Identification of ARTS-1 as a novel TNFR1-binding
protein that promotes TNFR1 ectodomain shedding
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Proteolytic cleavage of TNF receptor 1 (TNFR1) generates soluble receptors that regulate TNF bioac-
tivity. We hypothesized that the mechanism of TNFR1 shedding might involve interactions with regu-
latory ectoproteins. Using a yeast two-hybrid approach, we identified ARTS-1 (aminopeptidase regula-
tor of TNFR1 shedding) as a type II integral membrane protein that binds to the TNFR1 extracellular
domain. In vivo binding of membrane-associated ARTS-1 to TNFR1 was confirmed by coimmunopre-
cipitation experiments using human pulmonary epithelial and umbilical vein endothelial cells. A direct
relationship exists between membrane-associated ARTS-1 protein levels and concordant changes in
TNFR1 shedding. Cells overexpressing ARTS-1 demonstrated increased TNFR1 shedding and decreased
membrane-associated TNFR1, while cells expressing antisense ARTS-1 mRNA demonstrated decreased
membrane-associated ARTS-1, decreased TNFR1 shedding, and increased membrane-associated
TNFR1. ARTS-1 neither bound to TNFR2 nor altered its shedding, suggesting specificity for TNFRI1.
Although a recombinant ARTS-1 protein demonstrated selective aminopeptidase activity toward non-
polar amino acids, multiple lines of negative evidence suggest that ARTS-1 does not possess TNFR1
sheddase activity. These data indicate that ARTS-1 is a multifunctional ectoprotein capable of binding
to and promoting TNFR1 shedding. We propose that formation of a TNFR1-ARTS-1 molecular com-
plex represents a novel mechanism by which TNFR1 shedding is regulated.

J. Clin. Invest. 110:515-526 (2002). doi:10.1172/JCI1200213847.

Introduction

TNF is a multifunctional cytokine that mediates
pleiotropic biological processes, including inflamma-
tion, immunoregulation, cytotoxicity, antiviral actions,
and the transcriptional regulation of numerous genes
(1). Induction of TNF biological activity is mediated via
binding to two distinct cell-surface receptors, the
55-kDa TNF receptor 1 (TNFR1, CD120a) and the
75-kDa TNFR2 (CD120b). Binding of TNF to TNFR1
induces receptor trimerization with activation of signal
transduction cascades via aggregation of intracellular
domains and recruitment of adapter or docking pro-
teins (2). Recruitment and binding of the adapter pro-
tein TRADD (TNFR-associated death domain) via

Received for publication July 26, 2001, and accepted in revised form June
25,2002

Address correspondence to: Stewart J. Levine,
Pulmonary-Critical Care Medicine Branch, NHLBI, National
Institutes of Health, 10 Center Drive, Room 6D03, MSC 1590,
Bethesda, Maryland 20892-1590, USA. Phone: (301) 402-1448;
Fax: (301) 496-2363; E-mail: levines@nih.gov.

Conflict of interest: No conflict of interest has been declared.
Nonstandard abbreviations used: TNF receptor (TNFR); TNFR-
associated death domain (TRADD); aminopeptidase regulator of
TNFR1 shedding (ARTS-1); human umbilical vein endothelial
cell (HUVEC); soluble TNFR1 (sTNFR1); TNF-o. converting
enzyme (TACE); glutathione s-transferase (GST); fast-
performance liquid chromatography (FPLC); TNF-0. protease
inhibitor (TAPI).

death domain association produces a platform for the
recruitment of additional signaling molecules (3).
TRADD recruitment of Fas-associated death domain
mediates caspase activation and apoptosis, while
recruitment of receptor-interacting protein and TNFR-
associated factor 2 activates NF-xB and AP-1 signaling
pathways that mediate the transcription of proinflam-
matory, immunoregulatory, and antiapoptotic genes.

TNFR1-mediated events can be modified by prote-
olytic cleavage and shedding of cell-surface TNF recep-
tors. Soluble TNF receptors function as TNF-binding
proteins that compete with cell-surface TNF receptors,
thereby decreasing TNF bioactivity (4). TNF receptor
shedding may also decrease the number of cell-surface
receptors available for ligand binding. Soluble TNF
receptors can also reversibly bind to and stabilize solu-
ble trimeric TNF ligand (S). Subsequent dissociation of
TNF from soluble TNF receptors may replenish the sol-
uble TNF ligand pool, with the complex serving as a
reservoir for release of TNF when levels are low. There-
fore, soluble TNF receptors may serve a buffering func-
tion, attenuating TNF bioactivity when levels are elevat-
ed and reconstituting TNF when levels have declined (5).

In this study, we sought to identify proteins regulat-
ing TNFR1 ectodomain shedding. We reasoned that
such proteins might be identified via a yeast two-hybrid
approach using the extracellular domain of human
TNFRI1 as a bait fusion protein to screen a human lung
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cDNA library. Using this approach, we have identified,
cloned, and characterized ARTS-1 (aminopeptidase
regulator of TNFR1 shedding) as a member of the
aminopeptidase family that directly binds to the
TNFR1 extracellular domain and promotes TNFR1
shedding by both human epithelial and endothelial
cells. We demonstrate that ARTS-1 does not function
as a TNFR1 sheddase, but rather as a TNFR1-binding
protein that promotes shedding via a direct interaction
with the TNFR1 extracellular domain.

Methods

Yeast two-hybrid screening, cDNA cloning, and Northern blot-
ting. Yeast two-hybrid screening was performed on a
human lung cDNA library (Clontech Laboratories Inc.,
Palo Alto, California, USA) using a Matchmaker Sys-
tem 2 (Clontech Laboratories Inc.) and a GAL4BD-
TNFRI1 extracellular domain fusion protein. Human
ARTS-1 cDNA clones were isolated from a UniZAP XR
phage cDNA library (Stratagene, La Jolla, California,
USA) generated from NCI-H292 cells stimulated with
1 uM PMA for 24 hours and subjected to double-
stranded automated fluorescent sequencing. Full-
length ARTS-1 cDNA was generated by PCR of human
lung poly(A+) mRNA (Clontech Laboratories Inc.)
using Pfu Turbo (Stratagene) and the following
primers:  5-GCAAGAAGATGGTGTTTCTGCCCCTC-3’
(nucleotides 80-105) and 5’-TTACATACGTTCAAGCTTT-
TCACT-3’ (nucleotides 2,890-2,913). Sequence analysis,
including Kyte-Doolittle hydropathy prediction, was
performed using MacVector 7.0 software (Accelrys,
Burlington, Massachusetts, USA). The location of the
putative hydrophobic transmembrane a-helical
domain was predicted using several web-based analysis
programs (MEMSAT2 [http://bioinf.cs.ucl.ac.uk/
psipred/], SOSUI [http://sosui.proteome.bio.tuat.ac.jp.
sosuiframe0.html], TMAP [http://www.mbb.ki.se/
tmap/index.html], TMpred [htep://www.ch.embnet.
org/software/TMPRED_form.html], and TopPred2
[heep://bioweb.pasteur.fr/seganal/interfaces/top-
pred.html]). A 32P-labeled probe was generated via ran-
dom priming of gel-purified, full-length ARTS-1 cDNA
and hybridized against a multiple tissue Northern blot
(Clontech Laboratories Inc.) according to the manu-
facturer’s recommendations.

Anti—-ARTS-1 serum generation. A 17-amino-acid pep-
tide (RGRNVHMKQEHYMKGSD), corresponding to
amino acids 538-554 of the proposed ARTS-1 extra-
cellular domain, was selected based upon its anti-
genicity and lack of homology with other protein
sequences via BLAST homology search. New Zealand
white rabbits were immunized with this peptide to
generate anti-ARTS-1 serum (Research Genetics,
Huntsville, Alabama, USA).

ARTS-1 immunoprecipitation and immunoblotting.
Human bronchial epithelial cells were obtained by
fiberoptic bronchoscopy of normal research volunteers
who had provided informed consent. The protocol for
harvesting bronchial epithelial cells via bronchial

brushings was approved by the National Heart, Lung,
and Blood Institute Institutional Review Board for the
protection of human subjects. Human bronchial
epithelial cell lines were purchased from the American
Type Culture Collection (Rockville, Maryland, USA).
Primary cultures of normal human bronchial epithelial
cells, umbilical vein endothelial cells (HUVECs), and
fibroblasts were purchased from Clonetics Corp. (San
Diego, California, USA). Crude membrane and cytoso-
lic fractions were prepared from the NCI-H292 human
pulmonary mucoepidermoid carcinoma cell line and
HUVECs. Cells were isolated by scraping and disrupt-
ed by sonicating twice (for 10 seconds each time) in 50
mM Tris-HCI (pH 7.2), 150 mM NaCl (pH 7.2), 0.1%
Triton X-100, and Complete protease inhibitor (Roche
Diagnostics Corp., Indianapolis, Indiana, USA), fol-
lowed by centrifugation at 1,000 g for 5 minutes to
remove nuclei and debris. Cell lysates were centrifuged
at 100,000 g for 1 hour and the crude membrane pellet
was suspended by sonicating three times (for 2 seconds
each time) in lysis buffer. For immunoprecipitation
experiments, 200 g of cell membrane fractions were
incubated with 20 pg of a murine anti-human TNFR1
or TNFR2 monoclonal antibody (R&D Systems Inc.,
Minneapolis, Minnesota, USA), or with 1 pl of
anti-ARTS-1 immune or preimmune serum. Incuba-
tion took place overnight at 4°C, followed by immuno-
precipitation with protein A/G beads (Pierce Chemical
Co., Rockford, Illinois, USA). Proteins were resolved via
SDS-PAGE, electroblotted onto nitrocellulose mem-
branes, and incubated with either ARTS-1 immune or
preimmune serum diluted 1:20,000 or anti-TNFR1 or
anti-TNFR2 monoclonal antibodies at a concentration
of 2 pg/ml. Signals were detected by chemilumines-
cence using horseradish peroxidase-conjugated sec-
ondary antibodies. For immunoblotting experiments,
20 pg of cell membrane proteins per sample was used.
For competitive immunoblotting experiments, 1 pl of
anti-ARTS-1 serum was incubated with 1 mg of either
the RGRNVHMKQEHYMKGSD peptide or BSA for 2
hours before immunoblotting. A goat anti-human
TNF-o converting enzyme (TACE) polyclonal IgG anti-
body (Santa Cruz Biotechnology Inc., Santa Cruz, Cal-
ifornia, USA) was used at a concentration of 1 pg/ml
for TACE immunoblotting experiments.

ARTS-1 confocal immunofluorescence microscopy. Non-
fixed, nonpermeabilized bronchial brushings of nor-
mal human airway epithelial cells and frozen sections
of normal human bronchi were used. Tissue samples of
normal human bronchi were provided by the Cooper-
ative Human Tissue Network (University of Virginia,
Charlottesville, Virginia, USA), which is funded by the
National Cancer Institute. Slides were blocked with
10% goat serum in PBS and incubated with antibodies
diluted in 1.5% goat serum in PBS. The following anti-
bodies were used: anti-ARTS-1 and preimmune rabbit
serum (1:1,500 dilution), anti-TNFR1 extracellular
domain (2 pg/ml murine monoclonal IgGap; Santa
Cruz Biotechnology Inc.), murine IgG,y, isotype control
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(2 ug/ml; R&D Systems Inc.), Alexa Fluor 488 F(ab’)2
fragment of goat anti-rabbit IgG, and Alexa Fluor 633
F(ab”)2 fragment of goat anti-mouse IgG (4 ug/ml;
Molecular Probes Inc., Eugene, Oregon, USA). Confo-
cal immunofluorescence microscopy was performed
using a Zeiss LSM 510 confocal microscope and 40x
and 100x Plan-Neofluar objectives, respectively, for
frozen sections of human bronchi and cytospins of
bronchial brushings. Alexa Fluor 488 and Alexa Fluor
633 were imaged sequentially at a data depth of 8 bits
using 488-nm and 633-nm excitation wavelength and
LP 505 and LP 650 emission filters, with pinholes
adjusted to produce an axial thickness of 4.0-5.0 uM.

Expression, purification, and charvacterization of recombinant
ARTS-1. The cDNA sequence for the putative ARTS-1
extracellular domain (amino acids 30-941) was cloned
into the pGEX-6P-1 plasmid (Amersham Pharmacia
Biotech, Piscataway, New Jersey, USA). The glutathione
s-transferase-ARTS-1 (GST-ARTS-1) fusion protein was
isolated from the insoluble fraction of transformed
BL21 E. coli by denaturation with 6 M urea in PBS and
refolded by serial dialysis against PBS containing
decreasing urea concentrations. The GST-ARTS-1
fusion protein was purified using a glutathione
Sepharose 4B affinity column; purity was assessed by
Coomassie brilliant blue-stained SDS-PAGE gels and by
fast-performance liquid chromatography (FPLC) analy-
sis using a Superose 6 HR 10/30 gel filtration column
(Amersham Pharmacia Biotech).

A 20-amino-acid TNFR1 peptide substrate (TKL-
CLPQIENVKGTEDSGTT) containing the major and
minor cleavage sites for TNFR1 shedding was synthe-
sized by Sigma-Genosys (The Woodlands, Texas, USA)
(4). The TNFR1 peptide substrate was mixed with
GST-ARTS-1 at a molar ratio of 4:1 in 50 pl of 50 mM
Tris-HCl and 120 mM NacCl (pH 7.5) for 2 hours at
either room temperature or 37°C. Samples were ana-
lyzed by HPLC (Hewlett-Packard, Palo Alto, California,
USA) using a Jupiter C-18 column (Phenomenex Inc.,
Torrance, California, USA). Similarly, GST-ARTS-1
was incubated for 2 hours with a recombinant human
TNFRI1-Fc fusion protein (R&D Systems Inc.) contain-
ing the TNFR1 extracellular domain fused to the Fc
region of human IgG;. Endopeptidase activity was
assessed by TNFR1 immunoblotting.

To assess whether GST-ARTS-1 possessed nonspe-
cific endopeptidase activity, 5 ig of GST-ARTS-1 was
incubated separately with 10 Lg of either human albu-
min, BSA, rabbit myosin heavy chain, or human trans-
ferrin (Sigma-Aldrich, Milwaukee, Wisconsin, USA)
overnight at 37°C. Samples were resolved by SDS-
PAGE and stained with Coomassie brilliant blue.

Aminopeptidase activity of recombinant GST-
ARTS-1 fusion protein was determined as the rate of
amide bond hydrolysis of amino acid-p-nitroanilide
substrates (Bachem, Torrance, California, USA) under
conditions of constant enzyme activity throughout the
assay. Amino acid-p-nitroanilides (final concentrations
0.25-8 mM) were incubated at room temperature with

24 pmol of GST-ARTS-1 fusion protein in 200 pul of 50
mM Tris-HCl and 120 mM NaCl (pH 7.5) for 1 hour.
Reactions were terminated by addition of 800 pl of 1.4
M sodium acetate (pH 4.4). Amide bond hydrolysis was
quantified by p-nitroanilide absorbance at 380 nm and
corrected for spontaneous hydrolysis of the substrate by
subtracting the absorbance of control incubations that
were terminated at time zero. Kinetic constants were
determined by Lineweaver-Burk analysis using six con-
centrations of each amino acid-p-nitroanilide substrate
with triplicate assays. Correlation coefficients for each
line were greater than 0.997. For TNF-o protease
inhibitor (TAPI) inhibition studies, selected amino
acid-p-nitroanilides (4 mM) were incubated at room
temperature for 1 hour with 15 pmol of GST-ARTS-1
and either TAPI-0, TAPI-1, or TAPI-2 (6.25-100 uM).

ARTS-1 cell lines. cDNAs encoding the full-length
ARTS-1 coding sequence in the sense orientation and
ARTS-1 bases 61-213 in the antisense orientation were
cloned into the pTarget mammalian expression vector
(Promega Corp., Madison, Wisconsin, USA). The
ARTS-1 catalytic site mutants were generated using the
QuikChange site-directed mutagenesis kit (Strata-
gene). NCI-H292 cells were stably transfected using
FuGENE 6 (Roche Diagnostics Corp.) and maintained
under selective pressure with geneticin (500 pg/ml).
Cell lines were established from clones that had been
generated by limiting dilutions and selected based
upon enhanced or suppressed ARTS-1 membrane-asso-
ciated protein expression, as determined by
immunoblotting. HUVECs were transiently transfect-
ed for 4 days prior to collection of cell culture super-
natants. TNFR1 and TNFR2 shedding into cell culture
supernatants over a 24-hour period was assayed using
a sandwich ELISA with a sensitivity of 7.8 pg/ml (R&D
Systems Inc.). TAPI-0, TAPI-1, and TAPI-2 were pur-
chased from Peptides International Inc. (Louisville,
Kentucky, USA). Statistical analysis was performed
using a paired Student ¢ test with a Bonferroni correc-
tion for multiple comparisons. A P value of less than
0.05 was considered significant.

Total RNA was extracted using the RNeasy Maxi Kit
(Qiagen Inc., Valencia, California, USA), and ribonu-
clease protection assays were performed with the RPA
I kit (Ambion Inc., Austin, Texas, USA) using 60 ug of
total RNA per sample. Antisense TNFR1 and GAPDH
riboprobes were labeled using the DIG RNA labeling
kit and detected with the DIG luminescent detection
kit (Roche Diagnostics Corp.) The TNFR1 template,
which was used to generate the 124-bp protected frag-
ment corresponding to nucleotides 356-478 of TNFR1
mRNA (GenBank accession number NM001065), was
verified by sequencing, while the GAPDH template
used to generate the 316-bp protected fragment was
purchased from Ambion Inc.

Subcellular fractionation. NCI-H292 cells were scraped
in ice-cold lysis buffer (10 mM Tris at pH 7.5, 1 mM
EDTA, 0.25 M sucrose, 0.8 mM AEBSF, 50 pg/ml
antipain, 1.5 UM aprotinin, 83 UM chymostatin, 5.6 UM
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E-64, 2 uM leupeptin, 5 UM pepstatin, and 10 uM
phosphoramidon) and lysed by 15 passes through a
25-gauge needle. Crude membranes were collected from
postnuclear supernatants by centrifugation at 100,000
gfor 1 hour, resuspended in lysis buffer, and underlaid
with a discontinuous gradient containing 0.5 M, 0.86
M, 1.15 M, and 1.4 M sucrose in TE buffer. Following
centrifugation at 175,000 g for 1.75 hours, the fractions
and interfaces were collected from the top, and proteins
were precipitated with 10% trichloroacetic acid and
resuspended in gel loading buffer. Immunoblotting was
performed as previously described, using monoclonal
antibodies directed against TNFR1 (Santa Cruz
Biotechnology Inc.), B-catenin, and GM130 (both from
Becton, Dickinson and Co., Franklin Lakes, New Jersey,
USA). Forty micrograms of protein per fraction was
used on immunoblots to detect TNFR1 and -catenin,
while 200 pg of protein per fraction was used in studies
to detect GM 130.

Results

Identification and molecular cloning of ARTS-1. A yeast two-
hybrid screen of a human lung cDNA library was con-
ducted to identify proteins interacting with the extra-
cellular domain of the 55-kDa TNFR1 (amino acids
26-216, situated between the leader and transmem-
brane domains) (4). From 7.1 X 105 transformants
screened, 33 positive clones were identified and
sequenced. Clone L26C-53A contained a 2,355-bp insert
with an open reading frame of 631 amino acids encod-
ing a consensus zinc metalloprotease catalytic site. This
clone corresponded to ARTS-1 base pairs 1,044-3,082,
located within the ARTS-1 extracellular domain. Clone
L26C-53A was used to screen a cDNA library prepared
from a PMA-stimulated, NCI-H292 pulmonary
mucoepidermoid carcinoma cell line. Four clones were
identified that overlapped the L26C-53A sequence but
were not full-length. One clone contained the putative
5’ UTR (bp 1-1,777) and three contained the putative
3’ UTR (bp 2,181-4,845). The remainder of the cDNA
sequence was confirmed by PCR with human lung
cDNA, using primers spanning bases 1,684-2,280.
Sequences of both strands of all overlapping regions
from the L26C-53A insert (bp 1,044-3,082), the four
NCI-H292 cDNA library clones, and the PCR product
consisting of bp 1,684-2,280 were identical.

The full-length human ARTS-1 ¢cDNA (Figure la)
contains 4,845 nucleotides, including a 2,823-bp open
reading frame that encodes a protein of 941 amino
acids with a calculated molecular weight of 107,227
and an estimated plI of 6.0. The first in-frame ATG
codon (nucleotide 88) follows an in-frame stop codon
and matches the -3 and +4 nucleotides of the consen-
sus Kozak sequence, consistent with a strong initiator
codon (6). Sequence analysis revealed five potential
N-glycosylation sites. The 3" untranslated region con-
tained two ATTTA mRNA destabilization motifs and a
consensus polyadenylation signal. As shown in Figure
1b, on Northern blot analysis of poly(A+) mRNA from

human tissues, a 5.7-kb ARTS-1 mRNA transcript is
widely distributed, with highest levels in spleen, thy-
mus, leukocyte, heart, and placenta.

ARTS-1 is predicted to be a type Il integral membrane
protein with a single hydrophobic transmembrane
o-helical domain located between amino acids 5 and 28
(Figure 1, a and c) and a very short intracellular amino-
terminal domain. Within the 913-amino-acid ARTS-1
extracellular domain is a highly conserved 375-amino-
acid region (Figure 1¢) that contains the consensus zinc
metalloprotease catalytic motif HEXXH(Y)sE, as well as
a GAMEN motif, both of which are highly conserved
among zinc metalloproteases of the gluzincin aminopep-
tidase family (7, 8). ARTS-1 shares significant sequence
identity and similarity with many aminopeptidase fami-
ly members. Furthermore, our characterization of
ARTS-1 as a type Il integral membrane protein is consis-
tent with the structure of other membrane-associated
aminopeptidases, such as placental leucine aminopepti-
dase, aminopeptidase A, aminopeptidase N, insulin-reg-
ulated aminopeptidase, and thyrotropin-releasing hor-
mone degrading enzyme. As has been demonstrated for
aminopeptidase N, the putative ARTS-1 transmembrane
domain may serve as a signal for membrane insertion as
well as a membrane-spanning domain (9).

ARTS-1is a type Il integral membrane protein. Anti-ARTS-
1 serum was used to demonstrate that ARTS-1 is
expressed as a membrane-associated protein. The
anti-ARTS-1 antibody was demonstrated to be specific
for ARTS-1 based on immunoblots of NCI-H292 mem-
brane and cytosolic proteins that demonstrated no sig-
nal with preimmune serum and competitive inhibition
after preincubation of the immune serum with the
ARTS-1 peptide used for immunization (Figure 2a).

Immunoblots of human bronchial epithelial cells
obtained via bronchial brushings and multiple human
bronchial epithelial cell lines (NCI-H292, BEAS-2B,
BET-1A, and A549) revealed that ARTS-1 was expressed
as a 100-kDa membrane-associated species (Figure 2b,
left and center panels). Minor 132-kDa and 68-kDa
membrane-associated species were also present. The
68-kDa ARTS-1 species was also detected in cytosolic
fractions. Similarly, ARTS-1 was expressed as a 100-
kDa membrane-associated species and a minor 59-kDa
species in membrane fractions of primary cultures of
normal human bronchial epithelial cells, vascular
endothelial cells (HUVECsS), and fibroblasts (Figure 2b,
right panel). These immunoblots demonstrate that
ARTS-1 is expressed as a 100-kDa membrane-associat-
ed protein in multiple cell types.

Confocal immunofluorescence microscopy was pet-
formed to characterize ARTS-1 as a type II integral
membrane protein and to colocalize the expression of
the extracellular domains of membrane-associated
ARTS-1 and TNFRI1. Frozen sections of normal human
bronchi and cytospins of human bronchial epithelial
cells that were neither fixed nor permeabilized were
used. As shown in Figure 2, d and f, ARTS-1 was local-
ized to the apical cell membrane of ciliated human
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GAAMGCTT CAATGGCTA CTAGATGAA AGCTTTAAG GGAGATAAA ATAAAAACT CAGGAGTTT CCACAAATT CTTACACTC ATTGGCAGG
EKL QWL LDE SFKXK GDK IKT QEF PQI LTL IGR

AACCCAGTA GGATACCCA CTGGCCTGG CAATTTCTG AGGMAAM TGGAACAAA (TTGTACAA AAGTTTGAA CTTGGCTCA T(.TT((ATA
NPV GYP L AW QFL KN WNK LVQ KFE LGS S
GCCCACATG GTAATGGGT ACAACAAAT CAATTCTCC ACAAGAACA (GGCTTGAA GAGGTAAAA GGATTCTTC AGCTCTTTG U
AHM VUG TTN QFS TRT RLE EVK GFF SS L KE

GGTTCTCAG CTCCGTTGY GTCCAACAG ACAATTGAA ACCATTGAA GAAAACATC GGTTGGATG GATAAGAAT TTTGATAAA ATCAGAGTG
GSQ LRC VQQ TIE TIE ENI GWMDKNFDK IRV

TGGCTGCAA AGTGAAAAG CTTGAACGT ATGTAAAAA TTCCTCCCT TGCCAGGTT CCTGTTATC TCTAATCAC CAACATTTT GTTGAGTGT
WLQ SEK LER M*

ATITTCAAA CTAGAGATG GCTGTTTTG GCTCCAACT GGAGATACT TTTTTCCCT TCAACTCAT TTTTTGACT ATCCCTGTG AMAGAATA
GCTGTTAGT TTTTCATGA ATGGGCTAT CGCTACCAT GTGITTTGT TCATCACAG GTGTTGCCC TGCAACGTA AACCCAAGT GTTGGGTTC
CCTGCCACA GAAGAATAA AGTACCTTA TTCTTCTCA TTTTATAGT TTATGCTTA AGCACCCGT GTCCAAAAC CCTGTACCC CATGTTTAT
CATTCATAA ACTGTTTCA TCAGTCTCC TCGAAAGAC TCTGAATAG TCGACTACT GAACAATGA ACACCTGGA TCTGAGACT AAGCCGGAC
GATGACTGG GTTAMGCT CTCCCGGCT CACCCCTCC AGACCCGCT GCCCATCCC TCTTCCTTG CTCCATGCC CAGGGGCTG ACTTGTAAA
GGCCAAGTC ATCANGCTT TCTTGCCCT TTGGATGTT GGTCAGTGG GGAGCCGGA GAGCTGGAG CTGGGGTCG GAGGAGGTA GTAGGTGGA
GGTGTTCTT CCCTGATTC CCTTGLGGG ATGCCTCGG GCTGGCCTC CCCTGAGGG TTTTAGCTC CGAGAGGGG ACCCTCTTT TCCACACAG
CCTTCTCCA CCTCTGGAT TTTGGTAAC TGCTCCCTC CTCATCCCT TCAGGATTA GTGGCCTCA GTGGGAGTC TGGCTTTTA CTAGTCCTG
GCGGACTTG TGGTTTCTA CATAATGTG CTCGCACTT TTGCAAAMA ATCTTCTTT TTATAGAAC CCTCCTCAG ATAATTCTG AGTGTCATC
TATTTCCCT GACTGGTAC AGTATCTCT TCTGAAAAA GCAGAGTGC ATTCAAGTC TGTAGGAAA ACCCTTTTC TTAGGGAGG TGATTTTTT
TTCTCTCIC TGCTTCTTA TTTGGCCTA CTTTACAAT TTCTAACTA ACTAGTTAT TGGCATTTA CTGACAGTA AATTATTGC AGTCACCAA
TAATGATA GTACATTGT GAAACAAAA TATTTGCTC ATATTAGCA AATAGGACA TTCTTTGGC TTTGAAGTC TTTCTTTTG TGAAGACTT
CACACACGG TTGCTTCAG CACACAGTT GCTGCTCAG GTTTTATGT ATAGATGAT AATAATAGA AAGCACAGT TTACTAACA TGGTAAACC
AACGGAGTT CAAGTCAAG TCAGTTAAT ACCCTAAGA ATTAGATTT TATTTCTTA TTCTGAAMA CTTGCTACA CAGGGACTT ATCTAACCC
ATAGTGTGC TCTGTTGCT GACTTGATT CAAGTTGCA GCGTGTTTT GCGCTGACT CTAAGGTGC GGAAATCCT CACACCTGG CAMGGAGA
ATTCAMCT GAACTTTTT GAATATAAG GCAMMAACT TCAAGATAA GGGAATATG ATTGATGAT TGGTACGAA AAATGTCAA AATGTGTTC
CCCTAATAC ACGACAAAA TAGAGTGAC TTCTGGACA TAAATCTGC CATTTATTA AACCATTCA CTACAACAA ATAAATAGG TATAAAAGT
GGAATTGGA ATTTTTATA CTTATTTGT TGTAGTGAA TGGTTTAAT AAAMTAGA AATCACTGG TAATTTCCA CCCCAAACT AAACTATTT
CCCTTCTTT TAAAMAAT ACACMCCA AGATTTTAA TGTAMMATA TTTTGCTTT AATTGTATT TTATGCCTT GATTAATGA AACATGGAA
ATATTGATT TTCAGTTTT GGTCACCTG AGGAACCTA TCTTTGTTT GCTTTTGGA AAAGCCCAT TTTCTAAAC AGATACAAT ATTGCCACA
ACAATGTGC AGAAACCTT TTTGATAAT AMAAATTG TTCTTTGCC TCTAMMAAA AAMAAAAM A
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Figure 1

Characterization of ARTS-1 mRNA and protein. (a)
ARTS-1 nucleotide and amino acid sequences. The full-
length (4,845 bp) ARTS-1 cDNA includes a 2,823-bp
open reading frame encoding a 941-amino-acid protein.
The putative transmembrane domain (amino acids 5
and 28) is underlined, the consensus zinc metallopro-
tease catalytic motif HEXXH(Y)1sE is boxed, five poten-
tial N-glycosylation sites are circled, two mRNA destabi-
lization motifs in the 3" UTR are in bold and underlined,
and the putative polyadenylation signal is double under-
lined. The ARTS-1 sequence data were submitted to
GenBank under accession number AF222340. (b) Tissue
distribution of ARTS-1 mRNA expression. Northern blot
analysis of mRNA from multiple human tissues
hybridized with 32P-labeled ARTS-1 cDNA is shown in the
top panel, and GAPDH mRNA is shown below. (c)
ARTS-1 protein structure. The ARTS-1 protein is pre-
dicted to be a type Il integral membrane protein with a
very short, amino-terminal intracytoplasmic domain, fol-
lowed by a hydrophobic transmembrane o-helical
domain. Located within the large 913-amino-acid extra-
cellular domain is a 375-amino-acid region containing
the consensus zinc metalloprotease catalytic motif
HEXXH(Y)1sE, which is highly conserved among
aminopeptidase family members.

The Journal of Clinical Investigation | August 2002

Volume 110 | Number 4 519



2 2 2 2 b
4 55 55 S5 E o3 ¥R &
23 238 28 2 3 o &, v &
TS © 5 ©& % & % ) & L I F S o
=0 =0 =90 = O S SR QY Y kba N XN K kDa
-250 -250 W -250
250 - 160
160 - -160 -160
105+ i - :125 - o= @® ~—~ 105 @ = -105
75 - o . - -75 -75
- -50 - »
50 - MC -50 -50
y M Cy MCy M Cy M Cy M Cy M Cy M Cy
Immune Preimmune Immune Immune
(1:20,000) (1:20,000) (1:20,000) (1:20,000)
+ +
Albumin Peptide
Pre-immune
Preimmune f
Figure 2

Characterization of ARTS-1 as a type |l integral membrane protein. (a) Specificity of anti-ARTS-1 serum. Immunoblots were performed
on membrane and cytosolic fractions from NCI-H292 cells using anti-ARTS-1 immune or preimmune serum. Competitive inhibition
experiments were conducted by preincubation of anti-ARTS-1 immune serum with either BSA or the peptide epitope against which the
anti-ARTS-1 immune serum was raised. (b) ARTS-1 is a membrane-associated protein. Membrane (M) and cytosolic (CY) protein frac-
tions of human bronchial epithelial cells (HBECs) obtained via bronchial brushings (left panel), human bronchial epithelial cell lines
(NCI-H292, BEAS-2B, BET-1A, and A549) (center panel), and primary cultures of normal human bronchial epithelial cells (NHBEs),
HUVECs, and fibroblasts (right panel) were separated by SDS-PAGE, transferred to nitrocellulose membranes, and reacted with
anti-ARTS-1 immune serum. (c-f) Colocalization of membrane-associated ARTS-1 and TNFR1 in human bronchial epithelial cells. Con-
focal immunofluorescence laser microscopy was performed on nonfixed, nonpermeabilized frozen sections of normal human bronchi (c
and d) and on nonfixed, nonpermeabilized cytospin preparations of normal human bronchial epithelial cells obtained via bronchial
brushings (e and f) using a murine 1gGy, isotype control and preimmune serum (c and e) and anti-TNFR1 and anti-ARTS-1 antibodies
(d and f). An annotated differential interference contrast image is shown in the bottom left panels. Arrows denote the apical cell mem-
brane. C, cilia; BM, basement membrane; SM, submucosa; N, nucleus; L, lateral cell membrane; B, basal cell membrane.
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bronchial epithelial cells. Furthermore, ARTS-1 was
most prominently visualized at the junction of the api-
cal and lateral membranes (Figure 2d). These data are
consistent with the conclusion that ARTS-1 is a type II
integral membrane protein because the epitope against
which the anti-ARTS-1 serum was raised is located in
the putative ARTS-1 extracellular domain, and the
anti-ARTS-1 antibody should bind only extracellular
proteins in preparations that are not fixed or perme-
abilized. The TNFR1 extracellular domain was also
expressed at the apical cell membrane of ciliated
human bronchial epithelial cells and colocalized with
ARTS-1. As shown in Figure 2, e and f, no signal was

Table 1
Characterization of GST-ARTS-1 aminopeptidase activity

Figure 3

Characterization of GST-ARTS-1 aminopeptidase activity. (a) Gen-
eration of GST-ARTS-1. Soluble and insoluble protein fractions
were isolated from BL21 E. coli transformed with empty pGEX-6P-1
(Lane 1, soluble fraction; Lane 2, insoluble fraction) or ARTS-1
pGEX-6P-1 (Lane 3, soluble fraction; Lane 4, insoluble fraction).
Proteins were subjected to SDS-PAGE and stained with Coomassie
brilliant blue. Purified GST-ARTS-1 fusion protein from the insolu-
ble fraction is shown as a predominant 130-kDa band in Lane 5,
and the 26-kDa purified control GST tag is shown in Lane 6. (b)
FPLC analysis of purified recombinant GST-ARTS-1 fusion protein
revealed a major peak that eluted at approximately 40 minutes. (c)
Assay of GST-ARTS-1 aminopeptidase activity. FPLC fractions were
assessed for aminopeptidase activity using a phenylalanine-
p-nitroanilide (Phe-pNA) substrate. Phenylalanine aminopeptidase
activity was present in pooled fractions eluting from 38 to 44 min-
utes, which correlated with the major FPLC peak.

detected with preimmune serum or the IgGy, isotype
control. These experiments demonstrate that the
ARTS-1 and TNFR1 extracellular domains are colocal-
ized at the apical cell membranes of human bronchial
epithelial cells.

Characterization of ARTS-1 aminopeptidase activity. An
enzymatically active recombinant GST-ARTS-1 fusion
protein was expressed in BL21 E. coli and purified via
binding to a glutathione affinity column (Figure 3, a—c).
The aminopeptidase activity of purified recombinant
GST-ARTS-1 was characterized by comparing initial
rates of hydrolysis of different amino acid-
p-nitroanilide substrates under conditions of linear
enzyme activity over time. As shown in Table 1, recom-
binant GST-ARTS-1 aminopeptidase activity was selec-
tive for nonpolar amino acid substrates over a fourfold
range of enzyme activity. Isoleucine-p-nitroanilide was
the preferred substrate based on ke./Km, values, followed
by Phe > Gly > Cys > Leu > Met > Ala > Pro > Val. Recom-
binant GST-ARTS-1 had no activity against either

AA-pNA Polarity Vmax (pmol/pmol/min) Km (mM) Kcat (s) x 102 Kcat/Km (s'"M)
lle Nonpolar 5.81+0.87 1.67 +0.017 9.68 +£0.15 57.98
Phe Nonpolar 5.14+0.04 1.66 £0.025 8.57 +0.06 51.61
Gly Nonpolar 8.67 £0.05 3.67+0.025 14.45+0.08 39.37
Cys Nonpolar 8.95+0.31 4.57 +£0.20 14.92 £0.52 32.64
Leu Nonpolar 9.45+0.43 5.26+0.25 15.75+0.72 29.94
Met Nonpolar 13.36 +0.75 7.71+0.43 22.27 £1.25 28.88
Ala Nonpolar 26.18 £0.24 16.84+0.18 43.63 £0.40 25.91
Pro Nonpolar 5.29+0.08 4.68 + 0.06 8.82+0.13 18.84
Val Nonpolar 5.31+£0.31 5.69+0.26 8.85+0.52 15.5
Asp Acidic No activity - No activity -
Glu Acidic No activity - No activity -
Arg Basic No activity - No activity -
His Basic No activity - No activity -
Lys Basic No activity - No activity -

The aminopeptidase activity of purified recombinant GST-ARTS-1 was characterized by comparing initial rates of amide bond hydrolysis of amino acid-
p-nitroanilide substrates under conditions of linear enzyme activity over time. Kinetic constants were determined by Lineweaver-Burk analysis using six con-
centrations of each amino acid-p-NA substrate with triplicate assays. GST-ARTS-1 aminopeptidase activity was selective for nonpolar amino acid substrates
over a four-fold range of enzyme activity.
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Table 2
Inhibition of GST-ARTS-1 aminopeptidase activity by TAPI

cloned based upon levels of ARTS-1 protein as deter-
mined by immunoblotting of cell membrane fractions.
Cell lines expressing antisense ARTS-1 mRNA con-

1Cso (UM) tained less ARTS-1 protein than did mock-transfect-
AA-pNA TAPI-0 TAPI- TAPI-2 ed cell lines, while cell lines overexpressing ARTS-1
Phe 7.1+041 6.6+01 6.8+01 protein contained more membrane-associated ARTS-1
Leu 81+01 79402 73402 han did mock-transfected cell lines. Similar differen-
Met 79+0.3 7.7 +0.1 6.9+0.2 . .
Ala 9.9+02 104401 94+0q cesinamounts of membrane-associated ARTS-1 pro-

ICso values of TAPI isoforms for amino acid-p-nitroanilide substrates were
determined in triplicate and data are presented as mean + SEM.

acidic (Asp or Glu) or basic (Arg, His, or Lys) amino
acid-p-nitroanilides. Furthermore, GST-ARTS-1
aminopeptidase activity was inhibited by the hydrox-
amic acid-based zinc metalloprotease inhibitor TAPL
The ICso values of TAPI isoforms for several amino acid
substrates are shown in Table 2. Recombinant
GST-ARTS-1 therefore possesses aminopeptidase activ-
ity that is selective for nonpolar amino acid substrates.

In vivo binding of membrane-associated ARTS-1 to TNFRI.
Immunoprecipitation experiments were performed to
assess whether an in vivo interaction exists between
ARTS-1 and TNFR1 in both a human bronchial epithe-
lial cell line (NCI-H292) and HUVECs. As shown in Fig-

tein levels were found in transiently transfected
HUVEC:s (Figure 5b).

Immunoprecipitation experiments were performed
to further characterize the NCI-H292 ARTS-1 cell
lines. As shown in Figure 4b, immunoprecipitates of
membrane proteins from cell lines expressing anti-
sense ARTS-1 with an anti-TNFR1 monoclonal anti-
body contained less ARTS-1 protein than did those
from mock-transfected cell lines or cell lines overex-
pressing ARTS-1, consistent with decreased synthesis
of ARTS-1 protein. No increase in ARTS-1 protein was
detected in the immunoprecipitates of cell lines
expressing full-length ARTS-1 with an anti-TNFR1
monoclonal antibody, which reflects increased TNFR1
shedding related to overexpression of ARTS-1.

Experiments were performed to assess whether
ARTS-1 protein expression correlates with changes in
membrane-associated TNFR1 levels. As shown in Figure

ure 4a, immunoprecipita-
tion of cell membranes with

an ant-TNFR1 monoclonal @ NCI-H292 HUVEC
antibody pulled down the  |P:o-TNFR1 - 1961 + — IgG1+ IP:-TNFR1  — 1gG1 + —IgG1+
100-kDa ARTS-1 species, In IB: 0—ARTS-1 PI PI PI + + + IB: 0—ARTS-1 PI PI Pl + + +
the reciprocal experiment, - 160 kDa - 160 kDa
immunoprecipitation with - - 105 e 105
anti-ARTS-1 serum pulled -75 .75
down 55-kDa TNFRI,
which is consistent wich, P G-ARTS-T — Pl &+ — Pl + IP:a—ARTS-1 — Pl + — Pl +

o IB: o-TNFR1 1gG11gG11gG1  + + + IB: a-TNFR1 1gG11gG11gG1  + + +
binding of ARTS-1 to a full- - 160 kDa - 160 kDa
length, uncleaved TNFRI. - 105 -105
Furthermore, these data 75 -75
support our hypothesis that - .. 5
ARTS-1 binds to, but does .35 .35
not cleave, the TNFRI1 b
ectodomain.  Therefore, j
these experiments demon- IP: o-TNFR1 '
strate tflat the 100-kDa IB: 0—ARTS-1 ” - ’- 105 kDa
membrane-associated ; 4

ARTS-1 species binds di- WT Mock AS ARTS-1

rectly to membrane-associ-
ated TNFR1 in vivo.
ARTS-1 promotes TNFRI
ectodomain  shedding. To
determine whether ARTS-1
promotes TNFR1 shed-
ding, we generated stably
transfected cell lines
expressing ARTS-1 cDNA
in the sense or antisense
orientation. As shown in
Figure 5a, cell lines were

Figure 4

In vivo binding of ARTS-1 to TNFR1 in human epithelial and endothelial cells. (a) ARTS-1 binds to
TNFR1 in vivo. Coimmunoprecipitation experiments were performed on membrane proteins from
NCI-H292 cells (left) and HUVECs (right). As shown in the top panels, immunoprecipitations were
performed with either an anti-TNFRT monoclonal antibody (+) or a murine IgG; isotype control
(1gG1) and immunoblotted with either anti-ARTS-1 preimmune (Pl) orimmune (+) serum. As shown
in the bottom panels, reciprocal coimmunoprecipitations were performed with either anti-ARTS-1
preimmune (Pl) or immune (+) serum and immunoblotted with either an anti-TNFR1 monoclonal
antibody (+) or a murine 1gG; isotype control (IgG,). IP indicates the antibody used for immuno-
precipitation and IB indicates the antibody used for immunoblotting. (b) Effect of ARTS-1 protein
expression on in vivo binding of ARTS-1 to TNFR1 in NCI-H292 cell lines. Membrane proteins of wild-
type NCI-H292 cells, mock-transfected cells, and ARTS-1 cell lines were immunoprecipitated with an
anti-TNFR1 monoclonal antibody and immunoblotted with anti-ARTS-1 serum.
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Figure 5

ARTS-1 promotes TNFR1 shedding from human epithelial and endothelial cells. (a) ARTS-1 protein expression by NCI-H292 cell lines.
Immunoblots were performed on membrane fractions from wild-type NCI-H292 cells (WT) or cells stably transfected with either empty pTar-
get (Mock), or pTarget encoding either sense (ARTS-1) or antisense (AS) ARTS-1 coding sequence. Samples 1 and 2 are from representative
clonal lines. (b) ARTS-1 protein expression by transiently transfected HUVECs. Proteins were prepared the same way as fora. Samples 1 and 2
are from two representative transient transfections. (c) Effect of ARTS-1 protein expression on membrane-associated TNFR1 levels in ARTS-1
cell lines. Immunoblots of membrane fractions were performed in duplicate with an anti-TNFR1 antibody. (d) Effect of ARTS-1 protein expres-
sion on membrane-associated TNFR1 levels in HUVECs. Immunoblots of membrane fractions of transiently transfected HUVECs were performed
with an anti-TNFR1 antibody. Samples 1 and 2 are from two representative transient transfections. (e) Effect of ARTS-1 on TNFR1 shedding
from ARTS-1 cell lines. The amounts of sSTNFR1 present in cell culture supernatants from two antisense (AS) and two sense ARTS-1 cell lines
over a 24-hour period were determined by ELISA (n=5). *P < 0.05 as compared to mock transfected cells. (f) Effect of ARTS-1 on TNFR1 shed-
ding from HUVECs. The amount of sSTNFR1 present in cell culture supernatants from transiently transfected HUVECs over a 24-hour period was
determined by ELISA (n = 5). *P < 0.05 as compared with mock-transfected cells.

S, cand d, membrane-associated TNFR1 was increased in
NCI-H292 cells and HUVECs expressing antisense
ARTS-1 mRNA, consistent with a reduction in TNFR1
ectodomain shedding. Similarly, in cells overexpressing
ARTS-1, membrane-associated TNFR1 was decreased,
consistent with an increase in TNFR1 ectodomain shed-
ding. This demonstrates that a reciprocal relationship
exists between changes in membrane-associated ARTS-1
and membrane-associated TNFR1 protein levels.

The effect of ARTS-1 protein expression on TNFR1
ectodomain shedding into cell culture supernatants
from human epithelial and endothelial cells was also
evaluated. As shown in Figure 5, e and f, supernatants
from NCI-H292 cells and HUVECs overexpressing
full-length ARTS-1 contained more soluble TNFR1
(sTNFR1), and supernatants from cells expressing
antisense ARTS-1 contained less sSTNFR1, than did
supernatants from mock-transfected cells. Taken
together, these experiments demonstrate that the

amount of membrane-associated ARTS-1 is directly
correlated with the amount of TNFR1 ectodomain
shedding in both human epithelial and endothelial
cells. Furthermore, the effect of ARTS-1 protein
expression on TNFR1 ectodomain shedding was not
a consequence of either altered TACE protein expres-
sion (Figure 6a) or altered TNFR1 mRNA levels (Fig-
ure 6b). In addition, subcellular fractionation experi-
ments were performed to assess whether ARTS-1
alters TNFRI1 protein sorting. As shown in Figure 6c,
neither overexpression of ARTS-1 protein nor treat-
ment with 25 UM of TAPI, a hydroxamic acid-based
metalloprotease inhibitor of TACE, altered TNFR1
localization in NCI-H292 cells. In these experiments,
TNFR1 primarily colocalized with B-catenin, an
E-cadherin-binding protein that resides in the plas-
ma membrane (10).

ARTS-1 does not bind to or promote TNFR2 ectodomain
shedding. Immunoprecipitation was performed to
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Figure 6

Characterization of TNFR1 shedding from ARTS-1 cell lines. (a) ARTS-1 expression does not alter TACE protein levels. Immunoblots were
performed on membrane fractions of ARTS-1 cell lines, as described in the legend to Figure 5a, and reacted with an anti-TACE antibody.
Samples 1 and 2 are from representative clone cell lines. (b) ARTS-1 expression does not alter TNFRT mRNA levels. Ribonuclease protec-
tion assays were performed on total RNA isolated from ARTS-1 cell lines. Probe, undigested riboprobe; Y, yeast tRNA negative control. (c)
ARTS-1 expression does not alter TNFR1 subcellular localization. Crude membrane fractions from ARTS-1 cell lines, with or without
TAPI-2 (25 um) treatment, were centrifuged through a discontinuous sucrose gradient. TCA-precipitated proteins were immunoblotted with
antibodies against TNFR1, B-catenin, and GM130. Discontinuous sucrose gradient fractions are as follows: Lane 1, 0.25 M; lane 2, 0.25/
0.5 M interface; lane 3, 0.5 M; lane 4, 0.5/0.86 M interface; lane 5, 0.86 M; lane 6, 0.86/1.15 M interface; lane 7, 1.15 M; lane 8, 1.15/
1.4 M interface; lane 9, pellet. (d) Increased TNFR1 shedding is preserved in ARTS-1 catalytic site mutants. Cell culture supernatants were
collected after 24 hours and the amount of STNFR1 present was determined by ELISA (n = 5). *P < 0.02 compared with ARTS-1. (e) TAPI
inhibits ARTS-1-mediated increases in TNFR1 shedding. ARTS-1 cell lines were treated for 24 hours with TAPI-1 or TAPI-2 (25 uM). The

amount of STNFR1 present in cell culture supernatants was determined by ELISA and compared with untreated cells (n = 5). * P < 0.05.

524

assess whether ARTS-1 binds to TNFR2 in vivo. Using
membrane fractions from human pulmonary epithe-
lial cells and HUVECs, anti-TNFR2 antibodies failed
to coimmunoprecipitate ARTS-1, whereas anti-TNFR1
antibodies  successfully  coimmunoprecipitated
100-kDa ARTS-1 protein (data not shown). Similarly,
ARTS-1 antibodies failed to coimmunoprecipitate
TNFR2 from membrane fractions of human pul-
monary epithelial cells and HUVECs (data not shown).
Membrane-associated TNFR2 was demonstrated in
both human pulmonary epithelial cells and HUVECs
by immunoprecipitation and immunoblotting (data

not shown). There was no significant difference in
TNFR2 shedding from HUVECs into culture super-
natants between mock-transfected cells (65.3 + 2.7
pg/ml, n = 5) and cells transiently transfected with
antisense ARTS-1 mRNA (61.5 + 0.6 pg/ml, n = 5,
P value not significant) or full-length sense ARTS-1
mRNA (67.5 + 3.3 pg/ml, n = 5, Pvalue not significant).
These experiments demonstrate that the ability of
ARTS-1 to bind to and promote receptor shedding is
specific to TNFR1 and does not extend to TNFR2.
ARTS-1 does not possess TNFR1 sheddase activity. To
assess whether ARTS-1 possesses TNFR1 sheddase
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activity, purified GST-ARTS-1 was incubated with a
20-amino-acid TNFR1 peptide substrate containing
the major and minor ectodomain cleavage sites for
TNFR1 (TKLCLPQIENVKGTEDSGTT). No endopep-
tidase activity was demonstrated using this model sys-
tem (data not shown). Similarly, recombinant
GST-ARTS-1 had no endopeptidase activity against a
human TNFRI1-Fc fusion protein containing the
entire TNFR1 extracellular domain, and no detectable
nonspecific endopeptidase activity against human
albumin, BSA, rabbit myosin heavy chain, or human
transferrin (data not shown). These experiments sug-
gest that ARTS-1 does not possess endopeptidase
activity and cannot cleave the TNFR1 ectodomain
under these conditions.

To further assess whether ARTS-1 protein can cat-
alyze TNFR1 shedding, four stably transfected
NCI-H292 cell lines were generated with full-length
ARTS-1 catalytic site mutants containing either single
or double amino acid substitutions at key residues in
the consensus zinc metalloprotease catalytic site
HEXXH(Y)1sE. The two histidines (H353 and H357)
and the second glutamic acid (E376) in the consensus
metalloprotease catalytic site participate in zinc bind-
ing, whereas the first glutamic acid (E354) mediates
catalysis (11, 12). Mutation of either of the first two
histidines within the zinc metalloprotease catalytic
motif abolishes both catalytic activity and zinc bind-
ing, whereas mutation of the first glutamic acid abol-
ishes enzymatic activity (11-13). The ARTS-1 catalyt-
ic site mutants contained the following mutations
generated by site-directed mutagenesis: H353P;
E354V; H353P and E354V; and H357V. There was no
significant decrease in sSTNFRI1 levels in cell culture
supernatants from NCI-H292 cell lines overexpressing
ARTS-1 catalytic site mutants compared with cell lines
overexpressing full-length ARTS-1 at 24 hours (Figure
6d). Furthermore, overexpression of the E354V
mutant resulted in increased TNFR1 shedding. These
experiments demonstrate that the increase in TNFR1
shedding associated with overexpression of ARTS-1
does not require an intact ARTS-1 zinc metallopro-
tease catalytic site. Instead, we hypothesize that the
formation of a TNFR1-ARTS-1 molecular complex
may facilitate ectodomain cleavage by the TNFR1
sheddase. Additional experiments were performed to
assess whether the ability of ARTS-1 to promote
TNFR1 shedding can be inhibited by TAPI, an
inhibitor of ARTS-1 and TACE zinc metalloprotease
activities, as well as TNFR1 shedding (14). TAPI-1 and
TAPI-2 (25 uM) completely inhibited the increases in
TNFRI1 shedding into cell culture supernatants from
cell lines overexpressing ARTS-1 (Figure 6e), thereby
demonstrating the requirement for zinc metallopro-
tease activity. Taken together, these experiments sug-
gest that ARTS-1 does not directly catalyze TNFR1
ectodomain shedding, but may instead promote the
zinc metalloprotease activity of a TNFR1 sheddase
such as TACE.

Discussion

In this study, we report the identification, cloning, and
characterization of human ARTS-1. We propose that
ARTS-1 directly binds to the TNFRI1 extracellular
domain and thereby facilitates TNFR1 shedding. This
is supported by our demonstration of (a) in vivo bind-
ing of 100-kDa membrane-associated ARTS-1 to
TNFR1 in human epithelial and endothelial cells; (b)
an interaction between the extracellular domains of
ARTS-1 and TNFR1 in the yeast two-hybrid system; (c)
a direct correlation among increased ARTS-1 expres-
sion, increased TNFR1 ectodomain shedding, and
decreased membrane-associated TNFR1; and (d) a
direct correlation among decreased ARTS-1 expression,
decreased TNFR1 shedding, and increased membrane-
associated TNFR1. Furthermore, the ability of ARTS-1
to bind and promote receptor shedding is specific to
TNFR1; ARTS-1 had no effect on TNFR2. Taken
together, these data demonstrate that binding of
ARTS-1 to TNFR1 promotes TNFR1 ectodomain
cleavage and shedding from both human epithelial and
endothelial cells. We propose that the formation of a
TNFR1-ARTS-1 molecular complex represents an
important and novel mechanism by which TNFR1
shedding is enhanced.

We have identified ARTS-1 as a type I integral mem-
brane protein with a large extracellular domain con-
taining a consensus zinc metalloprotease catalytic
motif. Therefore, the ARTS-1 extracellular domain is
correctly positioned to bind the TNFR1 extracellular
domain and facilitate its proteolytic cleavage and sub-
sequent shedding. These findings are consistent with
our yeast two-hybrid data demonstrating an interac-
tion between the extracellular domains of ARTS-1 and
TNFR1 and the confocal immunofluorescence
microscopy experiments demonstrating colocalization
of the extracellular domains of ARTS-1 and TNFR1 in
the apical cell membranes of human ciliated bronchial
epithelial cells. In addition, the ARTS-1 zinc metallo-
protease catalytic motif is correctly positioned to func-
tion as an ectoenzyme, thereby mediating the selective
cleavage of nonpolar amino-terminal amino acids. Our
characterization of ARTS-1 as a functional aminopep-
tidase, with activity that is selective for nonpolar amino
acid substrates, is consistent with the recent cloning
and identification of the soluble aminopeptidases
(adipocyte-derived leucine aminopeptidase and
puromycin-insensitive leucyl-specific aminopeptidase)
that are essentially identical to ARTS-1 and demon-
strate substrate specificity for leucine and methionine
as well as for peptide hormones such as angiotensin II
and kallidin (15-17). In contrast to these leucine-spe-
cific aminopeptidases, which were localized to cyto-
plasmic and vesicular compartments, we identified
membrane-associated ARTS-1 by its novel ability to
bind directly to and promote TNFR1 shedding.

Although ARTS-1 is an active zinc metalloprotease,
our data demonstrate that it regulates TNFRI1
ectodomain cleavage in a noncatalytic fashion. Our
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conclusion that ARTS-1 does not possess TNFR1 shed-
dase activity is based on several lines of negative evi-
dence. First, GST-ARTS-1 did not cleave a TNFR1
ectodomain peptide substrate containing the known
TNEFRI1 cleavage sites or a TNFRI1 fusion protein con-
taining the entire TNFR1 extracellular domain. Sec-
ond, increased TNFR1 shedding was observed with
overexpression of ARTS-1 catalytic site mutants, sug-
gesting that an active ARTS-1 zinc catalytic site is not
required for upregulation of TNFR1 shedding. Third,
coimmunoprecipitation of TNFR1 with an anti-
ARTS-1 antibody revealed full-length TNFR1, suggest-
ing that ARTS-1 can bind to, but not cleave, TNFR1.
Lastly, GST-ARTS-1 had no demonstrable nonspecif-
ic endopeptidase activity against several candidate pro-
tein substrates. These data lead us to conclude that
ARTS-1 does not function as a TNFR1 sheddase.
Instead, we hypothesize that the ARTS-1 extracellular
domain binds to the TNFR1 extracellular domain and
functions as an extracellular TNFR1 regulatory protein
that promotes TNFR1 shedding.

Members of the metalloprotease-disintegrin (ADAM)
family of zinc metalloproteases, including ADAM 9
(MDC9 or meltrin-y), ADAM 10 (kuzbanian), ADAM 17
(TACE), and ADAM 19 (meltrin-f), have been identified
as sheddases for cytokine and growth factor receptors
and ligands, as well as for adhesion molecules and the
amyloid precursor protein (18-20). ADAM 17 or TACE
is of particular interest since it has been reported to pos-
sess TNFR1 sheddase activity. TACE was initially
demonstrated to catalyze the ectodomain cleavage and
shedding of TNF-0., as well as TGF-a, L-selectin, and
TNFR2 (21-23). TACE was subsequently reported to
catalyze the shedding of TNFR1 and IL-1RII
ectodomains, based on the demonstration of increased
TNFR1 and IL-1RII shedding following reconstitution
of TACE-deficient cell lines (24). Although TACE can
function as a TNFR1 sheddase, we demonstrate that the
ability of ARTS-1 to enhance TNFR1 shedding is not
mediated by increased TACE protein expression.
Although it is possible that ARTS-1 modulates TACE
activity by regulating removal of the prodomain and
thereby processing the protein to a mature form, no dif-
ferences in TACE maturation were noted by
immunoblotting. In addition, further experiments will
be needed to assess whether ARTS-1 promotes the shed-
ding of other targets of TACE activity, such as TNF-c.

In summary, we have identified, cloned, and charac-
terized ARTS-1 as a multifunctional protein capable of
binding to and promoting shedding of the TNFR1
ectodomain. ARTS-1 also possesses selective
aminopeptidase activity toward nonpolar amino-ter-
minal residues. We hypothesize that formation of a
TNFR1-ARTS-1 molecular complex may promote
ectodomain cleavage by the TNFR1 sheddase. There-
fore, the ability of membrane-associated ARTS-1 to
augment TNFR1 shedding represents a novel mecha-
nism by which TNF bioactivity can be regulated.
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