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The adenovirus (Ad) 14.7-kDa E3 protein (E3-14.7K), which can inhibit tumor necrosis factor alpha
(TNF-a) cytolysis, was used to screen HeLa cell cDNA libraries for interacting proteins in the yeast two-hybrid
system. A new member of the low-molecular-weight (LMW) GTP-binding protein family with Ras and ADP-
ribosylation factor homology was discovered by this selection and has been named FIP-1 (14.7K-interacting
protein). FIP-1 colocalized with Ad E3-14.7K in the cytoplasm especially near the nuclear membrane and in
discrete foci on or near the plasma membrane. Its interaction with E3-14.7K was dependent on the FIP-1
GTP-binding domain. The stable expression of FIP-1 antisense message partially protected the cells from
TNF-« cytolysis. FIP-1 was associated transiently with several unknown phosphorylated cellular proteins
within 15 min after treatment with TNF-a.. FIP-1 mRNA was expressed ubiquitously but at higher levels in
human skeletal muscle, heart, and brain. In addition to homology to other LMW GTP-binding proteins, FIP-1 has
regions of homology to two prokaryotic metalloproteases. However, there was no homology between FIP-1 and any
of the recently isolated death proteins in the TNF-a or Fas/APO1 cytolytic pathway and no interaction with
several members of the Bcl-2 family of inhibitors of apoptosis. These data suggest that FIP-1, as a cellular
target for Ad E3-14.7K, is either a new intermediate on a previously described pathway or part of a novel
TNF-a-induced cell death pathway. FIP-1 has two consensus sequences for myristoylation which would be expected
to facilitate membrane association and also has sequences for Ser/Thr as well as Tyr phosphorylation that could

affect its function.

Viruses code for proteins that regulate the activity of cyto-
kines and are thought to facilitate acute infection or promote
persistence in animal hosts (32). Human adenovirus (Ad) types
2 and 5 contain an early transcription region 3 (E3) that codes
for three proteins that inhibit the cytolytic effects of tumor
necrosis factor alpha (TNF-«) (48). In some cells, TNF-a cy-
tolysis requires cofactors such as cycloheximide or the presence
of another early Ad protein, E1A. In all of these conditions,
the action of TNF-« is inhibited by an Ad 14.7-kDa E3 protein
(E3-14.7K) expressed either after viral infection or from trans-
fected plasmids (20, 22, 24). There are two other Ad E3 pro-
teins, of 10.4 and 14.5 kDa (E3-10.4K and E3-14.5K, respec-
tively), which function as a heterotrimer to inhibit TNF-a-
mediated cytolysis (21). E3-10.4K can also accelerate the
internalization of the epidermal growth factor receptor (8),
which belongs to the TNF-a receptor (TNFR) family. The
control of TNF-a cytolysis presumably is important to Ads
because there is yet another region, Ad E1B, that codes for a
19-kDa protein (E1B-19K) that inhibits cell death induced by
TNF-a (47). Ad E1B-19K is a structural and functional ho-
molog of Bcl-2, a cellular protein that inhibits apoptosis (12).

Ad E3-14.7K has an effect in vivo, as shown by using viral
deletion mutants of the Ad E3-14.7K (plus E3-10.4K and E3-
14.5K) anti-TNF proteins which increased polymorphonuclear
leukocytic infiltration in a cotton rat model of pneumonia
induced by Ad type 5 (19). The effects of isolated Ad E3-14.7K
were also demonstrated when its gene was cloned into vaccinia
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virus (VV) in various combinations with TNF-a. In this model
of VV-induced pneumonia in mice, it was shown that E3-14.7K
antagonized the effects of TNF-a, measured by an increase in
pulmonary inflammation, viral titers in lung tissue, and mor-
tality (44). The enhancing effects of Ad E3-14.7K on VV dis-
ease were observed even in SCID mice, which indicated that
neither B nor T cells were necessary for these effects (43).
TNF-a is a proinflammatory cytokine which has a number of
biologic functions, including the control of viral infection (re-
viewed in reference 49). All of the functions of TNF-a are
mediated through specific receptors on the cell surface. There
are two TNFRs, which contain 55- and 70-kDa polypeptides,
respectively (42). The 55-kDa TNFR undergoes interactions to
form a trimer that has an extracellular, transmembrane, and
short intracytoplasmic domain (39), and the molecules that
interact with the cytoplasmic domain are being elucidated. A
death-promoting molecule, called TRADD, was recently iso-
lated by using the 55-kDa TNFR intracellular domain in the
yeast two-hybrid system (27). Two other proteins, MORT1
(also named FADD) and RIP (3, 11, 41), which have death
domain homology with TRADD, were identified initially by
their interactions with Fas/APO1, another member of the
TNFR family (15). The interactions among these death pro-
teins and the their functional significance have been recently
demonstrated (25, 26). Several other molecules, such as
TRAF1 and TRAF2 (34), TRAF3 (10, 28, 33), and TRAP1
and TRAP?2 (40), have also been shown to interact with TNF-a
receptors and are thought to be important for transmitting
signals from the receptor to downstream targets. Although the
identification of these molecules has greatly enhanced our un-
derstanding of the early steps of TNF-a signal transduction,
less is known about downstream steps that appear to activate
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specific proteases that are postulated to be the proximal effec-
tors of cell death (45).

The mechanism of Ad E3-14.7K inhibition of TNF-« cytol-
ysis is unknown; however, this viral protein can prevent the
TNF-a-stimulated release of arachidonic acid by the action of
phospholipase A2 (PLA2) (51). The effect is indirect, as E3-
14.7K does not inhibit the enzymatic activity of PLA2. There is
also evidence that PLA2 may not be directly involved in TNF-a
cytolysis in some cases (1). Ad E3-14.7K does not affect either
of the two TNFRs (24), nor does it inhibit any of the TNF-a
transcriptional effects mediated through NF«B (16). Available
data as discussed above suggested that the anti-TNF function
of E3-14.7K is independent of other viral proteins; therefore,
E3-14.7K most probably inhibits TNF cytolysis by interacting
with cellular proteins involved in TNF signaling pathways.

The goal of this study was to define the host cell protein
target(s) that binds to Ad E3-14.7K and eventually to deter-
mine its mechanism of action. The Ad E3-14.7K protein was
used successfully in the yeast two-hybrid system to find four
host cell-interacting proteins; one of these, called FIP-1, which
is homologous to a new family of low-molecular-weight
(LMW) GTPase proteins, is the subject of this report.

(The data in this paper are from a thesis submitted in partial
fulfillment of the requirements for the degree of doctor of
philosophy in the Sue Golding Graduate Division of Medical
Sciences, Albert Einstein College of Medicine, Yeshiva Uni-
versity.)

MATERIALS AND METHODS

Cell lines. The human 293 cell line was maintained in RPMI 1640 medium
supplemented with 10% fetal bovine serum, 50 U of penicillin per ml, and 50 p.g
of streptomycin per ml. The mouse fibroblast C3HA cell lines (obtained from
Linda Gooding, Emory University) with or without constitutively expressed Ad
E3-14.7K were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
with the supplements specified above.

To make a stable cell line which expressed the FIP-1 antisense message from
the cytomegalovirus promoter, mouse C3HA cells were transfected by using
LipofectAmine as described by the manufacturer. Forty-eight hours after trans-
fection, the cells were trypsinized and replated in DMEM containing 1 mM G418
(Gibco-BRL). When the cells became confluent, they were trypsinized again and
replated at fivefold dilution in DMEM with 1 mM G418. This trypsinization and
replating process was repeated three more times. For controls, pcDNA3 without
the FIP-1 sequence was transfected into the same cells, which underwent the
same selection process. As a control for successful selection, the untransfected
cells were processed similarly and were completely killed by this selection process.

Plasmid constructs. pPBMT-14.7K, the bait vector containing Ad E3-14.7K,
was constructed by cloning Ad2 E3-14.7K cDNA in frame into the C terminus of
the LexA DNA-binding domain of the bait vector pBTM116 (obtained from R.
Sternglanz, State University of New York at Stony Brook). pcDNA-T7 was
constructed by inserting the T7 tag expressed from complementary oligonucle-
otides into pcDNA-3 (InVitrogen) linearized with restriction endonucleases
HindIIl and EcoRI. pcDNA-T7-FIP-1 was produced by inserting the FIP-1
cDNA sequence between the BamHI and Xhol sites 3’ to the T7 tag. The fidelity
of the constructs was confirmed by sequencing. The vector expressing the FIP-1
antisense message was constructed as follows. The FIP-1 antisense DNA mes-
sage was amplified by PCR using primers 5' GCTCTAGAGCTCTAGAACTA
GTGGATCCC 3" and 5 GCCTCGAGCCGTCTTTGCAATCTGATACG 3'.
The PCR product was purified and digested with Xbal and X0l and cloned into
the Xbal/Xhol-digested plasmid pcDNA3 (InVitrogen). The GST-14.7K expres-
sion plasmid was constructed by cloning Ad E3-14.7K into the C terminus of the
glutathione-S-transferase (GST) vector pGEX5X-1 (Pharmacia) at the EcoRI/
Xhol sites. For in vitro transcription and translation of FIP-1, the BamHI/Xhol-
released FIP-1 from the target vector was cloned into pCITE-4b (Novagen) at
the corresponding sites.

The deletion mutants of FIP-1 were constructed by using clone H7a, which
lacks the first seven amino acids (FIP-1A7). FIP-1A35 was constructed by digest-
ing the clone with Nrul and Smal and religating the larger fragment. FIP-1CA271
was constructed by digesting the clone with Sunl/Xhol, which was blunt ended
with Klenow enzyme and religated.

Yeast two-hybrid screening and the specificity test. The pBMT-14.7K con-
struct was used to screen the Gal4 activation domain-tagged target HeLa library
as described previously (36, 37). The screening was done in Saccharomyces
cerevisiae 140, which is selectable by both His auxotrophy and B-galactosidase
(B-Gal) activity in the presence of 60 mM 3-aminotriazole. From approximately
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107 colonies screened, 12 were found to contain the FIP-1 insert. As a test for
specificity, the isolated clones were cotransformed with various heterologous baits
which were cloned into the same bait vector. After transformation, their p-Gal
activities and abilities to grow on His-deficient medium were assayed. The heterol-
ogous baits included human lamin (hLamin), the transactivation domain (TAD) or
basic helix-loop-helix ((HLH) domain of mouse c-myc (mMyc), and mouse MaxI
(mMaxI) (37). To test whether the FIP-1 interacted with Bcl-2 or Ad E1B-19K,
FIP-1 was cotransformed with either Bcl-2 or E1B-19K and tested by the B-Gal filter
assay as described previously (6). BIK-1, which was previously shown to interact
with Ad E1B-19K and Bcl-2, was used as a positive control. The HeLa cDNA
library was a gift from Greg Hannon and David Beach, Cold Spring Harbor Labo-
ratory. hLamin, TAD, bHLH, and mMaxI were kindly provided by Ron DePinho
and are described in reference (37). Bcl-2, E1B-19K, and BIK-1 were generously
made available to us by R. Chinnaduri, St. Louis University, St. Louis, Mo.

Coimmunofluorescent labeling of mouse cells containing a constitutively ex-
pressed Ad E3-14.7K and a transiently transfected T7/FIP-1 fusion protein.
C3HA cells containing the Ad E3-14.7K gene behind a metal-inducible promoter
were grown on chamber slides (Novagen) and were transfected with 1 pg of
pcDNA-T7-FIP-1 DNA per well, using the LipofectAmine technique. Patterns of
expression of FIPs in spatial relation to Ad E3-14.7K were observed by analysis
of double immunofluorescence (rhodamine and fluorescein) on a confocal mi-
croscope. The antibody to E3-14.7K was a generous gift from William Wold, St.
Louis University, St. Louis, Mo.

Preparation and use of an Ad E3-14.7K/GST fusion protein. The expression
and absorption of the fusion protein to GST-beads were previously described
(14). The FIP-1 protein was labeled with [3*S]methionine (Amersham) with the
Single-Tube Protein System (Novagen) as described by the manufacturer. An
aliquot of labeled FIP-1 was incubated at 4°C for 2 h with either GST alone or
GST-14.7K preabsorbed on GST-beads. Following the incubation, the beads
were washed three times with 150 mM NaCI-NETN buffer (14), twice with 500
mM NaCI-NETN buffer, and three times with 150 mM 150 mM NaCI-NETN
buffer. After the washes, the beads were resuspended in Laemmli buffer, and
equal amounts of protein were subjected to sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) and dutorddlogrdphy

Coimmunoprecipitation of FIP-1 and cellular ph ins. Human 293
cells on 60-mm-diameter dishes were transfected with 2 ng of pcDNA-T7-FIP-1
plasmid DNA by using the LipofectAmine technique as described by the man-
ufacturer (Gibco-BRL). Forty hours after transfection, cells were washed three
times with phosphate-free RPMI 1640 medium and incubated at 37°C for 2 h in
phosphate-free RPMI 1640 supplemented with 5% dialyzed fetal bovine serum.
Cells were washed three times again with phosphate-free RPMI 1640 and labeled
with carrier-free [*?P]phosphate (1 mCi/ml) for 2 h at 37°C. Cells were treated
for 15 or 60 min with 400 U of TNF-a (Gibco-BRL) per ml. Treated cells were
washed with ice-cold 0.9% (wt/vol) NaCl once and disrupted with ice-cold Non-
idet P-40 (NP-40) lysis buffer (150 mM NaCl, 50 mM Tris-Cl [pH 8], 1% NP-40,
150 pg of phenylmethylsulfonyl fluoride, 1 wg of aprotinin per ml, 1 ng of
leupeptin per ml). The lysate was cleared by centrifugation at maximum speed in
a microcentrifuge, and 300 pl of each lysate was subjected to immunoprecipita-
tion with 2 pg of T7 monoclonal antibody. After rocking for 1 h at 4°C, 30 ul of
50% (vol/vol) protein A-beads (Sigma) was added to the lysate, which was rocked
for another hour. The beads were washed five times with NP-40 lysis buffer and
resuspended in 30 wl of Laemmli buffer (2% SDS, 10% glycerol, 100 mM
dithiothreitol, 60 mM Tris [pH 6.8], 0.001% bromphenol blue). After boiling, the
samples were subjected to SDS-PAGE. The gel was dried and exposed to X-ray
film for 2 h at room temperature. The dried gel was rehydrated and transblotted
to nitrocellulose. The blot was preblocked with 1X phosphate-buffered sa-
line-5% nonfat dry milk and interacted with T7 monoclonal antibody. After four
15-min washes with 1X phosphate-buffered saline-0.1% Tween 20, the blot was
exposed to an anti-mouse secondary antibody for 1 h at room temperature and
washed four times. Immunoreactive proteins were detected with a chemilumi-
nescence reagent (Boehringer).

TNF-« cytolysis assays in a mouse cell line containing antisense FIP-1 RNA.
To assay the inhibitory effect of the antisense FIP-1 on TNF-a-induced cytolysis,
C3HA cells stably transfected with antisense FIP-1 were trypsinized and counted.
Each of 12 wells of a 96-well plate was seeded with 8.2 X 10* cells. Twenty-four
hours later, the cells were treated with the indicated concentration of TNF-a
(Gibco-BRL) plus cycloheximide (25 pg/ml). Eighteen hours after treatment, the
cells were fixed for 30 min with formal saline (10% formaldehyde, 0.8% NaCl),
washed, and stained with crystal violet solution (0.1% crystal violet, 20% meth-
anol). Stained cells were washed with tap water, dried, photographed, and dis-
solved in 100 pl of methanol. The number of cells remaining was quantified from
the intensity of the stain determined by an enzyme-linked immunosorbent assay
reader at 600 nm. The percentage of cells surviving (N) at each TNF-a concen-
tration was calculated by using numbers obtained from wells treated with cyclo-
heximide alone (Y), which were regarded as 100% surviving, and a number (4,)
from the vector-transfected cells treated with the highest concentration of
TNF-a (500 U/ml) which killed all cells and was regarded as a blank: [N = (X —

Ag)(Y — Ay), where X is the Ay, reading from each TNF-a concentration].
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TABLE 1. Specificity of FIP-1 protein interactions in the
yeast two-hybrid system”

Lex A Hybrid Gal4 Hybrid B-Gal activity

(bait) (target) (colony color) His growth

Ad E3-14.7K FIP-1 Blue +
hLamin-C FIP-1 White -
mMyc-TAD FIP-1 White -
mMyc-bHLH FIP-1 White -
mMaxI FIP-1 White -

Ad E1B-19K BIK-1 Blue NS®
Bcl-2 BIK-1 Blue NS
Ad E1B-19K FIP-1 White NS
Bcl-2 FIP-1 White NS

“ Two-hybrid screening and specificity tests were performed with FIP-1 and
various baits as described previously (36, 37). BIK was described previously (5)
and included as a positive control for the interaction with Ad E1B-19K and Bcl-2.

b NS, the combination is not selectable by His auxotrophy.

RESULTS

Ad E3-14.7K interacts with a novel human cell protein,
FIP-1. Specific interactions between human cell proteins and
the Ad E3-14.7K protein were detected by using a yeast (S.
cerevisiae-based) complementation assay originally developed
by Fields and Song (18). FIP-1, which interacted with Ad
E3-14.7K, was isolated as a family of multiple overlapping
clones which were identical at their 3’ ends but extended for
various lengths toward the 5’ end of the gene. FIP-1 did not
interact with a series of heterologous baits (hLamin-C, mMyc-
TAD, mMyc-bHLH, or mMaxI) or with the Ad E1B-19K or
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Bcl-2 proteins, indicating that the cell proteins interacting spe-
cifically with the E3-14.7K did not overlap with the targets
selected by interaction with the Ad E1B or Bcl-2 proteins
(Table 1).

The sequence of FIP-1 is shown in Fig. 1A. Its amino ter-
minus is highly homologous to yeast GTP-binding protein
GTRI1 (45% identity), a protein presumably involved in phos-
phate transport (7), with decreasing homology toward the car-
boxyl end. FIP-1 is also highly homologous to a Caenorhabditis
elegans protein (ceT24F1) of unknown function (61% identity).
The C. elegans protein has been postulated from sequencing
the genome, and no function has yet been assigned to it. FIP-1
has various homologies within four regions that are contained
in the LMW GTPase family of proteins such as the transform-
ing protein p21/K-Ras-2 or in ADP-ribosylation factor family
members (Fig. 1B), with the highest homology in the G-1 and
G-3 domains. The G-2 region of FIP-1 is more similar to that
contained in the G-protein elongation factor, a-subunit signal
transduction protein. FIP-1 has a region of homology with two
bacterial proteases (Fig. 1C) but not with proteases such as the
interleukin-1B-converting enzyme (ICE) or its C. elegans ho-
molog, CED3, which have been postulated to be effectors of
cell death by apoptosis (50). Further sequence comparison of
FIP-1 and other small GTP-binding proteins has suggested
that FIP-1 belongs to a new family of small GTP-binding pro-
teins (Fig. 2). Since each family of small GTP-binding proteins
often has a specific function, we anticipate that the FIP-1
protein found in our studies may have some unique functions.

Ad E3-14.7K colocalizes in vivo and interacts in vitro with
FIP-1. In addition to protein-protein interaction in the yeast

G-1 G-2 G-3 G-4

XOOOOGXXGXGKS D-(X)p-T OJOODXAGIX OOOONKXD C-termini
FIP-1 KVLLMGKSGSGKT DX,LGATI INLWDCGGQRD FCLVHKMD LIMR
ceT24f1 KVLLMGKSGSGKT DXpLGPTI LHLWDCGGQE FCLIHKMD ETKS
yGTR1 KLLIMGRSGSGKS DXnLGATI LNLWDCGGQD FVLLHKMD EFFQ
hARF1 RILMVGLGAAGKT TXnIGENV FTVWDVGGQD LVFANKQD RNQK
hRAN KLVLVGDGGTGKT YXpLGVEV FNVWDTAGQE VLCGNKVD DDDL
hC-K-RAS KLVVVGACGVGKS YDPTIEDS LDILDTAGQE VLVGNKCD CVIM
hEF1A NIVVIGHVDSGKT DXnRGITI VTIIDAPGHR IVGVNKMD QKAK
rtb2 KLVLVGDGGTGKT YXVGVDV FNCWDTAGQE VLVGNKVD GEDD
rRalB KVIMVGSGGVGKS YXnKADSY IDILDTAGQE LVVGNKSD CCLL
ntRab7b KVIILGDSGVGKT YX,IGADF LOIWDTAGQE VVLGNKVD GCEC

C SM protease 310 QKVIFAAWDAGGNDTFDFSGYTANQ

++ [ N B B
FIP1 54 GNLVLNLWDCGGQDTFMENYFTSQR
e O N N

PM protease 291 DKLIFSVWDSGGNDTFDFSGFYQDQ

SM protease 422 SDWIRDFQKGIDKIDLSFFNKEANSSDFIHFVDHFSGT

I+ 1+ I+ [ O R R I B o O
FIP1 232 SNIIKQFKLSCSKLPASFQSMEVRNSNFAAFIDIFTSN
++ | Il I+ 1 + o+ I+ 1

PM protease 412 ADKIMDFKTGIDKIDLSTLIQDTFSSKILNFVDNETGN

FIG. 1. Homology of FIP-1 to GTP-binding proteins and bacterial proteases. (A) Sequence comparison of FIP-1 to S. cerevisiae GTP-binding protein GTR1
(yGTR1) and a C. elegans putative protein (ceT24F1) proposed from genomic sequencing. Dashes indicate identical amino acids, and dots indicate gaps in the
alignment. Putative posttranslational modification sites are marked above the residues: M, myristoylation; P, protein kinase ¢ phosphorylation site; C, cyclic AMP- and
cyclic GMP-dependent protein phosphorylation site; K, casein kinase II phosphorylation site; G, glycosaminoglycan attachment site; T, tyrosine kinase phosphorylation
site. (B) Regions of homology in the consensus G-1 to G-4 domains defined by Bourne et al. (4) and the carboxyl terminus of the GTPase family of proteins compared
to FIP-1. X, any amino acid; O, hydrophobic amino acid; J, hydrophilic amino acid. (C) Homology between FIP-1 and -2 bacterial metalloproteases. SM protease,
Serratia marcescens protease (GenBank accession number S12164); PM protease, Proteus mirabilis protease (GenBank accession number U25950). Identical (0 and
conservative (+) substitutions of amino acids are indicated. All sequence comparisons were done by using programs in the Genetic Computer Group package

(University of Wisconsin) unless otherwise indicated.
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FIG. 2. Dendrogram of an alignment of FIP-1 with other small GTP-binding proteins. All sequences were retrieved from GenBank. The alignment was done by
using the Clustal method included in the Megalign program of the DNAStar sequence analysis program package (gap penalty, 10; gap length penalty, 10). Prefixes:

m, mouse; h, human; 1, rat; y, yeast; ce, C. elegans.

two-hybrid selection system, evidence of FIP-1 interactions
with Ad E3-14.7K was demonstrated both by in vivo colocal-
ization by immunocytochemistry and by in vitro protein bind-
ing assays. Figure 3A demonstrates the localization of the Ad
E3-14.7K in cells of a C3HA murine cell line, stably transfected
with this Ad gene (24). Some of these cells also contain FIP-1,
as shown by staining for transiently transfected expression in
identical sections (Fig. 3B). The colocalization of Ad E3-14.7K
and FIP-1 is primarily cytoplasmic, with accentuation around
the nuclear membrane and in discrete foci near or within the
plasma membrane. There also appears to be FIP-1 (Fig. 3B) in
the nucleoplasm without apparent accompanying Ad E3-14.7K
staining (Fig. 3A). FIP-1-14.7K interaction was also shown by
creating a GST-14.7K fusion protein that was bound to GST-
beads. The GST-14.7K protein selectively bound to FIP-1,

allowing the latter to absorb to the glutathione-beads, whereas
the protein derived from the GST vector alone failed to retain
FIP-1 (Fig. 3C).

TNF-a signaling promotes the association of phosphopro-
teins with FIP-1. FIP-1 probably plays a direct role in TNF-a
signaling, because it was shown to associate with several un-
known phosphorylated cellular proteins upon treatment of the
cells with TNF-a, and the association was transient. FIP-1,
which itself appears to be minimally phosphorylated, formed a
complex with other cellular phosphoproteins within 15 min
after TNF-a addition (Fig. 4). One hour after TNF-a treat-
ment, the amount of phosphate on FIP-1 had returned to the
untreated state, and no association with other phosphoproteins
could be detected by coimmunoprecipitation. The rapid and
transient activation of FIP-1 by TNF-a suggests its direct role

C
cDNA Clones FIP1
GST +
GST-14.7 +

FIG. 3. FIP-1 interaction with Ad E3-14.7K both in vivo and in vitro. FIP-1 was cloned behind the cytomegalovirus promoter and coexpressed as a fusion protein
with a T7 tag in the murine C3HA cell line constitutively expressing Ad E3-14.7K (24). (A) Ad E3-14.7K was visualized with a polyclonal antibody. (B) FIP-1 was
visualized on identical cells with an antibody to T7. The bar indicates 10 wm. (C) The interaction of radiolabeled FIP-1 with the GST-14.7K fusion protein is described
in Materials and Methods and is shown in lane 2; the GST protein alone as a negative control is shown in lane 1.



1580 LI ET AL.

TNF
Treatment
(min) 0 15 60

FIP-1-»

B
FIP-1 - G

FIG. 4. FIP-1 association with cellular phosphoproteins induced by TNF-a
treatment. (A) Forty hours after transfection, the cells were labeled with carrier-
free [**P]phosphate for 2 h, after which TNF-« (400 U/ml) was added. Cells were
harvested either at the time of addition of TNF-« or 15 or 60 min thereafter and
lysed. Cleared lysates were subjected to immunoprecipitation with an anti-T7
monoclonal antibody and analyzed by autoradiography after SDS-PAGE. (B)
After exposure to X-ray film, the dried gel was rehydrated and transblotted. The
amount of FIP-1 in each lane was detected by an anti-T7 monoclonal antibody.

as a TNF-a signal transducer and its involvement in the TNF-a
cytolysis pathway.

Antisense FIP-1 RNA inhibits TNF-a-induced cytolysis.
Further evidence supporting FIP-1’s role in the TNF-« cytol-
ysis pathway was provided by stably transfecting antisense
FIP-1 into C3HA, a murine cell line which also could be
protected against TNF-a cytolysis by E3-14.7K (Fig. 5) (24).
The expression of antisense FIP-1 partially protected cells
from TNF-« cytolysis compared with control cells stably trans-
fected with vector alone.

FIP-1 is expressed in many human tissues. FIP-1 is ubiqui-
tously expressed in a variety of human tissues assayed. A
Northern blot of eight normal human tissues was analyzed by
using a FIP-1 cDNA probe. The amount of FIP-1 mRNA
detected in skeletal muscle was highest, and the least quantity
appeared in lung tissue (Fig. 6). A single band of approxi-
mately 1.7 kb was detected. This size is consistent with the
longest cDNAs selected from the Hela library used in the
yeast two-hybrid system. The ubiquitous expression of FIP-1 in
many tissues is consistent with the expectation that proteins
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FIG. 5. Inhibitory effect of antisense FIP-1 on TNF-« cytolysis. To assay the
inhibitory effect of the antisense FIP-1 RNA on TNF-a-induced cytolysis, stably
transfected C3HA cells were seeded onto a 96-well plate and treated with the
indicated concentrations of TNF-a plus cycloheximide (25 wg/ml). Eighteen
hours after treatment, the cells were fixed with formalin-saline and stained with
crystal violet solution. Stained cells were dissolved in methanol and quantified in
an enzyme-linked immunosorbent assay reader at 600 nm. The percentage of cell
survival was calculated as described in Materials and Methods. Averages of four
identical samples are shown.
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FIG. 6. Expression of FIP-1 mRNA in human tissues. A blot of mRNAs
obtained from eight human organs as indicated was purchased from Clontech
and hybridized under stringent conditions as described by the supplier. The
FIP-1 cDNA used as probe was labeled with [*?P][dCTP (Amersham).

involved in cytolysis would be constitutively expressed in many
cell types.

Functional domains of FIP-1 determined by deletion muta-
tions. By deletion mapping, the GTP-binding domain in the
G-1 region and the C terminus domain were found to be
indispensable for the interaction of FIP-1 with Ad E3-14.7K
(Fig. 7). Deletion of the first 34 residues at the N terminus or
last 43 residues at the C terminus totally abolished their ability
to interact with E3-14.7K in the yeast two-hybrid system, and
the colonies did not turn blue. In addition, all of the clones
identified in the two-hybrid screening contained these critical
domains (data not shown). These data suggest either that GTP
binding is required to maintain a correct conformation to fa-
cilitate the interaction of the C terminus with E3-14.7K or that
both domains are directly involved in the Ad E3-14.7K-FIP-1
interaction.

DISCUSSION

By using the yeast two-hybrid system, we have identified a
cellular protein, FIP-1, which interacts with the Ad anti-TNF-«
protein E3-14.7K. The evidence for a complex containing these
two proteins is derived from (i) a strong interaction in the yeast
two-hybrid system with 12 independent and various-length
FIP-1 isolates from a HeLa cDNA library, (ii) interaction be-
tween a GST-14.7K fusion protein and the FIP-1 protein, and
(iii) colocalization of FIP-1 and Ad E3-14.7K intracellularly as
assayed by confocal microscopy. FIP-1 also appears to be a
component of the TNF-a signaling pathway because tran-
siently expressed FIP-1 associates with a series of phosphopro-
teins upon the addition of TNF-a to cells. In addition, anti-
sense FIP-1 RNA stably expressed in C3HA cells partially
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FIG. 7. Deletion mapping of FIP-1. All of the deletion mutants were derived
from clone H7a, which lacks the first six amino acid residues (FIP-1A7) as
described in Materials and Methods. The interactions between FIP-1 deletion
mutants and E3-14.7K were assayed by using the yeast two-hybrid system as
described in Table 1, footnote a. The positions of the four G boxes described are
indicated by the roman numerals.
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prevents cytolysis upon the addition of TNF-a to these cells.
The partial protection against TNF-induced cytolysis achieved
by expressing antisense FIP-1 RNA may be due to low levels of
the inhibitory RNA or to the requirement for simultaneous
inhibition of the synthesis of other host cell proteins in the
TNF-a-induced complex. We already know that there are four
FIPs, and the protective effects of inhibiting their synthesis may
be additive.

FIP-1 appears to belong to the LMW GTPase superfamily.
The major difference in FIP-1 from Ras and many other mem-
bers of the GTPase family is that FIP-1 has a longer C terminus
but lacks a common Cys within the last four amino acids at the
carboxyl terminus. Sequence comparison has suggested that
FIP-1 belongs to a new family of small GTP-binding proteins.
Since each of these families often has its own unique function,
it is expected that the FIP-1 family also may have some func-
tional uniqueness. Although the absence of a Cys near the
carboxyl terminus of FIP-1 precludes posttranslational modi-
fication with a prenylated or geranylgeranyl lipid at that site,
the presence of putative myristoylation sites at residues 17 and
64 could still allow the addition of myristylate (M in Fig. 1A) to
the molecule. These modifications would result in hydrophobic
domains that may promote protein attachment to membranes
(9). Some of the previously described membrane associations
of LMW GTPases are on the cell surface, while others are in
compartments such as the endoplasmic reticulum or Golgi
complex. Further morphologic studies will be required to iden-
tify the perinuclear organelle that contains the FIP-1/14.7K
complexes. The FIP-1/14.7K also appears to colocalize at dis-
crete areas in or near the plasma membrane. The nucleoplasm
also appears to contain FIP-1; however, there does not seem to
be significant amounts of E3-14.7K in this compartment by
morphologic criteria, although there is a report identifying Ad
E3-14.7K in the nucleus by cell fractionation (22).

Although FIP-1 has a region of homology with two bacterial
proteases, it has not yet been examined for any intrinsic pro-
tease activity. Since FIP-1 contains two domains which are
homologous to bacterial metalloproteases, it is intriguing to
postulate that FIP-1 may contain an intrinsic protease activity.
This degradative function could be activated by cell surface
signals and could further activate the downstream targets that
lead to cell death. Proteases appear to be important in the
induction of cell death. A number of CED3/ICE-like proteases
have been identified recently, and they have been implicated in
cell death (reviewed in reference 23). Furthermore, it has been
suggested that cell death results from a cascade of protease
activation (reviewed in reference 31). Recently, a novel pro-
tease, MACH/FLICE, that contains regions of homology with
the CED3/ICE protease family was isolated by its binding to
MORT1 (FADD) in the yeast two-hybrid system. MACH/
FLICE is a key protein that bridges the molecules that bind to
the intracytoplasmic domains of receptors with those that have
protease function (2, 33a).

It has been observed that GTP+S affects the activity of PLA2
on zymogen granules in a calcium-dependent process (35).
These observations suggest that different GTP-binding pro-
teins might regulate PLA?2 activity, an enzyme which has been
postulated to be on the TNF-o pathway inducing cell death
(30). Since Ad E3-14.7K can block the PLA2 activation by
TNF-a (51), it is possible that FIP-1 is one of the GTP-binding
proteins involved in regulating PLA2 activity.

FIP-1 does not appear to be homologous to any of the
recently characterized proteins that bind to the cytoplasmic
domains of either TNF-a or the Fas/APOL1 receptors. Like-
wise, there is no homology to any members of the Bcl-2 family
of activators or inhibitors of TNF-a-induced apoptosis. The
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FIP-1 GTPase either affects a different step of the putative
pathway of TNF-a-induced cytolysis or perhaps interacts with
one of the recently discovered proteins on this or the Fas/
APOL1 pathways. Very likely, FIP-1 is involved in steps down-
stream from the proteins directly interacting with TNFRs. Re-
cently, an LMW GTPase named RagA, with a structure
identical to that of FIP-1, was selected from a human fetal
brain library screened by using a PCR product of degenerate
primers conserved in Ras-related small GTPases (38). RagA
was shown to bind GTPyS. The study described in this report
links this new GTPase to the TNF-a-induced cytolytic pathway
and its viral inhibitor, Ad E3-14.7K.
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