35uM) were incubated with
5 uL (approximately 1ug) of each membrane fraction for Differential Inhibition of TGFe. vs TNFa Release by

20 min (TNF«), 2 h (N-terminal), or 2.5 h (C-terminal) in ~ Hydroxamates.We compared the efficiency of several
the presence and absence of inhibitors. The reactions weréhydroxamic acid inhibitors (Figure 1) to determine if TACE
guenched with 1% heptafluorobutyric acid (HFBA) to a final is solely responsible for cleavage of T@Fin cells by
volume of 10QuL, and cleavage products were analyzed by comparing TNFe versus TGFa release from human PB-
high-performance liquid chromatography (HPLC) on a MCs stimulated with PHA and LP28, 60—62, 64, 67).
Hewlett-Packard LC 1090 or by liquid chromatography/mass Since cell-based assays have large inherent variabilities, the
spectrometry (LC/MS) using a Hewlett-Packard HP1090 ratio of TGFe/TNF-a release in a single experiment was
liquid chromatograph coupled to a Sciex API-IIl triple compared, and the assay was repeated several times (
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Table 1: IGo Measurements for Hydroxamic Acid Inhibitérs

1Cs0 (uM)
TACE hPBMCs

compound Ki (uM)  TGF-a° TNF-a®  TGF-o/TNF-a
GW 3333 0.041 12.1 1.4 92 3.2
Gl 4747 0.110 23.3 12.2 220.44
Gl 5712 0.017 8.9 2.3 4F1.1
GW 8536 0.019 3.8 0.75 6:82.2
GI19901 0.015 1.2 0.14 8815

2 Inhibitors were added in concentrations to obtain a ea@esponse
curve for TNFet or TGF- as measured by ELISA (hPBMC)ICses

Hinkle et al.

Analysis of lysate and media from hydroxamate-treated
R1 cells reveals differential effects on the various Té&F-
species present in conditioned media. Importantly, the 6 kDa
media form was considerably more sensitive to hydroxamate
inhibition than the 29 kDa soluble forms (100 nM inhibitor,
lanes 3 and 6), consistent with preferential inhibition of
N-terminal cleavage as opposed to the C-terminal processing.
In fact, when cells were treated with 1 GI 9901 (lane
4), the media contained neither the mature T&GK6 kD)
nor the C-terminally only (29 kDa) cleaved products,
indicating inhibition of C-terminal processing, consistent with

were calculated and averaged from three experiments, in which levelsthe 1G;, data in Table 1.

of secreted TGFx and TNFe. from hPBMCs were determined in
parallel for the same media samples. TGHNF-o. ratios were
calculated from 1@, data of each individual experiment and averaged.
The standard error represents the intrinsic experimental variability.

3). If TACE was the only enzyme involved in processing
both growth factors, the ratio of the 463 for TGF-a/TNF-o

release should remain constant. The results shown in Table
1 indicate that this was not the case. For example, the ratio

of ICses for TGFa versus TNFe release was-89-fold for

Gl 9901 while only 2-3-fold for the Gl 4747 inhibitor. (The
ratios of the IGs for TGFa/TNF-o. were used as a
comparison rather than the individual sfdmeasurements,
which can vary widely between experiments in cell-based
assays.) These ratios were experimentally different as as
sessed by the standard errors associated with each valu
suggesting that multiple convertases are involved in the
processing of TGFex.

Inhibition of ProTGFea Cleavage in R1 Cells Resals
Distinctions in N- and C-Terminal Cleage.If the N- and
C-terminal cleavage events of proT@Fare carried out by
different enzymes, and thus differentially inhibited, then
media from a TGFa inhibitor release assay could contain
both the mature TGl and a C-terminally but not N-

We used the Western results from three trials to calculate
the fractional inhibition by Gl 9901 and GI 4747 for the
release of the three proteins (6, 15, and 29 kDa) into the
media (see Experimental Procedures). These findings, dis-
played graphically for inhibitors GI 9901 and Gl 4747 in
Figure 2C, show that disappearance of the 6 kDa protein
(mature TGFe) proceeds at lower inhibitor concentrations
than for the 29 kDa protein. For inhibitor concentrations of
100 nM, the 6 kDa band almost disappears, whereas the 29
kDa species still persists strongly. With the poorer inhibitor,
Gl 4747, statistically meaningful differences were also
observed at 1xM. The results with the 15 kDa form are
comparable to the 29 kDa form. However, due to the
variability between experiments, the results for this form were

not statistically different (data not shown). The data from

oth the 6 and 29 kDa analysis demonstrate that disappear-
ance of the bands is dependent on different inhibitor
concentrations.

Peptide Cleaage by Recombinant TACEVNe have
distinguished the N- and C-terminal proTGF€leavage
events on the basis of their differential sensitivities to
hydroxamate inhibitors in cell-based assays. Therefore, the
specificity constantsk{./Km) of peptide substrates based on
the N-terminal and C-terminal cleavage sites of T&Rere

terminally cleaved species. We addressed this possibility by compared with a TNF: peptide substrate to further examine
using the ras-immortalized rat liver epithelial cell line, R1, the possibility that separate enzymes cleave the two sites of
which is well characterized for its ability to process tagged proTGF«. Specificity constantsk{a/Ky,) provide an indica-
precursor TGFa [schematic Figure 2A59)]. ICso values tion as to whether a particular enzyme/substrate interaction
for the various inhibitors against TGé+elease in this cell s physiologically relevant. For example, TACE and ADAM
line are all approximately micromolar (GW 3333, 5B/; 10 both cleave a TNF: peptide substrate, but TACE does
Gl 4747, 2.8uM; GI1 5712, 1.9uM; GW 8536, 1.6uM; Gl so with a much higher specificity constant {& 1¢ M~!
9901, 0.95:M). Cells were incubated with doses of two of s71) (30, 32, 68). Underscoring the importance of this
these inhibitors (GI 9901 and Gl 4747) in concentrations of difference, while both enzymes cleave precursor TN

1 nM, 100 nM, and 1&M. These two inhibitors respectively  vitro, only TACE is an actual physiological TN&-convert-
have the largest and smallest ratio ingCfrom the hPBMCs  ing enzyme 80—32). Both recombinant catalytic (CAT) and
for TGF-o. versus TNFe release. Representative blots of catalytic-disintegrin (CAT-DIS) domains of TACE efficiently
the results are shown in Figure 2B. R1 cells that were treatedcleave the TNFa and N-terminal TGFa peptide substrates
with DMSO vehicle alone showed prominent FLAG-reactive with almost identicak../Kn (Table 2). In contrast, thi../
TGF-o forms in the cell lysate that correspond to previously K, for TACE cleavage of the C-terminal TGd-peptide
characterized specie89). Thus, 25 and 36 kDa forms in  substrate was approximately 2 orders of magnitude lower.
the lysate are nascent and fully glycosylated proTd&GF- Enzymatic Actiities of G1 and G2We examined whether
respectively, while a 16 kDa species corresponds to theR1 cells contain multiple convertases using a membrane
residual cytoplasmic tail resulting from C-terminal cleavage. fractionation procedure previously used to screen TACE
Soluble HA-reactive TGFe forms in the conditioned media inhibitors (see Experimental Procedures1,( 64, 65).
included a 6 kDa form corresponding to mature T@F-  Consistent with previous results, G2 fractions from R1 cells
cleaved at both the N- and C-termini, as well as higher contained allimmunodetectable TACE (Figure 3A) and were
molecular mass species of 15 and 29 kDa that likely equivalent to the previously published membrane fraction

correspond to TGl forms cleaved at the C-terminus only,
confirming our hypothesis that the secreted T&measured
in the ELISA is a composite of multiple species.

(31, 64, 65). G2 fractions accurately cleaved TNE-as well
as N- and C-terminal TGl cleavage site peptides, albeit
with markedly different efficiencies. The TN&-convertase
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Ficure 2: Forms of TGFe. produced in response to hydroxamate inhibit@fg. Schematic of dual epitope-tagged proT@FArrows

indicated cleavage sites, with flanking sequences shown, and the locations of HA and FLAG epitopes, as well as an N-glycosylation site,
are indicated. The relationships between various TCdpecies observed in Western analyses are shown. The molecular mass difference
between the 36 and 25 kDa pro forms was previously found to be due to differential glycosyf&jiofB} R1 cells, stably overexpressing

the construct shown in (A), were incubated with the Gl 9901 and Gl 4747 at the indicated hydroxamate concentrations for 24 h prior to
harvest. Lysate (5@g) and equivalent media concentrations (standardized for the amount of lysate protein) were separated by SDS
PAGE, and blots of lysate and media species were probed with anti-HA (media) or anti-FLAG (lysate). Representatime=bEjtsie

shown. (C) The fractional inhibition of media bands observed in (B) was determined by densitometric analysis of short exposure films or
direct detection of chemiluminescence on the Kodak Image Station 440 CF using Kodak 1D software and plotted in relation to the same
band detected in DMSO-treated samples. Results from Gl 9901- and Gl 4747-treated cultures aresh@yn (

= 6); and C-terminal TGFe, 0.383+ 0.245 mg fraction®
min~! (n = 4)]. In contrast, G1 fractions contained no
immunodetectable TACE, and using comparable amounts of

Table 2: Kinetics of Peptide Cleavage by Recombinant TACE
kealKim (M~1s7%)

peptide CAT CAT-DIS total protein, TNF and N-terminal TG&-processings were
TNF-a _ 1.7x 10 12x 10 not detectable, whereas C-terminal T@processing clearly
TGF-N-terminus 1310 10x 10 occurred [0.189+ 0.185 mg fraction min~t (n = 6)].
TGF-o. C-terminus 2.7% 10° 2.0x 10°

, , , , i The different activities contained in G1 and G2 fractions
aEach peptide was incubated with recombinant TACE catalytic . . S
domain (CAT) or recombinant TACE catalytic-disintegrin domains Wer(_e further characterized by exc_':lmlnlng the inhibition
(CAT-DIS). keafKm values were calculated using the equatf§R/(S profiles of the two membrane fractions (Table 3). THF-
+ P)J/10GH/([E] x time), whereP is the area under the product peak, peptide cleavage was used as a control for TACE activity in
Sis the area under the substrate peak, and [E] is the concentration ofthase experiments. The G1 and G2 fractions are not
enzyme used. Errors are less than 30%. substantially inhibited by cysteine, aspartate, or serine
protease inhibitors (Sigma protease inhibitor cocktail; “pro-
and N-terminal TGFa activities in G2 fractions were tease” in Table 3). However, the furin inhibitor decanoyl-
comparable while the C-terminal TGEeonvertase activity ~ Arg-Val-Lys-Arg chloromethyl ketone inhibited 2840% of
was slower [TNFe, 23.54+ 13.1 mg fraction! min~* (n = the total TNFet activity of G2. This was not due to TACE
6); N-terminal TGFe, 1.82+ 1.43 mg fraction min~* (n inhibition, since decanoyl-Arg-Val-Lys-Arg chloromethyl
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Ficure 3: In vitro cleavage of proTGFecto by ADAM 10. (A) Western blots of TACE and ADAM 10 in G1 and G2 membrane fractions.
For TACE immunoblotting, 2630 g of total homogenate and 20 ug of G1 or G2 were separated by SBBAGE and blotted using
antiserum to the cytoplasmic domain of TACE. For ADAM 10 immunoblotting;-20 ug of purified bovine ADAM 10 and 1220 ug

of G1 or G2 were separated by SBBAGE and blotted using antiserum to the cytoplasmic domain of ADAM 10. (B) ProTGF&g}fo (
schematic shown above blots with cleavage sites and expected products indicated. ProTGFecto was incubateyafitacbmbinant
human ADAM 10 or buffer ovea 4 htime course at 37C. Reactions were stopped by the addition of SIPAGE sample buffer,
separated by SDSPAGE, and blotted for HA and FLAG. Addition of ADAM 10 resulted in the generation of an 8 kDa product that is
both HA and FLAG reactive aha 6 kDa product that is only HA reactive. (C) Mass spectrometry of cleavage products was performed as
described previously3g). Top panels: anti-FLAG M2 affinity gel control (lefttyz 6000-24000; right,m/z 700—2500). Middle panel:
synthetic peptide corresponding to the expected C-terminal cleavage product VVAASQKKQDYKDDDDK\2151). Bottom panels:
products of the rhADAM 10 reaction (left, N-terminal produatsz 6000-24000; right, C-terminal productsyz 700—2500).

ketone did not inhibit recombinant TACE (data not shown). EDTA. However, the N-terminal TGE-activity in G2 and

This indicates that TACE does not need to be activated by the activity in G1 were only partially inhibited by this same
furin-dependent removal of the prodomain in our assays. concentration of EDTA.

Interestingly, inhibition of the cleavage activities by EDTA Addition of varying amounts of the five structurally diverse
was differential. Inhibition of the TNF: and C-terminal hydroxamates discussed above indicated that the least potent
TGF-a activities in G2 were nearly complete at 50 mM TACE inhibitors (e.g., GW 3333 and Gl 4747) were the most
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These results are consistent with the involvement of an

Table 3: Inhibition of Enzyme Activity against Peptide Substrates . .
ADAM other than TACE in this cleavage event. Western

inhibit Cthb NE Nfz o= analysis was performed to determine if ADAM 9, 10, 12,
inhibitor -term « -term term and 15 were possible candidates for this activity. Only
¥eh'°'e 0 0 0 0 ADAM 10 was found to be present in both fractions (Figure
urin 0 39 2 20
protease 20 12 15 19 3A).
EDTA In Vitro Cleavage of ProTGFe. by ADAM 10.TACE has
fg mm 43' gg ig gg recently been shown to efficiently process an epitope-tagged
GW 3333 soluble substrate based on the full-length precursor 4GF-
200uM >95 - - - , proTGFecto 88). Since both G1 and G2 have TGF-
104M 3 - - 33 converting activities, we tested the membrane fractions and
150 nM Z 65 61 — recombinant human ADAM 10 (rhADAM 10) for their
10 nM - 32 38 - ability to cleave FLAG-affinity-purified proTGRe. G1, G2,
G|24;‘2"7 - 19 22 - and rhADAM 10 cleaved this protein at the N-terminal site
200uM >95 - _ _ only, as was recently found for TACE (data not showag)(
10uM 67 - - >95 To observe C-terminal cleavage, we tested rhADAM 10 for
%ggﬂnM 57 - o7 - its ability to cleave both sites of proTGFecto (Figure 3A)
10 nM — 48 42 _ (38) in vitro. In the presence of rhADAM 10, 6 and 8 kDa
2nM - 17 8 - species were observed with a concomitant decrease in higher

G'255012M - B B B molecular mass species ova@ 4 htime course. The 8 kDa
A FLAG- and HA-reactive species are consistent with cleavage

10uM 66 - - >095

1uM 21 — — - at the N-terminal site, while the 6 kDa HA-reactive species
}8?1’,\1/"\" - (735 2471 - are consistent with cleavage at both sites (Figure 3B). In
2nM _ 41 14 _ fact, these are the same species observed when this substrate

GW 8536 is incubated in the presence of TACE in parallel reactions
%80%"\" ‘2“7’ - - 2 (data not shown). We were unable to cleave proTGFecto
1#‘,(,| 9 - _ ~ with G1 and G2 because both contain ADAM 10 as well as
100 nM - 86 59 - other activities, and any results could not be attributed to a
%%“MM - gg gf{ - single activity.

G19901 We subjected samples that had been incubated with
200uM 43 - - - rhADAM 10 for 4 h to analysis by MALDI/TOF-MS 88)
%O#MM ‘Z‘g - - 57 to identify the cleavage sites used by ADAM 10 (Figure 3B).
160 nM _ 88 68 _ The N-terminally cleaved product, 8 kDa, wawz 8839.73
10 nM - 59 60 - (bottom left panel) and was identical to the product produced
2nM - 43 50 —

by TACE (data not shown), which corresponds to cleavage
aData are expressed as percent inhibition of peptide cleavage byat the physiological Ala-Ala/Val-Val bond. The correct

each fraction from at least three preparations as analyzed by HPLC. F AG-tagged product generated by cleavage at the C-
b G1 does not cleave TN&-or N-term peptide substrates. Errors are terminal Leu-Ala/Val-Val site isnz 2151 and is represented
generally less than 30%. Dashes indicate no data. . . . .

by the spectra of a synthetic peptide (middle panel). A single

major FLAG-tagged C-terminal cleavage product mfz
potent against the C-terminal TGE€leavage activity and ~ 1724.31 was obtained from the ADAM 10 digest (bottom
vice versa (e.g., Gl 9901) (Table 3). Furthermore, the right panel), which corresponds to cleavage of the Ser/Gin
hydroxamate inhibition profiles for TNB-and N-terminal ~ bond five amino acids C-terminal to the physiological Leu-
TGF-a activities in G2 were similar, and the profiles for Ala/Val-Val bond. In some experiments, an additional minor

C-terminal TGFe: cleavage by both G1 and G2 were similar C-terminal product of/z1811 product was detected, which
to, although distinct from, the TNB-and N-terminal TGFe corresponds to cleavage of the Ala/Ser bond four amino acids
profiles. The in vitro inhibitory activities measured here may C-términal to the physiological Leu-Ala/Val-Val bond (data
not be comparable to the TGEICs, numbers since the cell- not shown). Note that incubation of proTGFecto with TACE

based numbers represent multiple cleavage products. Nevgllsglgen%ratfsgma/z 1811 ptrr?duct in add'f[('jon to tt??izth'
ertheless, this indicates that similar enzymes, distinct from . product 8); however, there is no evidence that this

. . . is a physiological product. ADAM 10 does not cleave the
TACE, present in both fractions may cleave the C-terminal F ) R
proTGFa peptide. The sensitivity of this activity to tissue physiological Leu-Ala/Val-val bond to generate iz 2151

Do product, indicating that our C-terminal specific activity is a
inhibitor of metalloproteases (TIMP) was also measured. novel enzyme, distinct from both TACE and ADAM 10.
TIMP3 but not TIMPs 1 or 2 inhibited cleavage of the \yq ai5g cleaved the TN&-and N-terminal and C-terminal
C-terminal proTGFe peptide at concentrations that inhibit TG peptides with rhADAM 10 and confirmed our results
MMPs (data not shownsg). Furthermore, we tested several yith proTGFecto. thADAM 10 accurately cleaved the THF-
MMPs to rule out their involvement as the C-terminal and N-terminal TGFe peptides but failed to accurately
activity. None of the MMPs, including MT-MMP1, cleaved  cleave the C-terminal TGBE-peptide (data not shown). Since
the C-terminal proTGFe peptide solely at the Ala/Val site,  the N-terminal peptide was accurately cleaved by rhADAM
as some of the MMPs process the peptide at two places (datal0, k../Kr values were measured for this peptide using the
not shown). TNF-a peptide as a comparison. The kinetics of N-terminal
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cleavage were essentially identical to those measured forconsistent with a distinction in the kinetics of N- and

TNF-a (1.33 x 1®* M7! st and 1.25x 10° M~ s,

C-terminal cleavage in CHO cells that prompted speculation

respectively). These values were 2 orders of magnitude lowerthat different enzymes act on these two proT&Bites (L5,

than those measured for TACE (Table 2), confirming that
TACE was the most efficient proTG&-N-terminal conver-
tase using peptide substrates.

DISCUSSION

Ectodomain shedding of cell surface proteins is required
for normal development and may have important roles in
the pathology of diseases3, (6, 11). Determining the
mechanism and specificity of shedding is crucial to under-

53). However, we cannot exclude the possibility that these
data represent coordinate action of multiple enzymes.
Biochemical analysis of the membrane fractions that are
depleted of (G1) or contain (G2) TACE activity provides
clear evidence of at least one additional proTé&Eenverting
enzyme. In particular, the G1 fraction is depleted of TACE
immunoreactivity, and yet it contains a metalloproteinase
activity (Table 3, EDTA and hydroxamic acid inhibition)
that accurately and specifically cleaves the T&GE-terminal
eptide. Although EDTA inhibition of the membrane frac-

standing these cellular processes. Regulated proteolysisjqng js variable, this could be attributed to the complexity
affects signaling in a variety of ways, including cell motility of the fractions or possibly the relative amounts of each
by cleavage of adhesion proteins and altering the Strength'activity in the fraction. TACE, for example, is not inhibited

duration, or spatial context of signaling by cleavage of growth completely by 50 mM EDTA, at higher en’zyme concentra-

factors e_md their receptors (reviewed N réBndlZ)._Thusz tions (data not shown). Nevertheless, the composite inhibition
developing a detailed view of shedding mechanisms is an ,files indicate that the cleavage activities we examined
important goal. are metalloproteinases. Moreover, the TIMP inhibition data,
ErbB receptor ligands, including EGF and neuregulin and lack of correct cleavage by MMPs, indicate that the G1
family members, are prominent targets of ectodomain enzyme is likely an ADAM.
shedding, and ADAMs, particularly TACE, are implicated ~ The G2 fraction, on the other hand, contains TACE and
in these events. For example, current evidence points to anaccurately cleaves TN&-and both TGFa peptides, albeit
important role for shedding of TG& an EGF family  with very different efficiencies. The presence of TACE in
member, by TACE. The phenotypic similarities between the G2 indicates that it is likely the predominant activity
TGF-a- and TACE-targeted mice are clear. Both exhibit open responsible for cleavage of the TNFand TGFe. N-terminal
eyes at birth and wavy haib{, 52). Also, cells derived from  peptides, since the inhibition profiles for these events are
the TACE '~ mice are significantly impaired in their ability  highly similar. The C-terminal TGR: G2 activity is unlikely
to shed TGFa (38, 57), and reintroduction of TACE into due to TACE as it is markedly less sensitive to the
TACE-deficient cells restores correct processidg).(More- hydroxamates (Table 3; GW 3333, GW 8536, Gl 9901) than
over, recombinant TACE directly cleaves the N-terminus of eijther the TNFe. or N-terminal TGFet peptides. However,
authentic proTGFe, as well as the C-terminal site of a C-terminal TGFet cleavage by G1 and G2 was similarly
truncated, secreted form of proTGF+that includes the  sensitive to the hydroxamates. The decreased sensitivity of
juxtamembrane region followed by an epitope sequeB8e ( C-terminal TGFe. cleavage by G1 (20&M inhibitor is
Thus, evidence of a role for TACE is compelling, but these required for complete inhibition) also correlates with the
findings do not exclude the possibility that other enzymes persistence of the 29 kDa C-terminal cleavage product
cleave proTGFe in some physiological contexts or that the obtained when R1 cells were treated with hydroxamate
role for TACE is indirect, at least with respect to the jnhibitors.

C-terminal releasing cleavage. The kinetics of C-terminal cleavage by TACE were much
The results presented here address the potential role forless efficient than either N-terminal or TN¥-convertase
other enzymes in proTGE-processing by providing evi-  activities, providing additional evidence against ADAM 17
dence for a separate C-terminal proT@Enzyme activity. as a major C-terminal converting enzyme. The above finding
ICso measurements for a series of hydroxamate inhibitors along with the results in Sunnarborg et al., where TACE

indicate that TGFe shedding, a process dependent on processes proTGFecto at two sites in viti@B)( raises
cleavage at the C-terminal site, has a different inhibition significant doubt as to whether direct cleavage of the
profile than TNFet secretion, which is presumably mediated C-terminal site of the membrane-anchored protein by TACE,
by TACE. Moreover, TGFa/TNF-a. ICs ratios for the five an event essential for growth factor release, occurs in vivo
compounds are not consistently increased or decreased, a0, 32, 68). A caveat is that our assays utilized peptide
would be expected if the same enzyme were responsible forsubstrates; hence, we cannot exclude the possibility that
cleavage of both proteins. Although thesjCralues for TACE cleaves the C-terminal site in intact proT@Fwith
TGF-o release are a composite of cleavage productskthe greater efficiency. Conceivably, the dynamics of cleavage
values for TACE are not consistent with the inhibition profile of integral membrane proTG&- by integral membrane
we observed for TGR:. Supporting this conclusion, low  TACE are different.

doses of hydroxamates selectively impair release of the fully ~ Further characterization of the membrane fractions indi-
processed 6 kDa growth factor compared to larger secretedcates that ADAM 10 was present in both fractions and
forms. These findings are consistent with the micromolar positioned to be the C-terminal-specific enzyme. However,
ICso measurements found for prevention of native T&F- ADAM 10 correctly cleaves only the N-terminal site in
release from R1 cells by the hydroxamic acids and support peptide assays or in vitro cleavage reactions with the
preferential inhibition of the N-terminal/C-terminal cleavage proTGFecto substrate, excluding it as the C-terminal activity
reactions. Furthermore, these findings distinguish the mech-we identified. It is also not likely that ADAM 10 is an
anisms for N-terminal and C-terminal cleavage and are efficient N-terminal TGFel convertase because the kinetics
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of the TNFa and N-terminal peptide cleavage reactions are
2 orders of magnitude lower than those measured for TACE.
Thus, TACE is most likely the most efficient N-terminal
TGF-o. convertase, but we have uncovered compelling
evidence for the existence of an unknown C-terminal-specific
proTGFa converting activity different from TACE.

One possible model to account for our data as well as the
apparent requirement for TACE in TGEshedding, is that
TACE cleaves the N-terminal site, removing steric hindrance
due to N-glycosylation at an adjacent upstream € %3).

This would in turn enable efficient C-terminal cleavage by
this as yet unidentified enzyme. Precedence for this model
comes from the processing of Notch gidmyloid precursor
proteins @, 20, 69—71). TACE and ADAM 10 have been
implicated in the processing of the same ectodomain site in
each of these protein2,( 3, 71), but both Notch and
B-amyloid precursor protein also undergo additional cleavage
in their transmembrane domains by aecretase, possibly
presenilin-2 8, 72). The cleavage of membrane proteins at
distinct sites by multiple proteases possibly reflects a
requirement for intricate regulation of ectodomain shedding.
Our data indicate that proTGé; a well-studied model of
ectodomain shedding, may be similarly subject to regulation
via multiple proteases. Future efforts will be aimed at
identifying the additional components that contribute to
TGF-a release from the cell surface as an important step to
unraveling the regulation of this important process.
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