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Early region 3 (E3) of group C human adenoviruses (Ad) encodes several inhibitors of tumor necrosis factor
alpha (TNF-a) cytolysis, including an E3 14.7-kDa protein (E3-14.7K) and a heterodimer containing two
polypeptides of 10.4 and 14.5 kDa. To understand the mechanism by which the viral proteins inhibit TNF-a
functions, the E3-14.7K protein was used to screen a HeLa cell cDNA library to search for interacting proteins
in the yeast two-hybrid system. A novel protein containing multiple leucine zipper domains without any
significant homology with any known protein was identified and has been named FIP-2 (for 14.7K-interacting
protein). FIP-2 interacted with E3-14.7K both in vitro and in vivo. It colocalized with Ad E3-14.7K in the
cytoplasm, especially near the nuclear membrane, and caused redistribution of the viral protein. FIP-2 by itself
does not cause cell death; however, it can reverse the protective effect of E3-14.7K on cell killing induced by
overexpression of the intracellular domain of the 55-kDa TNF receptor or by RIP, a death protein involved in
the TNF-a and Fas apoptosis pathways. Deletion analysis indicates that the reversal effect of FIP-2 depends
on its interaction with E3-14.7K. Three major mRNA forms of FIP-2 have been detected in multiple human
tissues, and expression of the transcripts was induced by TNF-« treatment in a time-dependent manner in two
different cell lines. FIP-2 has consensus sequences for several potential posttranslational modifications. These
data suggest that FIP-2 is one of the cellular targets for Ad E3-14.7K and that its mechanism of affecting cell
death involves the TNF receptor, RIP, or a downstream molecule affected by either of these two molecules.

To effectively protect themselves against viral infections, an-
imals have developed an array of complex immune responses.
Among the defensive strategies, tumor necrosis factor alpha
(TNF-o) plays a critical role. Concurrently, viruses have
evolved to contain genes whose proteins regulate the activity of
cytokines, and these cytokine-regulatory viral proteins are
thought to facilitate acute infection or promote persistence in
animal hosts (25). Group C human adenoviruses (Ad) of types
2 and 5 contain an early transcription region 3 (E3) that codes
for three proteins that inhibit the cytolytic effects of TNF-a
(44). For many cells, the susceptibility to TNF-a cytolysis re-
quires sensitizing agents such as protein inhibitors (cyclohexi-
mide), cytochalasin E2, or the presence of another early Ad
protein, coded in the E1A region. Under all of these condi-
tions, the cytolytic action of TNF-«a is inhibited by an Ad
14.7-kDa protein, designated Ad E3-14.7K, expressed either
after viral infection or from transfected plasmids (13, 15, 16).
Two other Ad E3 proteins of 10.4 and 14.5kDa, named E3-
104K and E3-14.5K, respectively, can function as a het-
erodimer to inhibit TNF-a-mediated cytolysis (14). E3-10.4K
can also accelerate the internalization of the epidermal growth
factor receptor (5), which belongs to the TNF-a receptor fam-
ily. In addition, another protein, Ad E1B-19K, encoded in
early region 1 (E1), can also inhibit cell death induced by
TNF-a (43). Ad E1B-19K is a structural and functional ho-
molog of Bcl-2, a cellular protein that inhibits apoptosis (8).
The presence of multiple anti-TNF-«a proteins presumably sug-
gests that the control of TNF-a cytolysis is important to the
survival or life cycle of Ad.
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In vivo effects of Ad E3-14.7K have been shown by using
viral deletion mutants of the Ad E3-14K (plus the 10.4K and
14.5K) anti-TNF proteins. In cotton rats infected intranasally
with Ad E3-14.7K deletion mutants, the pulmonary inflamma-
tory response consisted of a peribronchial polymorphonuclear
leukocyte infiltration, which replaced a mononuclear response
that followed infection with wild-type Ad (12). However, in a
murine pneumonia model, there was a markedly increased
alveolar infiltration after Ad E3-14.7K deletion mutant infec-
tion in comparison to that with wild-type Ad type 5 (35). The
effects of isolated Ad E3-14.7K were also demonstrated when
its gene was expressed in vaccinia virus (VV) in various com-
binations with TNF-a (38). In this model of VV-induced pneu-
monia in mice in which TNF-a alone had been shown to be
antiviral, it was shown that E3-14.7K antagonized the effects of
TNF-a. This was measured by enhanced pathology such as
pulmonary inflammation, as well as increased viral titers in
lung tissue and mortality. Since the enhancing effects of Ad
E3-14.7K on VV disease also could be observed in SCID mice,
the experiments indicated that neither B nor T cells were
necessary for these observed effects (39).

TNF-« is a proinflammatory cytokine which has a number of
important biologic functions in addition to the control of viral
infection (reviewed in reference 46). All the functions of
TNF-a are transmitted through two specific receptors on the
cell surface, which contain 55- and 70-kDa polypeptides, re-
spectively (37). The 55-kDa TNF receptor (TR55) undergoes
interactions to form a trimer that has extracellular, transmem-
brane, and short intracytoplasmic domains (33). Overexpres-
sion of the intracellular domain of the TR55 can cause cell
death. Some of the molecules that interact with the cytoplas-
mic domain have been elucidated. These include a death-
promoting molecule called TRADD, which was recently iso-
lated by using the 55-kDa TRS5 intracellular domain in the
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yeast two-hybrid system (18). Two other proteins, MORT-1/
FADD and RIP (3, 7, 36), which have “death domain” homol-
ogy with TRADD, were identified initially by their interactions
with Fas/APOI, another member of the TNF-a receptor family
(10). Several other molecules, such as TRAF1 and TRAF2
(28), TRAF3 (6, 19, 26), and TRAP1 and TRAP2 (34), have
also been shown to interact with TNF-a receptors and are
thought to be important for transmitting signals from the re-
ceptor to downstream targets. A protein called MACH/FLICE
(2, 27), which has death domain homology with TRADD and
the ICE protease family, has been identified as the down-
stream target of MORT-1/FADD and can mediate cell death.
In addition, it was recently demonstrated that some of the
proteins mentioned above are involved in apoptosis and/or
NF-«kB activation induced by TNF-a. Activation of NF-kB is
associated with an inhibition of apoptosis (1, 17, 24, 40). Al-
though the identification of these molecules has greatly en-
hanced our understanding of the early steps of TNF-a signal
transduction, less is known about downstream steps that are
presumably involved together with the proximal effectors of
cell death (41).

Not much is known about the mechanism of Ad E3-14.7K
inhibition of TNF-a cytolysis; however, this viral protein can
prevent the TNF-a-stimulated release of arachidonic acid by
the action of phospholipase A2 (47). The effect is indirect, as
E3-14.7K does not inhibit the enzymatic activity of phospho-
lipase A2. Ad E3-14.7K was also shown to inhibit the proteol-
ysis of some indicator polypeptides and generally inhibited the
appearance of the products of proteolysis (42). Ad E3-14.7K
has no effect on the binding of TNF-a to either of the two
TNF-a receptors (16), nor is there any available evidence that
it inhibits the TNF-a transcriptional effects mediated through
NF-kB (11). As discussed above, the anti-TNF function of
E3-14.7K is independent of other viral proteins; therefore, it
most likely inhibits TNF cytolysis by directly interacting with
cellular proteins involved in TNF-a signaling pathways. The
unique functional characteristics of the Ad E3-14.7K protein in
interfering with the TNF-a cytolytic pathway may provide a
useful assay for dissection of the cell death pathway.

The goal of the current studies was to define the host cell
protein targets that bind to Ad E3-14.7K and eventually to
determine their mechanism of action. The Ad E3-14.7K pro-
tein was utilized successfully in the yeast two-hybrid system to
find four host-cell interacting proteins. This report describes
one of these proteins, called FIP-2, which is a novel protein
containing multiple leucine zipper domains. The results de-
scribing the structure and function of FIP-1, which is another
of the cell proteins that binds to Ad E3-14.7K and is a low-
molecular-weight GTP-binding protein with some homology to
Ras, have recently been published (23).

(The data in this paper are from a thesis submitted by Yon-
gan Li 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, Ye-
shiva University.)

MATERIALS AND METHODS

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

Plasmid constructs. The “bait” vector containing Ad E3-14.7K protein, the
pGST-14.7K expression plasmid, and pcDNA-T7 were constructed as previously
described (23). All mammalian expression constructs containing FIP-2 cDNA of
various lengths, except full-length FIP-2 cDNA and pcDNA-FIP-2CA346, were
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released from pGAD-GH vectors with BamHI and Xhol and cloned into corre-
sponding sites in pcDNA-T7. The FIP-2 full-length clone and FIP-2CA346 in a
pGAD-GH vector were made as follows. Full-length cDNA of FIP-2 was ob-
tained by a two-step PCR. The 5" and 3’ ends of the FIP-2 cDNA were amplified
by rapid amplification of cDNA ends (RACE) (described below) and regular
PCR, respectively. The PCR products from two reactions were purified, mixed,
and used as templates for a second PCR, which used 5’ and 3’ primers from
previous RACE and normal PCR, respectively. The product from the second
PCR was purified and cloned in frame into pGAD-GH and pcDNA-T7. The
FIP-2CA346 clones in pGAD-GH and pcDNA-T7 were derived from the full-
length clones by digestion of the parental plasmids with Hpal and Xhol and
religation. The fidelity of the constructs was confirmed by sequencing.

For in vitro transcription and translation of FIP-2, the BamHI/Xhol-released
FIP-2 DNA from the target vector was cloned into pCITE-4b (Novagen) at the
corresponding sites. The plasmid for making the FIP-2 probe for the RNase
protection assay (RPA) was constructed by first amplifying the FIP-2 region from
base 727 to 898 (see Fig. 2) by PCR and then cloning the PCR product into
pcDNA3.

Construction of the FLAG-tagged E3-14.7K expression vector was done by
incorporating the FLAG epitope into the first of the following PCR primers:
5'-GGAAAGCTTACCATGGACTACAAAGACGATGACGACAAGGATCC
CCCGGGGAATTCGGTGGAGATGACTGAATCTCTA and 5'-CTCGCGG
CCGCTTTATGTTAGTTGAATGGAAT. The HindIIl/NotI-digested PCR
product was cloned into pcDNA3 at the corresponding sites. The frame of the
construct was confirmed by DNA sequencing, and its protein expression was
confirmed by Western blotting.

Isolation of three alternatively spliced FIP-2 messages by RACE. To obtain
the 5'-end cDNA sequences which were missing in the two-hybrid cDNA clones
of FIP-2, PCRs were performed with a gene-specific primer (5'-AGTGGAGA
CTGTTCTCGTGGACCC-3") and an adapter primer (5'-CCATCCTAATACG
ACTCACTATAGGGC-3’) present in the RACE-ready heart cDNA template
(CloneTech). The PCR conditions were as follows: 94°C for 1 min, 1 cycle; 94°C
for 1 min and 70°C for 3 min, 5 cycles; 94°C for 1 min and 68°C for 3 min, 20
cycles; and 68°C for 7 min, 1 cycle.

PCR products were purified and ligated to T-vector (Promega). Ligation
products were used to transform Library Efficiency DH5a cells (Gibco-BRL),
and the transformed cells were plated on Luria-Bertani plates containing ampi-
cillin and X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside). Blue col-
onies containing the cDNA inserts were identified by digestion with Pvull,
transferred onto Hybond+ nylon membranes, and analyzed by Southern blotting
with FIP-2 ¢cDNA inserts as probes. The positive clones on Southern analysis
were subjected to DNA sequencing.

Yeast two-hybrid screening and reagents for specificity testing. The yeast
two-hybrid screening, specificity test, and plasmids used in these assays have been
previously described (23). From approximately 107 colonies screened, 21 clones
were found to contain the FIP-2 insert. The HeLa cDNA library was a gift from
Greg Hannon and David Beach of Cold Spring Harbor Laboratory. Bait plas-
mids containing lamin, TAD, basic helix-loop-helix (bHLH), and MaxI were
kindly provided by Ron DePinho and described previously (32). Bel-2, E1B-19K,
and BIK-1 were generously made available to us by G. Chinnadurai of St. Louis
University (4).

Co-immunofluorescent labeling of mouse cells containing constitutively ex-
pressed AdE3-14.7K and a transiently transfected T7-FIP-2 fusion protein.
Immunohistochemical colocalization studies in C3HA cells were done by previ-
ously reported procedures (23). Briefly, mouse C3HA cells containing the Ad
E3-14.7K gene were grown on chamber slides (Novagen) and were transfected
with 1 pg of pcDNA-T7-FIP-2A134 DNA per well by using the Lipofectamine
technique. Patterns of colocalization of FIP-2 and Ad E3-14.7K were observed by
double immunofluorescence (thodamine and fluorescein) analyzed on a confocal
microscope. The antibody to E3-14.7K was a generous gift from William Wold,
St. Louis University.

Preparation and use of an Ad E3-14.7K-GST fusion protein. The expression
and absorption of the glutathione S-transferase (GST) fusion protein to gluta-
thione-conjugated beads, in vitro labeling of FIP-2A134, and the in vitro protein-
protein interaction assay were previously described (23). An aliquot of in vitro-
labeled FIP-2 was incubated at 4°C for 2 h with either GST alone or GST-E3-
14.7K preabsorbed on glutathione-conjugated beads. Following the incubation,
the beads were washed three times with 150 mM NaCI-NETN buffer (9), twice
with 500 mM NaCIl-NETN buffer, and three times again with 150 mM NaCl-
NETN buffer. After the washes, the beads were resuspended in Laemmli buffer
(2% sodium dodecyl sulfate [SDS], 10% glycerol, 100 mM dithiothreitol, 60 mM
Tris (pH 6.8), 0.001% bromphenol blue), and equal amounts of protein were
subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and autora-
diography.

Coimmunoprecipitation of FIP-2 and Ad E3-14.7K protein. Human 293 cells
that constitutively express simian virus 40 large T antigen were grown on 100-
mm-diameter dishes for 24 h and were transfected with 2 ng each of pcDNA-
T7-FIP-2A134 and pcDNA-FLAG-14.7 by using the Lipofectamine technique
according to the protocol of the manufacturer (Gibco-BRL). Forty hours after
transfection, cells were washed once with 1X phosphate-buffered saline (PBS)
and disrupted with ice-cold Nonidet P-40 lysis buffer (150 mM NaCl, 50 mM
Tris-Cl [pH 8], 1% Nonidet P-40, 150 wg of phenylmethylsulfonyl fluoride per
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TABLE 1. Specificity of FIP-2 protein interactions in the
yeast two-hybrid system*

LexA Hybrid Gal4 hybrid B-Galactosidase activity His
(bait) (target) (colony color) growth®

Ad E3-14.7K FIP-2 Blue
Ad E3-14.7K plus:

hLamin-C FIP-2 White -

mMyc-TAD FIP-2 White -

mMyc-bHLH FIP-2 White -

mMaxl FIP-2 White -
Ad E1B-19K BIK-1 Blue *
Bcl-2 BIK-1 Blue *
Ad E1B-19K FIP-2 White *
Bcl-2 FIP-2 White *

“ Two-hybrid screening and specificity tests were performed with FIP-2 and
various baits as described previously (31, 32). BIK was described previously (4)
and included as a positive control for the interaction with Ad E1B-19K and Bcl-2.

b *_ this combination is not selectable by His auxotrophy.

ml, 1 ng [each] of aprotinin and leupeptin per ml). The lysate was cleared by
centrifugation at maximum speed in a Microfuge, and 500 pl of each lysate was
subjected to immunoprecipitation with either 2 pl of anti-FLAG M5 monoclonal
antibody (Kodak) or anti-E3-gp19 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 and
rocked for another hour. The beads were washed five times with the lysis buffer
and resuspended in 30 pl of Laemmli buffer. After being boiled, the samples
were subjected to SDS-PAGE. The gel was transblotted to nitrocellulose, and the
blot was preblocked with 1X PBS-5% nonfat dry milk and subsequently inter-
acted with T7 monoclonal antibody conjugated with horseradish peroxidase.
After four 15-min washes with 1X PBS-0.1% Tween 20, immunoreactive pro-
teins were detected with a chemiluminescence reagent (Boehringer).

RPA of FIP-2 mRNAs induced by TNF-a. The 3?P-labeled antisense RNA
probe of FIP-2 and glyceraldehyde-3-phosphate dehydrogenase (internal con-
trol) from Ambion were generated by using the MaxiTranscript system (Ambion)
according to the manufacturer’s protocol. Human 293 cells and adenocarcinoma
MCEF-7 cells were seeded onto 100-mm-diameter plates. They were treated with
200 ng of human TNF-a (BRL-Gibco) per ml for 0, 4, or 16 h. After treatment,
the cells were used for total RNA purification with the TriReagent (MRC). The
RPA assay was done by using the RPAII system (Ambion) with 15 pg of total
RNAs and 10° cpm per probe according to the manufacturer’s protocol. The
protected bands were analyzed by urea-8% PAGE and were visualized by au-
toradiography.

Studies of the effect of FIP-2 on E3-14.7K inhibition of TR55 killing. Human
293 cells on six-well plates were transfected with the following plasmids in
various combinations: 1.5 pg of pcDNA-FLAG-14.7K, 2.2 pg of pcDNA-T7-
FIP-2 or its deletion mutants, 0.3 pg of pcDNA-TRS5 (obtained from David
Wallach of the Weizmann Institute), and an amount of pcDNA-T7 to bring the
total amount of transfected DNA to 4 pg. All transfection mixtures contained 0.3
wg of pGLP (GreenLantern Protein; Gibco). The transfections were done by
using Trans-LT2 (PanVera) according to the manufacturer’s protocol. Twenty-
four hours after transfection, the cells were observed with a Nikon Zeiss Oxipat
1 fluorescence microscope and photographed through a fluorescein isothiocya-
nate filter.

RESULTS

Identification of FIP-2 as an Ad E3-14.7K-interacting pro-
tein by yeast two-hybrid screening and its expression pattern.
FIP-2 was isolated by using the yeast two-hybrid system in a
search for the cellular proteins which interacted with the Ad
E3-14.7K protein. The FIP-2 genes were recognized 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-2 did not interact with a series of heterologous baits
(hLamin-C, mMyc-TAD, mMyc-bHLH, or mMaxI) or with the
Ad E1B-19K or Bcl-2 protein. These results indicate that the
cell proteins interacting specifically with E3-14.7K did not
overlap with the targets of the antiapoptotic Ad E1B or Bcl-2
protein (Table 1).

By Northern analysis with the isolated ¢cDNA clones as
probes, we have found that FIP-2 existed as at least three
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FIG. 1. Expression of FIP-2 mRNA in human tissues. A blot of mRNAs
obtained from eight human organs as indicated was purchased from CloneTech
and hybridized under stringent conditions as described by the supplier. The
FIP-2 cDNA used as probe was labeled with [*>P]dCTP (Amersham). (The top
band of approximately 7.5 kb was also visible in some of the other organs as well
as skeletal muscle on the original autoradiograph.) Numbers on the left are sizes
in kilobases.

major message species, as shown by the three bands in the
Northern blot (Fig. 1). Although the level of FIP-2 expression
varied among the tissues analyzed, the three major forms seem
to have the same relative abundance in the various tissues,
except perhaps for brain. The differences between the sizes of
FIP-2 mRNAs revealed by Northern analysis and the shorter
lengths of cDNAs isolated in the yeast two-hybrid screening
suggested that the cDNAs isolated by the latter procedure
lacked various sequences at the 5’ ends. Subsequently, 5'-
RACE reactions and sequencing of the RACE products con-
firmed the existence of the three FIP-2 message forms. Se-
quencing data suggested that the three message forms are
likely the result of alternative splicing, and the major differ-
ences among the three forms were within the 5’ end of the
gene. The sequence of FIP-2 is shown in Fig. 2. Sequencing
analysis indicates that FIP-2 is a novel protein which has no
significant homology with any protein in the databases and
contains two leucine zipper domains. However, the presence of
both leucine zipper domains is not required for the FIP-2-E3-
14.7K interaction, because some clones isolated in the yeast
two-hybrid screening lacked one of these domains.

FIP-2 colocalizes with and causes redistribution of
E3-14.7K. In addition to protein-protein interaction detected
in the yeast two-hybrid system, FIP-2 interaction with the Ad
E3-14.7K was demonstrated by three assays, including in vivo
colocalization by immunocytochemistry. Figure 3A demon-
strates the presence of Ad E3-14.7K in all cells of a C3HA
murine cell line stably transfected with this Ad gene (16). The
cell designated in Fig. 3A and C by the single asterisk stained
only with reagents that detected Ad E3-14.7K but not with
those that recognized FIP-2 (Fig. 3B, double asterisk). The
single-asterisked cell shows the diffuse cytoplasmic pattern that
was characteristic of the Ad E3-14.7K protein. One of the cells
in Fig. 3A also contains FIP-2 as shown by staining for tran-
sient expression in the cell marked by the double asterisk (Fig.
3B). The colocalization of both Ad E3-14.7K and FIP-2 is most
strikingly shown by the bright beaded structures present
around the nuclear membrane. This colocalization of FIP-2
and Ad E3-14.7K was demonstrated better by the appearance
of the perinuclear beaded structure in yellow by confocal mi-
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10 30 50
CCTGGTCAGCGTCCCATCCCGGTCGGGAGTTCTCTCCAGGCGGCACGATGCCGAGGAAAC
AGTGACCCTGAGCGAAGCCAAGCCGGGCGGCAGGTGTGGCTTTGATAGCTGGTGGTGCCA
CTTCCTGGCCTTGGATGAGCCGTACGCCTCTGTAAACCCAACTTCCTCACCTTTGAAACA
GCTGCCTGGTTCAGCATTAATGAAGATTAGTCAGTGACAGGCCTGGTGTGCTGAGICCGC
ACATAGAAGAATCAAAAATGTCCAAAATGTAACTGGAGAGAAAGTGGGCAACTTTTGGGA
GTGACTTTTCCACAGGAACTTCTGCAATGTCCCATCAACCTCTCAGCTGCCTCACTGAAA

M S H Q P L S C L T E K

370 330 410
AGGAGGACAGCCCCAGTGAAAGCACAGGAAATGGACCCCCCCACCTGGCCCACCCAAACC
E D S P S E S T 6 N G P P HL A H P N L

430 450 470
TGGACACGTTTACCCCGGAGGAGCTGCTGCAGCAGAT GAAAGAGCTCCTGACCGAGAACC
DT FTPEE L L Q QMK EUL L TENH

490 510 530
ACCAGCTGAAAGAAGCCATGAAGCTAAATAAT CAAGCCATGAAAGGGAGATTTGAGGAGC
Q L K EA M KILNNQAMIE KGR F E E L

550 570 590
TTTCGGCCTGGACAGAGAAACAGAAGGAAGAACGCCAGTTTTTTGAGATACAGAGCAAAG
S A W T E K Q K E E R Q F F E I Q S5 K E

610 630 650
AAGCAAAAGAGCGTCTAATGGCCTTGAGTCATGAGAATGAGAAATTGAAGGAAGAGCTTG
A K E R L MA L S HENEI KL KE E L G
i
670 690 ’ 710
GAAAACTAAAAGGGAAAT CAGAAAGGTCATCTGAGGACCCCACTGATGACTCCAGGCTTC
K L K G K 8 ER S s E D P T D D S R L P

A134] 730 750 ' 770
CCAGGGCCGAAGCGGAGCAGGAAAAGGACCAGCTCAGGACCCAGGTGGTGAGGCTACAG
R AEAEQTEKDQ R T Q V V R 0 A

790 810 830
CAGAGAAGGCAGACCTGTTGGGCATCGTGT CTGAACTGCAGCTCARGCTGAACTCCAGCG
E K A D L G I V S E Q L K L N S S G

850 870 890
GCTCCTCAGAAGATTCCTTTGT TGAAATTAGGATGGCTGAAGGAGAAGCAGAAGGGTCAG
s S E D S F V EI RMAEGEAZE G 5 V

910 930 950
TAAAAGAAATCAAGCATAGTCCTGGGTCCACGAGAACAGTCTCCACTGGCACGGCATTGT
K E I K H s P G s T R TV 8 T G T A L S

970 990 1010
CTCACTATAGGAGGAGATCTGCAGATGGGGCCAAGAATTACTTCGAACATGAGGAGTTAA
H Y R R R S A D GA I KNYF EUHEEULT

1030 1050 1070
CTGTGAGCCAGCTCCTGCTGTGCCTAAGGGAAGGGAATCAGAAGGTGGAGAGACTTGAAG
vV S ¢ L L L ¢ L R E G N Q K V E R L E V

1090 1110 A26sl
TTGCACTCAAGGAGGCCAAAGAAAGAGTTTCAGATTTTGAAAAGAAAACAAGTAATCGTT
A L K E A K E RV S D F E K KT S N R 5

FIG. 2. Polypeptide and cDNA sequences of FIP-2. The cDNA sequences were derived from clones from the yeast two-hybrid screening and RACE studies.
Polypeptide sequences were deduced by using conventional genetic codons through a computerized program. Three different splicing forms are shown as follows: form
I, unspliced; form II, the italicized sequence upstream of the first methionine is spliced out; and form III, the underlined sequences are spliced out. Forms I and II
probably utilize the same start codon (bases 328 to 330), while form III utilizes the start codon at amino acid 58 (double-underlined Met at bases 499 to 501). The 5’
ends of three clones identified in the yeast two-hybrid screening are identified by arrows. The amino acids in the putative leucine zipper domains are boxed.
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1150 1170 1190
CTGAGATTGAAACCCAGACAGAGGGGAGCACAGAGAAAGAGAATGATGAAGAGAAAGGCC
E I ET Q T E G S T E K E N D E E K G P

1210 1230 1250
CGGAGACTGTTGGAAGCGAAGTGGAAGCACTGAACCT CCAGGTGACATCTCTGTTTAAGG
E T Vv 6 §$8 EV EA L NL Q VT S L F K E

1270 1290 1310
AGCTTCAAGAGGCTCATACAAAACTCAGCGAAGCTGAGCTAATGAAGAAGAGACTTCAAG
L Q EAH T KL S EA ELMI KU KIRTUL Q E

1330 1350 1370
AAAAGTGTCAGGCCCTTGAAAGGAAAAATTCTGCAATTCCATCAGAGTTGAATGAAAAGC
K ¢ g AL E R KNS ATI P S E L N E K Q

1390 1410 1430
AAGAGCTTGTTTATCCTAACAAAAAGTTAGAGCTACAAGTGGAAAGCATGCTATCAGAAA
E L VY P N K KL EL Q VE S ML S5 E I

1450 1470 1490
TCAAAATGGAACAGGCTAAAACAGAGGATGAAAAGTCCAAATTAACTGTGCTACAGATGA
K M E Q A KT EDE XK S KL TV L Q MT

1510 1530 A39Sl 1550
CACACAACAAGCTTCTTCAAGAACATAATAATGCATTGAAAACRATTGAGGAACTAACAA
H N K L L. ¢Q EH NN AULI KT I EE L T R

1570 1590 ) 1610
GAAAAGAGTCAGAAAAAGT GGACAGGGCAGT GCTGAAGGAACT GAGTGAAAAACTGGAAC
K E S E K vV D RAV L K E L S E K L E L

1630 1650 1670
TGGCAGAGAAGGCTCTGGCTTCCAAACAGCTGCAAATGGATGAAATGAAGCAAACCATTG
A E X A[LJ]A s K gL oMDPEMTZEK®OQTI([]a

1690 1710 1730
CCAAGCAGGAAGAGGACCTGGAAACCATGACCATCCTCAGGGCTCAGATGGAAGTTTACT
K ¢ EED[I]ETMTTITULRAQOQMEV Y C

1750 1770 1790
GTTCTGATTTTCATGCTGAAAGAGCAGCGAGAGAGAAAATTCATGAGGAARAGGAGCAAC
S D F HAEIRW AAIREI KTIHEEIKEQL

1810 1830 1850
TGGCATTGCAGCTGGCAGTTCTGCTGAAAGAGAATGATGCTTTCGAAGACGGAGGCAGGC
A L ¢ L AV L L K END AU FE D G G R Q

1870 1890 1910
AGTCCTTGATGGAGATGCAGAGTCGTCATGGGGCGAGAACAAGTGACTCTGACCAGCAGG
s LM EMQ S R HGART S D S D Q Q A

1930 1950 1970
CTTACCTTGTTCAAAGAGGAGCTGAGGACAGGGACTGGCGGCAACAGCGGAATATTCCGA
Y L vV Q R. G A E D R D W R Q Q R N I P I

1990 2010 2030
TTCATTCCTGCCCCAAGTGTGGAGAGGTTCTGCCTGACATAGACACGTTACAGATTCACG
H s ¢ P K ¢C G EV L P D I D TTUL Q I H V

2050 2070 2090
TGATGGATTGCATCATTTAAGTGTTGATGTATCACCTCCCCAAAACTGTTGGTAAATGTC

M D C I I *

2110 2130 2150
AGATTTTTTCCTCCCCAAAAAAAAAAAARAAAARAAARACTCGAGGGGGGGCCCGGTACC
CAAGTNGNGGNN

FIG. 2—Continued.
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FIG. 3. Intracellular colocalization of FIP-2 with Ad E3-14.7K. FIP-2 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 (16). (A) Ad E3-14.7K was visualized with a polyclonal rabbit antibody which recognized
the viral protein either alone as a cytoplasmic protein () or in cells also cotransfected with T7-FIP-2 (xx). (B) FIP-2 was visualized on identical cells with antibody
to T7 (x+*). The distribution of Ad E3-14.7K within individual cells in panel A was different in cells expressing E3-14.7K alone (*) or overexpressing FIP-2 () together
with E3-14.7K, which appeared in bead-like perinuclear structures (arrows). (C) The colocalization of FIP-2 and Ad E3-14.7K is also highlighted by the yellow color,
resulting from the convergence of the rhodamine image of panel A plus the fluorescence image of panel B. Bar, 10 pm.

croscopy (Fig. 3C), indicating the convergence of the Ad E3-
14.7K stained red by rhodamine and the FIP-2 stained green by
fluorescein. By comparing the expression patterns of E3-14.7K
in the cells producing this protein alone or coexpressing both
E3-14.7K and FIP-2 in Fig. 3A and B, it can be seen that
overexpression of FIP-2 caused redistribution of the E3-14.7K.
This suggests that FIP-2 directly interacts with E3-14.7K in
vivo.

In vitro and in vivo interaction between E3-14.7K and FIP-2.
To study direct protein-protein interaction between E3-14.7K
and FIP-2, FIP-2A134, the largest clone isolated from the yeast
two-hybrid screening, was used for both in vitro and in vivo
assays. The interaction was first shown by creating a GST-E3-
14.7K fusion protein that was bound to glutathione-conjugated
beads. The GST-E3-14.7K protein selectively bound to FIP-2,
allowing the latter to absorb to the glutathione beads, whereas
the protein derived from the GST vector alone failed to retain
FIP-2 (Fig. 4A). The in vivo interaction between E3-14.7K and
FIP-2A134 was shown by coimmunoprecipitation of the two
proteins in the lysate from transfected cells. In Fig. 4B, it can
be seen that FIP-2 can be coprecipitated by antibody against
the epitope-tagged (FLAG) E3-14.7K protein (right lane) but
not by the control anti-gp19 antibody (left lane) or the anti-
body to FLAG in the absence of cotransfection with the

A B
GST +

GST-14.7 +

anti-gp19  +
anti-FLAG +

FIG. 4. Invitro and in vivo interaction between FIP-2-and E3-14.7K. (A) The
in vitro interaction of radiolabeled FIP-2 with the Ad E3-14.7K-GST fusion
protein or with GST alone was assayed as described in Materials and Methods.
The amounts of FIP-2 absorbed and eluted from Ad E3-14.7K (GST-14.7) or
from the GST protein alone as a negative control are shown after SDS-PAGE.
(B) The in vivo interaction between E3-14.7K and FIP-2 is shown by coimmu-
noprecipitation from extracts of 293 cells transiently transfected with plasmids
expressing T7-tagged FIP-2 (A134) and FLAG-tagged E3-14.7K proteins.
Twenty hours after transfection, the cells were harvested and lysed. Cleared
lysates were subjected to immunoprecipitation with either anti-FLAG (specific
for E3-14.7K) or anti-gp19 (nonspecific) monoclonal antibody. The immunopre-
cipitates were analyzed by SDS-PAGE followed by Western blotting. FIP-2 was
detected by anti-T7 monoclonal antibody.

FLAG-E3-14.7K protein (data not shown). These in vitro and
in vivo interactions further demonstrate the specificity of E3-
14.7K binding to FIP-2 as detected in yeast.

FIP-2 reverses the protective effect of E3-14.7K on TNF
receptor-induced cytolysis, and the reversal depends on the
interaction of FIP-2 with E3-14.7K. E3-14.7K was reported to
be able to protect against TNF-a-induced cell killing (16). We
recently found that E3-14.7K can also block the cell killing
induced by overexpression of the intracellular domain of
TRS5S. The green fluorescent protein (GFP) was used as an
indicator for cells that were transiently cotransfected with
other plasmids expressing TRS5S, E3-14.7K, and FIP-2 (wild
type and deletion mutants). As demonstrated in Fig. 5B, TR55
is a potent inducer of apoptosis, as previously reported (18).
All of the cells transfected with TR55 and pGFP were green
and had become rounded. Some cells had cytoplasmic blebbing
(Fig. 5B), and others were in an advanced stage of disintegra-
tion. In contrast, the cells transfected with empty plasmid or
E3-14.7K (Fig. 5A) were flat and diffusely stained green by the
GFP, with pseudopod-like projections. Their morphology was
similar to that of the nontransfected, unstained cells in the
monolayer.

Cells transiently transfected with FIP-2 also retained their
normal appearance, as shown at lower magnification in Fig.
5C. The E3-14.7K or TRSS transfections at this magnification
are also included in Fig. 5D and E, respectively, to demon-
strate a larger microscopy field. E3-14.7K can substantially
reverse the cytolytic effect of TR55 as shown by the increased
number of normal cells (Fig. 5SF); however, FIP-2 can strongly
block the protective effect of E3-14.7K, as evidenced by the
apoptotic rounded cells after FIP-2, E3-14.7K, and TRS5S co-
transfection (Fig. 5G).

To understand whether the effect of FIP-2 on E3-14.7K
inhibition of TRSS5 killing correlates with the interaction be-
tween FIP-2 and E3-14.7K, we used a series of FIP-2 deletion
mutants to study the correlation of their interactions with E3-
14.7K and their abilities to reverse E3-14.7K’s protective effect.
As shown by the cell morphology assays (Fig. SH to K) and the
B-galactosidase activity (Fig. 6), the C terminus of FIP-2 is
required for its interaction with E3-14.7K, while most of the
N-terminal region is dispensable for the interaction. By per-
forming TRSS cytolysis experiments (Fig. SH to K) in the
presence of E3-14.7K and each of the FIP-2 deletion mutants,
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FIG. 5. FIP-2 reverses the protective effect of E3-14.7K on TNF receptor-induced cytolysis. Human embryonic kidney 293 cells in six-well plates were transfected
with the following plasmids: (A) pcDNA-FLAG-14.7; (B) pcDNA-FLAG-TRS5S5; (C) pcDNA-T7-FIP2; (D) pcDNA-FLAG-14.7; (E) pcDNA-TRS5S5; (F) pcDNA-
FLAG-14.7 plus pcDNA-TRS55; (G) pcDNA-FLAG-14.7K plus pcDNA-TR55 plus pcDNA T7 FIP-2; (H) pcDNA-FIP-2 CA346 plus pcDNA-FLAG-14.7 plus
pcDNA-TRS5S; (I) pcDNA FIP-2A134 plus pcDNA-FLAG-14.7 plus pcDNA-TRSS; (J) pcDNA FIP-2A268 plus pcDNA-FLAG-14.7 plus pcDNA-TRS55; (K) pcDNA-
FIP-2A395 plus pcDNA FLAG-14.7 plus pcDNA TRS55. All of these cells were cotransformed with a plasmid expressing the GFP gene (see Materials and Methods).
Twenty-four hours after transfection, the cells were observed with a fluorescence microscope and photographed with a fluorescein isothiocyanate filter. Panels A and
B were photographed through a 40X objective. The arrows in panel A point to transfected normal cells stained with GFP. In panel B, the arrow shows a rounded cell
with cytoplasmic blebbing, and the arrowheads show completely disintegrated cells. Both morphologies are typical for apoptosis. Panels C to K were photographed
through a 20X objective. Panels C, D, F, and H show morphologies that are normal or nearly normal. The other panels (E, G, I, J, and K) demonstrate various degrees
of apoptosis. The percentages of cells in the panels that appeared normal after each transfection were as follows: C, 97%; D, 92%; E, 6%; F, 81%; G, 4%; H, 87%;
I, 11%; J, 9%; and K, 14%.

we found that the C-terminal deletion mutant (FIP- reversed the E3-14.7K protective effect and again resulted in
2CA346), which did not interact with E3-14.7K, did not TRS55 cytolysis (Fig. 51 to K). The results clearly demon-
reverse the E3-14.7K inhibition of TR55 cytolysis (Fig. SH). strate that the FIP-2 effect on 14.7K function in the TR55
The amino-terminal mutants (FIP-2 A134, FIP-2 A268, and cytolysis assays was dependent on FIP-2-E3-14.7K interac-
FIP-2 A395), which continued to interact with E3-14.7K, tion.
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B—gal TRSS
577 Activity Cytolysis
= + +
FIP2A134 +
577
g FIP2A268 +
577
B rimA3es + +
FIP2CA346 = -

FIG. 6. FIP-2 binding to E3-14.7K correlates with FIP-2 reversal of E3-14.7K inhibition of TR55 cytolysis. Deletion mutants of FIP-2 were cloned in appropriate
vectors, and the ability of each mutant to interact with E3-14.7K in the yeast two-hybrid system (B-galactosidase [B-gal] activity) was compared with the reversal of the
E3-14.7K inhibition on TRS55 killing. +, full activity; —, no activity detected (see Materials and Methods); LZ, leucine zipper.

TNF-a treatment increases the mRNA level of FIP-2. Since
TNF-a can induce expression of a number of cellular genes
(22, 45), we studied whether it can alter the expression level of
FIP-2. When measured by RPA analysis, TNF-a could in-
crease the mRNA level of FIP-2 in a time-dependent manner
in two human cell lines, 293 (human embryonic kidney cells)
and MCF-7 (human adenocarcinoma cells) (Fig. 7). In addi-
tion, the presence of an unexpected second protected band
suggested that there was another spliced mRNA form which
was not identified in the previous 5'-RACE analysis.

DISCUSSION

By using the yeast two-hybrid system, we have identified a
cellular protein, FIP-2, which interacts with the Ad anti-TNF-«
protein E3-14.7K. Several lines of in vitro and in vivo evidence
demonstrate that the E3-14.7K-FIP-2 interaction detected in
yeast is specific and biologically relevant. First, strong interac-
tion in the yeast two-hybrid system was indicated by the isola-
tion of 21 independent clones of FIP-2 of various lengths
during the screening. All the clones that specifically interact
with E3-14.7K do not bind to the heterologous baits tested.
Second, the interaction can be demonstrated by both the in
vitro GST protein binding assay and in vivo coimmunoprecipi-

293 MCF-7
HrPostTNF 0 4 16 0 4 16
-
T IT B

I.. 2 2 B P —creoH

FIG. 7. Induction of FIP-2 expression by TNF-a. Human embryonic kidney
293 cells and adenocarcinoma MCF-7 cells were treated with TNF-« as indicated
in Materials and Methods. The purified total RNAs were used in RPAs with
FIP-2 as a probe. The upper band was expected from sequence data, but the
lower band probably represents an alternative splicing form of FIP-2. Human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal
control.

tation. Furthermore, FIP-2 not only colocalizes with E3-14.7K
intracellularly but, most significantly, causes the redistribution
of E3-14.7K to a perinuclear position within the cells.

Further functional studies suggest that FIP-2 is a component
of the TNF-a signaling pathway. The expression of FIP-2 pro-
tein can block the protective effect of E3-14.7K on TRS5 kill-
ing, and the inhibition is dependent on the interaction between
FIP-2 and 14.7K. In addition, the expression of FIP-2 can be
induced by TNF-« in a time-dependent manner. These data
suggest that FIP-2 plays a role in TNF-a signaling. However,
the yeast two-hybrid data, showing that FIP-2 did not interact
with either E1B-19K or Bcl-2, indicate that Ad E1B-19K and
E3-14.7K target different cellular proteins to block TNF-a
cytolysis.

FIP-2 appears to be a novel protein with no significant ho-
mology with any known sequence in the databases. The se-
quence analysis did not yield any recognizable functional mo-
tifs except for two leucine zipper domains. The presence of the
leucine zipper domains is interesting, since this motif is often
found in transcriptional regulatory proteins (20, 21, 29). Sim-
ilar domains are found in other recently identified TR55-in-
teracting proteins, such as the zinc fingers in several of the
TRAF family members (6, 26, 28). It is possible that these
proteins may have functions similar to those of STAT or NF-
kB, which can be activated by incoming signals and migrate
into the nucleus to regulate the expression of certain genes
(30). Although the exact functions of these two leucine zipper
domains are unknown, it is clear that both were not required
for the interaction between FIP2 and E3-14.7K. For example,
the shortest clone of FIP-2 isolated from the two-hybrid
screening lacked one of two leucine zipper domains. Deletion
analysis indicates that the FIP-2 domain important for its in-
teraction with E3-14.7K is located in the C-terminal 172 resi-
dues, but further deletions will be required to determine if the
C-terminal leucine zipper is required for this protein-protein
interaction.

We have not been able to show that overexpression of FIP-2
alone (in the absence of E3-14.7K and exogenous TR55) can
activate the cell death signaling pathway as was shown for
other known cell death proteins, such as RIP, TRADD,
MORT/FADD, or MACH/FLICE. However, it is possible that
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normally in the absence of the Ad E3-14.7K, FIP-2 can utilize
some inducible cellular cofactors to activate the cell death
pathway. These may function either with TR55 or with RIP as
a target, for we have also shown that RIP can substitute for
TRS5S in all of the cell-killing experiments shown in Fig. 5 (data
not shown). RIP has a critical role at the junction of two
pathways that can lead either to apoptosis or to the activation
of NF-kB, which inhibits apoptosis (17, 24, 40). Ad E3-14.7K
appears to be able to shift the equilibrium towards inhibition of
apoptosis induced either by TR55 or by RIP. In contrast, FIP-2
can shift the equilibrium toward the induction of apoptosis,
although this has been shown only in the presence of Ad
E3-14.7K.

We have been unable to show that either FIP-2 or Ad E3-
14.7K can bind directly to TR55 or to RIP when assayed in the
yeast two-hybrid system or by protein-protein interaction in the
coimmunoprecipitation assay (data not shown). However, we
have isolated another novel E3-14.7K-interacting protein,
FIP-3, which does bind to RIP and has homology with FIP-2
(unpublished data). Thus, there is a potential for complex
formation that could bind Ad E3-14.7K to RIP through the
mediation of FIP-3. Determination of whether FIP-2 could
also be accommodated in this complex must await the defini-
tion of the binding domains for each set of proteins and at-
tempts to assemble these complexes after transient transfec-
tion.
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