main of IgB is sufficient to trigger two an-
tigen-independent responses by a tyrosine-
mediated mechanism establishes a direct
link between my., IgB, and tyrosine kinases
in developing B cells.
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FAP-1: A Protein Tyrosine Phosphatase
That Associates with Fas

Takaaki Sato, Shinji Irie, Shinichi Kitada, John C. Reed*

Fas is a cell surface receptor that controls a poorly understood signal transduction
pathway that leads to cell death by means of apoptosis. A protein tyrosine phosphatase,
FAP-1, capable of interacting with the cytosolic domain of Fas, was identified. The
carboxyl terminal 15 amino acids of Fas are necessary and sufficient for interaction with
FAP-1. FAP-1 expression is highest in tissues and cell lines that are relatively resistant to
Fas-mediated cytotoxicity. Gene transfer-mediated elevations in FAP-1 partially abol-
ished Fas-induced apoptosis in a T cell line. These findings are consistent with an
inhibitory effect of FAP-1 on Fas signal transduction.

Fas (also known as APO-1 and CD95) is a
cell surface receptor that is expressed on a
variety of normal and neoplastic cells. It
shares significant amino acid sequence ho-
mology with several members of the tumor
necrosis factor receptor (TNFR) family, in-
cluding p55-TNFR, CD40, and the p75-
nerve growth factor receptor (NGFR),
which have been shown to act as either
inhibitors or inducers of cell death (1). The
ligand for Fas is expressed predominantly on
cytolytic T cells (2), suggesting that Fas
plays a role in the effector branch of cellular
immune responses. Mutations in the genes
encoding Fas or its ligand have been asso-
ciated with lymphoproliferative and auto-
immune disorders in mice (3). Furthermore,
alterations in Fas production have been as-
sociated with autoimmune disease in hu-
mans and susceptibility to induction of ap-
optosis of T cells in human immunodefi-
ciency virus—infected persons (4).
Monoclonal antibodies specific against
Fas induce apoptosis in many types of cells
(5). However, in some cases antibodies to
Fas stimulate cell proliferation (6, 7), sug-
gesting that the intracellular signal trans-
duction pathways used by this receptor are
subject to regulation. The cytosolic domain
of Fas contains no similarity to known ki-
nases or other enzymes that might transduce
signals into cells. Deletion mapping analysis
has identified a domain that is required for
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induction of apoptosis, which is called the
“death domain.” This domain shares homol-
ogy with sequences located in the cytosolic
domains of p55-TNFR1, CD40, and p75-
NGFR (8). For some cells, apoptosis in-
duced by antibodies to Fas is dependent on
protein synthesis inhibitors such as cyclo-
heximide (8). This implies either the exis-
tence of a labile protein that suppresses Fas-
generated signals leading to cell death or the
induction of proteins that inhibit the ability
of Fas to trigger apoptosis. A negative regu-
latory domain has been mapped to the
COQH-terminal 15 amino acids of Fas that
is not homologous to other TNFR-like pro-
teins; deletion of this domain can abrogate
the dependence on protein synthesis inhib-
itors for apoptosis induced by antibody to
Fas (8).

To identify complementary DNAs
(cDNAs) encoding proteins that can po-
tentially modulate the activity of Fas, we
used a yeast two-hybrid system for cDNA
library screening. We used the cytosolic
domain of human Fas fused to a LexA DNA
binding domain (9, 10) and random
cDNAs fused in frame with a VP16 trans-
activation domain. Using a His synthetase
gene (HIS3) under the control of LexA
operators as a reporter, we identified 395
His* colonies from an initial screen of 3 X
108 transformants. Of these, 84 were also
positive when a lacZ gene (B-galactosidase)
under the control of a LexA operator was
used as an alternative reporter. Mating tests
were then performed (11); only 2 of the 84
candidate clones (numbers 31 and 43) re-
acted with the cytosolic domain of Fas (Ta-
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ble 1). These mouse cDNAs represented
overlapping independent clones with insert
sizes of 381 base pairs (bp) (clone 31) and
351 bp (clone 43); these clones share
>95% homology with a human cDNA se-
quence encoding a protein tyrosine phos-
phatase (PTP) termed PTP-BAS (12).
PTP-BAS was originally cloned from hu-
man basophils by a reverse transcriptase—
polymerase chain reaction (RT-PCR) meth-
od that used degenerate primers targeted

against conserved sequences found in PTPs.
Three isoforms arising from alternative
splicing have been identified by cDNA
cloning, the longest of which is predicted to
encode a 2485-amino acid ‘protein (12).
PTP-BAS lacks a transmembrane domain
but contains a membrane-binding domain
similar to that found in the cytoskeleton-
associated proteins ezrin, radixin, moesin,
and protein 4.1, as well as in the PTPs
PTPHI1, PTP-MEG, and PTPD1 (12, 13).

In addition to a catalytic domain located
near its COOH-terminus, PTP-BAS con-
tains six repeats (Gly-Leu-Gly-Phe; GLGF)
(Fig. 1). These structures are thought to
mediate intra- and intermolecular interac-
tions among protein domains and may play a
role in targeting proteins to the submembra-
nous cytoskeleton or in regulating enzyme
activity (12). Both Fas-interacting clones 31
and 43 correspond to the third GLGF repeat
in PTP-BAS (Fig. 1), suggesting that this
domain mediates specific interactions with
the cytosolic domain of Fas and implying

& s & £ & \/c;(b & o that PTP-BAS is a Fas-associated phos
o binding site & e o o o domain
N ED__—- 7 Table 1. Specific interaction of FAP-1 with the Fas
B P @ ,[ ! ,- ,I > a2 ) cytosolic domain. L40 strain cells with pVP16-31
® < b % R BN BB D % or pVP16-43 were cured of plasmid pBTM116-
Fas and then mated with NA87-11A cells trans-
formed with various pBTM116 plasmids as de-
pVP16-31 1340 wmmmm 1466 scribed (24). Growth was measured on His-de-
ficient media, and color was measured by a
PVRIGA3 1350 w1405 B-galactosidase colorimetric filter assay (22).
HFAP10 1279 1883
1383 /'FE 1384 Proteins pVP16 Growth  Color
VLI
Fig. 1. Diagram of FAP-1 protein and cDNA clones. (Top) The structure of the 2485-amino acid ~ Fas(191-335) 31.and 43 + Blue
human FAP-1 protein (also known as PTP-BAS type-1) (72), showing the locations of the catalytic, 285(5352%37 g} ang g : mge
membrane-binding, and GLGF repeat domains (72, 13). (Bottom) The cDNAs identified by two-hybrid caosio(m 6_2277) S T e
screening of a mouse embryo cDNA library: pVP16-31 and pVP16-43 with encoded amino acids CD40(225-269) 31 and 43 _ White
relative to the human FAP-1 protein. A human FAP-1 partial cDNA (encoding amino acids 1279 Bcl-2(83-218) 31 and 43 _ White
through 1883 of PTP-BAS type-1) from brain was cloned and found to contain a five-amino acid insert Lamin 31 and 43 _ White
in the GLGF3 domain, as compared with the published sequence (72). V, Val; L, Leu; F, Phe; D, Asp;  Rag(v12) c-Raf + Blue
and K, Lys. GenBank accession numbers of pVP16-31, pVP16-43, and HFAP10 are L34581, L34582, | gmin c-Raf - White
and L345883, respectively. C, COOH-terminal; N, NH,-terminal.
Fig. 2. Mapping of the site on Fas involved in binding to the A Fas
GLGF3 domain of FAP-1. (A) The structure of the Fas L ™ CR AR
protein is depicted with the relative locations of its leader Amino acid - g "
seguence (L), transmembrane domain (TM), conserved cy- sequence B - AN\ He p-Gal in vitro
tosolic regions (CR), and unique regulatory region (RR) (a) 17173 == =
indicated. A series of Fas deletion mutants were generated (b) 191-335 + +
(74) that contained (a) the extracellular domain of Fas minus (c) 191-335 (Asn?54) ——— + +
its leader sequence (amino acids 17 through 173); (b) the
complete cytosolic domain of Fas (191 through 335); c)a (@) 246-335 — + +
cytosolic domain mutant containing a Val—Asn254 muta- (e) 191-290 — - -
tion (indicated by an asterisk), analogous to an identified () 246-290 —— = =
mutant allele of Fas in the cg-strain of jor autoimmune mice,
which has been shown to be deficient in Fas-mediated (g) 191-320 - -
induction of apoptosis (8); (d) a deletion mutant (246 (h) 321-335 - + +-

through 335) lacking the sequences between the TM of Fas

and the CR that are required for the induction of apoptosis B

(8); (e) a COOH-terminal deletion mutant (191 through 290)

that contains sequences from the TM to the end of the CR; ”
() a mutant containing only the CR of Fas (246 through &
290); (g) a truncation mutant lacking the COOH-terminal 15 5
amino acids (191 through 320) that have been shown to
constitute a negative RR in Fas (8); and (h) a mutant con-
taining only the COOH-terminal 15 amino acids of Fas (321
through 335). They were expressed in L40 strain yeast cells
as LexA DNA binding domain fusion proteins with VP16-
FAP-1 (clone 31). Protein-protein interactions were detect-
ed through the use of a lacZ reporter gene under the con-
trol of LexA operators with B-galactosidase plate and filtter
assays (22) and scored as positive (blue, +) or negative (white, -). Essen-
tially identical results were obtained in EGY48 strain yeast (25). (B) These
same Fas cDNAs were also subcloned in frame into either pGEX-4T-1 or
pGEX-2T-1 and expressed as GST fusion proteins in E. coli (15). The
indicated affinity-purified GST-Fas fusion proteins immobilized on glutathi-
one-Sepharose were incubated with 35S-labeled human FAP-1 protein

¥

fragment (1323 through 1883), and specifically bound proteins were de-
tected by SDS-PAGE analysis (76) and scored as either positive for binding
(+) or negative (—) in (A). Examples of autoradiography results from an
SDS-PAGE of samples from the in vitro binding assays are shown. GST
nonfusion protein was used as a control. Molecular size markers are shown
at right in kilodaltons.
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phatase. We therefore called it FAP-1.

To determine the region in the cytosolic
domain of Fas that is required for binding to
the GLGF3 domain of FAP-1, we prepared a
series of Fas deletion mutants that were ex-
pressed in yeast as fusion proteins with the
LexA DNA binding domain (Fig. 2A) (14).
When tested in the two-hybrid system, the
polypeptide encoded by the longer of the
FAP-1 cDNAs (pVP16-31) mediated inter-
actions with LexA fusion proteins contain-
ing only the last 15 amino acids of Fas
(amino acids 321 through 335) but not with
Fas mutants lacking the COOH-terminal 15
amino acids. Thus, the 15-amino acid

represents a negative regulatory domain ap-
pears to be both necessary and sufficient for
interactions with the GLGF3 domain of Fas.

To confirm these two-hybrid results, we
performed in vitro binding assays. The Fas
deletion mutants were expressed in Esche-
richia coli as glutathione-S-transferase
(GST) fusion proteins, affinity-purified on
glutathione-Sepharose (15), and tested for
binding to a 3*S-L-Met-labeled fragment of
the human FAP-1 protein (amino acids
1323 through 1883) prepared by translation
in vitro (16). The human FAP-1 partial
cDNA used for preparation of in vitro-
translated protein was obtained by hybrid-
ization screening of a human fetal brain

c¢DNA library (17). It contained a five—
amino acid insert in the GLGF3 domain,
relative to the published PTP-BAS se-
quence, and presumably therefore repre-
sents a different isoform of this PTP that is
expressed in brain (Fig. 1). Using this in
vitro binding assay approach, we obtained
results identical to those with the two-hy-
brid system: The last 15 amino acids of Fas
were found to be both necessary and suffi-
cient for binding to the FAP-1 fragment
(Fig. 2B). Moreover, no interaction was
detected with GST fusion proteins contain-
ing the cytosolic domains of p55-TNFRI,
p75-TNEFRI], or CD40 (18).

The finding that FAP-1 interacts with

COOH-terminus of Fas that functionally

A B , FAP- FAP-1 FAP-1 . FAP-1 NEO
1004— (C9) (C14) (c10) | (cs) (C19)
s 4% 2% 7% J 13% 6%  -Ab
75 E
_— =
£ .
Q
Z :
§ % 24% 27% 36% 83% 8% . ap
25 =
01234 01234 0123401234 01234
0 Iog(FL)
SNG-M Jurkat HepG2 Raji RS11846 380 COS7 COS7/FAS
—_— _d | - —_ [ I— — | — | I—
FasAb - + -+ -+ -+ -+ -+ + -+
FasAg ++ + + ++ + +++ - ++
FAP-1 - £ - = + + + + FAP-1 > D D ==
D Time course ° c
9 C14 C10 c8 C19
—— 09 [Fas (1 ng/mi)]
—o— Cl14 1004 E . FAP4 FAP-1 NEO
| (ACD)
— -=0-== C15 80 k {
a2 - = | -Ab
= ----w--- C16 F 2
£ z ] E |
=] = E 1
3 o 404 ez
> ) 3 ®
> ~ o
204 2
0 g jl ' Ab
T 1 T T T 1 o 1
0 1 10 100 00 05 10 15 20 o *
log[Fas (ng/ml)] Time (days)

Fig. 3. Correlation of FAP-1 expression with resistance to cell death induced
by antibody to Fas. (A) Cells at 2 x 10° per milliliter were cultured for 24 hours
with (+) or without (—) antibody to Fas (CH11; 1 wg/ml; Medical and Biolog-
ical Laboratories), and cell viability was assessed by trypan blue dye exclu-
sion. Data are expressed as a percentage relative to untreated cells
(mean = SD; n = 3). Relative FAP-1 and Fas mRNA levels were assessed by
Northern (RNA) blotting (26). FasAg indicates mRNA levels assigned relative
approximate values. (B) Jurkat cells were stably transfected with a FAP-1
expression plasmid or the parental plasmid lacking FAP-1 as a control (27).
The relative levels of FAP-1 expression in G418-resistant subclones were
then determined by a RT-PCR assay (bottom) (28). Data shown are derived
from a single exposure of the same blot (lanes reordered for clarity of presen-
tation). Transfected clones were incubated with or without (Ab) CH11 (50
ng/ml), and the TUNEL assay was performed 4 hours later (79). Representa-
tive histograms are shown (top). Clones C8, C9, C10, and C14 received the
FAP-1 plasmid pRc/CMV-FAP-1, whereas clone C19 was transfected with
the parental pRc/CMV plasmid (NEO). Data are representative of multiple
clones. A control immunoglobin M (IgM) antibody (MOPC-104E; Cappel) did
not induce DNA fragmentation and apoptosis in Jurkat cells (23). FL, fluores-
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cence. (C) FAP-1 transfectant clones C9 and C14 were compared with Neo-
transfected control clones C15 and C16 with regards to survival [determined
by trypan blue dye exclusion (mean + SD; n = 3)] when cultured for ~1 day
with various concentrations of CH11 antibody (zero equals no antibody) (C) or
for various times with CH11 antibody (1 ng/ml) (D). Cell viability was >95% for
cells treated with an IgM control antibody (23). (E) TUNEL assays and RT-PCR
analyses were performed as described in (B) with untransfected Jurkat cells
and bulk transfectants that expressed either full-length FAP-1 or a truncated
FAP lacking the catalytic domain (ACD) (27).
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the COOH-terminal negative regulatory do-
main of Fas suggests that this PTP may
somehow inhibit Fas-generated signals that
lead to apoptosis. To explore this possibility,
we correlated the presence or absence of
FAP-1 expression with relative sensitivity to
apoptosis induced by antibody to Fas in a
variety of cell lines that express Fas. Four of
four tumor cell lines (SNG-M, Jurkat,
HepG2, and Raji) that lacked FAP-1
mRNA, as determined by Northern (RNA)
blotting, were sensitive to variable extents
to induced cell death caused by antibody to
Fas (Fig. 3A). In contrast, all three tumor
lines tested which expressed FAP-1
(RS11846, 380, and COS-Fas) were com-
pletely resistant to antibody to Fas. This
resistance could not be explained by differ-
ences in the relative levels of Fas antigen
expressed on the surface of the cells, as
determined by immunofluorescence flow cy-
tometric analysis.

Next, a cDNA encoding the full-length
FAP-1 protein was expressed in a Fas-sen-
sitive clone from the T cell leukemia line
Jurkat. Analysis of several independent
transfected clones revealed a correlation be-
tween the levels of FAP-1 expression and
relative resistance to Fas-mediated cytotox-
icity. Some representative clones were
treated with antibody to Fas for 4 hours and
DNA fragmentation indicative of apoptosis
was detected by TUNEL assay (19); resis-
tance to Fas-mediated apoptosis was dem-
onstrated in clones with higher levels of
FAP-1 expression (Fig. 3B). Transfected
Jurkat clones with high levels of FAP-1
expression withstood higher concentrations
of antibody than control cells did (Fig. 3C)
and remained viable for longer periods of
time when cultured with antibody to Fas
(Fig. 3D). In contrast to Jurkat cells which
expressed full-length FAP-1, transfectants
expressing a truncated version of FAP-1
lacking the catalytic domain were not pro-
tected from Fas-induced DNA degradation
(Fig. 3E). Relative levels of Fas expression
were equivalent for all subclones shown, on
the basis of immunofluorescence flow cyto-
metric assays.

-Although other factors besides FAP-1
may contribute to the inhibition of Fas
signal transduction events involved in the
induction of apoptosis (7, 20), the data
presented here support the idea that FAP-1
is a negative regulator of Fas-induced path-
ways that lead to cell death. This finding
therefore implies the involvement of a pro-
tein tyrosine kinase (PTK) in some aspect
of Fas-mediated cytotoxicity. It has been
reported that Fas-induced apoptosis is ac-
companied by rapid tyrosine phosphoryl-
ation of proteins in T cells and can be
blocked by pharmacological inhibitors of
PTKs (21). Presumably, therefore, an antag-
onistic relation between this unknown PTK
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and FAP-1 influences the relative sensitiv-
ity of cells to apoptosis induced by antibody
to Fas.

REFERENCES AND NOTES

1. C. A. Smith, T. Farrah, R. G. Goodwin, Cell 76, 959
(1994).

2. T. Suda, T. Takahashi, P. Golstein, S. Nagata, ibid.
75, 1169 (1993).

. R. Watanabe-Fukunaga, C. |. Brannan, N. G. Cope-
land, N. A. Jenkins, S. Nagata, Nature 356, 314
(1992); T. Takahashi et al., Cell 76, 969 (1994); D. H.
Lynch et al., Immunity 1, 131 (1994).

. J. Cheng et al., Science 263, 1759 (1994).

. S.Yonehara, A. Ishii, M. Yonehara, J. Exp. Med. 169,
1747 (1989); B. C. Trauth et al., Science 245, 301
(1989); N. Itoh et al., Cell 66, 233 (1991).

. M. R. Alderson et al., J. Exp. Med. 178, 2231 (1993).

. M.Y.Maparaetal., Eur. J. Immunol. 23, 702 (1993);
L. B. Owen-Schaub, R. Radinsky, E. Kruzel, K. Ber-
ry, S. Yonehara, Cancer Res. 54, 1580 (1994).

. N. ltoh and S. Nagata, J. Biol. Chem. 268, 10932
(1993).

. A. B. Vojtek, S. M. Hollenberg, J. A. Cooper, Cell 74,
205 (1993).

10. Two-hybrid screens were performed essentially as
described (9) in L40 strain cells [MATa, trp1, leu2,
his3, ade2, LYS2:(lexAop)*-HIS3, URA3::(lexAop)s-
lacZ] with plasmid pBTM116 containing a human Fas
cDNA *(@@amino acids 191 through 335) subcloned in
frame with the LexA open reading frame (ORF) and a
mouse embryo cDNA library cloned into pVP16.
Clones that formed on His-deficient media (His*)
were transferred to plates containing X-gal (40 pg/ml),
resulting in 84 clones that produced a blue reaction
product (B-Gal*) in plate and filter assays (22).

11. We cured the 84 His*, B-Gal* clones of the LexA-
Fas plasmid by growing cells in Trp-containing me-

~N o a s w

© @

dium and then mating them against a panel of a type

yeast, strain NA87-11A (MATa, leu2, his3, trp1,
pho3, phob) containing plasmid pBTM116 that pro-
duced LexA DNA binding domain fusion protein con-
taining Fas (amino acids 191 through 335), portions
of the CD40 cytosolic domain, Bcl-2 protein, lamin,
and mutant Ha-Ras proteins (22). Mated cells were
selected for growth in medium that lacked Trp
(pBTM116 plasmid) and Leu (pVP16 plasmid) and
tested for the ability to trans-activate a lacZ reporter
gene by a B-Gal colorimetric filtter assay (22).

12. K. Maekawa, N. Imagawa, M. Nagamatsu, S.
Harada, FEBS Lett. 337, 200 (1994); N. P. H. Moller,
et al., Proc. Natl. Acad. Sci. U.S.A. 91, 7477 (1994).

13. The original description of PTP-BAS (72) indicated
only three GLGF repeat domains, but our analysis
with the DNA Strider program (version 1.2) (CEA,
France) suggests the presence of six GLGF repeat
domains in this PTP.

14. The cDNA sequences encoding various fragments of
human Fas were generated by PCR with the follow-
ing forward (F) and reverse (R) primers containing
Eco RI (underlined) and Bcl 1 (jtalic) sites (bold indi-
cates the stop codon, TCA); F1, 5'-GGAATTCAG-
ATTATCGTCCAAAAGTG-3'; F2, 5'-GGAATTCAA-
GAGAAAGGAAGTACA-3'; F3, 5-GGAATTCAAA-
GGCTTTGTTCGAAAG-3'; R1, 5'-GTGATCAGT TA-
GATCTGGATCCTTC-3'; R2, 5'-GTGATCACGCT-
TCTTTCTTTCCATG-3"; R3, 5'-GTGATCACTAG-
ACCAAGCTTTGGAT-3'; HFAS-lpr (Asn254, 5'-
TTCGAAAGAATGGTAACAATGAAGCCAAA-3';
HFAS-15F, 5'-AATTCGACTCAGAAAAT TCAAACT-
TCAGAAATGAAATCCAAAGCT TGGTCTAG-3; and
HFAS-15R, 5-TCGACTAGACCAAGCTTTGGATT-
TCATTTCTGAAGT TTGAATTTTCTGAGTCG-3'.
We used the following combinations of primers to
produce the indicated human Fas cDNA fragments:
(a) F1 and R1, amino acids 17 through 173; (b) F2 and
R3, 191 through 335; (c) F2 and R3 and Fas-jor
(Asn54); (d) F3 and R3, 246 through 335; (e) F2 and
R2, 191 through 290; (f) F3 and R2, 246 through 290;
(9) Fas/APO-1 (191 through 320), which was gener-
ated by restriction endonuclease digestion with Spe |,
followed by treatment with T4 DNA polymerase to
generate a stop codon; and (h) Fas-15F and Fas-15R,
321 through 335. These Fas deletion mutant cDNAs
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15.

16.

18.

19.

20.

21.

22,

23.

24,

25.

were subcloned into the Eco Rl and Bam Hl sites of
PEG202 [A. S. Zervous, J. Gyuris, R. Brent, Cell 72,
223 (1993)] in frame with the LexA ORF, the results
were confirmed by DNA sequencing, and then the
cDNAs were excised with Eco Rl and Sal | and sub-
cloned into pBTM116 in frame with LexA.

The Fas cDNAs described in (74) were subcloned
into the Eco Rl and Xho | sites of either pGEX-2T-1 or
PGEX-4T-1 in frame with the ORF of GST and ex-
pressed in DH5aF" or HB101 cells (BRL/Gibco) by
induction with 1 mM isopropyl-B-D-thiogalactopyr-
anoside (IPTG) for 8 to 16 hours at 30°C. GST fusion
proteins were purified from bacterial lysates with glu-
tathione~Sepharose” 4B (Pharmacia, Piscataway,
NJ).

The HFAP10 cDNA was subcloned into the Eco RV
site of Bluescript pSK-Il and in vitro translated from
an internal Meth (amino acid 1323) in the presence of
[35S]-L-Meth with a coupled transcription-translation
system (TNT lysate, Promega) and T7 RNA poly-
merase, resulting in the production of a human FAP-
1/B-Gal fusion protein that was incubated with GST-
Fas fusion proteins immobilized on glutathione-
Sepharose in 50 mM tris (pH 8.0), 150 mM NaCl, 5
mM dithiothreitol (DT T), 2 mM EDTA, 0.1% NP-40, 1
mM phenylmethylsufonyl fluoride, and leupeptin (1
wg/ml) for 16 hours at 4°C. The beads were then
vigorously washed five times in the same solution,
pelleted by centrifugation, and boiled in Laemmili
sample buffer before analysis by SDS—polyacrylam-
ide gel electrophoresis (PAGE) and fluorography.

. A human fetal brain cDNA library in Agt11 was

screened with the 32P-labeled insert from pVP16-31
used as a hybridization probe, resulting in four inde-
pendent human Fas partial cDNA clones; HFAP10 is
the longest.

The cDNA sequences encoding the human CD40
were generated by PCR with the following F and R
primers containing Eco RI (underlined) and Bl | (tal-
ic) sites (bold indicates the stop codon, TCA): CD40
{amino acids 216 through 277), 5'-GGAAT-
TCAAAAAGGTGGCCAAG-3’ (F2) and 5'-TGAT-
CATCACTGTCTCTCCTGCAC-3' (R2); CD40 (225
through 269), 5'-GGAATTCAAGGCCCCCCAC-
CCCAAG-3' (F1) and 5'-TGATCAACTCTCTTTGC-
CATCCTC-3’ (R1). The PCR products were digest-
ed with Eco Rl and Bcl |, then directly cloned into the
Eco Rl and Bam Hl site of pBTM116. The Eco Rl and
Sal | fragments from pBTM116-CD40 were also sub-
cloned into the Eco Rl and Sal | sites of pGEX4T-1
(Pharmacia) for the expression of GST-CD40 pro-
teins.
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L40 strain cells containing pVP16-31 or pyP16-43
were cured of plasmid pBTM116-Fas (amino acids
191 through 335) by growth on Trp and then mated
with NA87-11A cells transformed with various
pBTM116 plasmids producing LexA DNA binding
domain fusion proteins containing portions of the
Fas, CD40, Bcl-2, lamin, or mutant Ras proteins as
indicated (77). Interactions of LexA and VP16 fu-
sion proteins were detected by growth on His-
deficient media and by a B-galactosidase colori-
metric filter assay (22) based on the ability to trans-
activate HIS3 and /acZ reporter genes containing
LexA operators. L40 cells producing a VP16-Raf
fusion protein served as a positive control when
mated with NA87-11A cells containing pBTM116-
Ras(V12) (9).

The Fas cDNAs described in (74) in pEG202 was
cotransformed with pVP16-31 into EGY48 cells
(MATa trp1 ura3 his3 LEU2::plexAop6-LEU2)
containing pSH18-34 (Gal1 promoter-lacZ with
eight LexA operators), and B-galactosidase activity


file:///gt11

was assessed by colorimetric plate and filter as-
says (22).

26. Total RNA (20 p.g) isolated from various cell lines was
subjected to Northem blot assay with 32P-labeled
HFAP10 probe, and the results were scored as de-
tectable or undetectable. All cell lines expressed Fas
antigen as determined by both flow cytometric im-
munofluorescence assay with antibody to Fas DX2
(23) and by Northern blotting with a 32P-labeled Fas
cDNA probe.

27. A cDNA encoding the full-length FAP-1 protein was
constructed with a series of four overlapping PCR
reactions and DNA derived from a Agt11 fetal brain
cDNA library. The 5’- and 3'-flanking primers con-
tained Not | sites that were used for subcloning
downstream of the cytomegalovirus (CMV) pro-
moter in pRc/CMV, an expression plasmid that

contains a G418 resistance gene (Invitrogen). Jur-
kat cells were electroporated with 25 pg of pRc/
CMV or pRc/CMV-FAP-1, and stable transfectants
were obtained by selection in G418 (0.8 mg/mi).
Independent clones were obtained by limiting dilu-
tion. In addition, a cDNA encoding a COOH-termi-
nal-truncated FAP-1 protein was created by intro-
duction of a stop codon after position 2225. The
cDNAs encoding the full-length and truncated
FAP-1 proteins were subcloned into pREP-9 (In-
vitrogen) and expressed in Jurkat cells.

28. Total RNA was isolated from individual transfectant
clones and 3 pg was reverse transcribed with a
FAP-1-specific primer (5'-AGGTCTGCAGAGAAG-
CAAGAATAC-3'). PCR amplification was then per-
formed for 25 cycles with the same R and a F primer
(5'-GAATACGAGTGTCAGACATGG-3'). The resutt-

Initiation of Protein Synthesis by the Eukaryotic
Translational Apparatus on Circular RNAs

Chang-you Chen and Peter Sarnow*

The ribosome scanning model predicts that eukaryotic ribosomal 40S subunits enter all
messenger RNAs at their 5’ ends. Here, itis reported that eukaryotic ribosomes can initiate
translation on circular RNAs, but only if the RNAs contain intemnal ribosome entry site
elements. Long-repeating polypeptide chains were synthesized from RNA circles with
continuous open reading frames. These results indicate that ribosomes can translate such
RNA circles for multiple consecutive rounds and that the free 5’ end of a messenger RNA
is not necessarily the entry point for 40S subunits.

Fifeen years ago, it was reported that cir-
cular RNAs could bind to prokaryotic but
not to eukaryotic ribosomes (I, 2). This
finding provided the basis for work on the
mechanism of translational initiation on
eukaryotic mRNAs and suggested that eu-
karyotic mRNAs are functionally monocis-
tronic and that ribosomes enter these
mRNAs by threading onto their free 5’
ends, like beads on a string (1, 3). However,
this model has been challenged with the
recent discovery that internal ribosome en-
try site (IRES) elements, present in the
sequences of certain viral and cellular
mRNAs, can mediate initiation of transla-
tion without prior scanning from the 5’ end
of the IRES-containing mRNA by 408 sub-
units (4). Thus, 40S subunits enter IRES-
containing mRNAs either by direct binding
to the IRES element or by binding at the 5’
end of the mRNA and subsequent transfer
to the IRES.

To test whether eukaryotic 40S subunits
enter template mRNAs exclusively at free
5’ ends, we examined the ability of circular
RNA substrates, with or without an IRES
element, to direct the synthesis of defined
protein products. Circular RNAs were pro-
duced by a modified method (5, 6) (Fig.
1A). Putative RNA circles that migrated
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more slowly than their linear forms were
isolated and characterized. The results from
one such assay, a dephosphorylation test,
are shown (Fig. 1B) (7). Linear 5’-radiola-
beled RNA could be dephosphorylated after
incubation with calf intestine phosphatase
(CIP) (Fig. 1B). In contrast, ligation of
linear 5'-radiolabeled RNA resulted in a
more slowly migrating RNA species that
was resistant to phosphatase treatment (Fig.
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ing PCR products (607 bp) were subjected to aga-
rose gel electrophoresis and analyzed by Southem
(DNA) blotting with a 32P-end-labeled intemal FAP-1
oligonucleotide probe (5'-CTAACTCCAT TGACAG-
CTAGGA-3').
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1B); this finding indicates that the low-
mobility RNA species represents circular
RNA. The linear species formed by degra-
dation of the purified circular RNAs were
also resistant to phosphatase treatment, in-
dicating that degradation had occurred at
random sites in the circle. Comparison of
RNA fragments obtained after ribonuclease
digestion of radiolabeled linear and low-
mobility RNA species provided further ev-
idence that the low-mobility RNA repre-
sents RNA circles (8).

To test whether RNA circles could di-
rect the synthesis of a defined protein, we
analyzed the translation products synthe-
sized after incubation of linear and circular
RNAs in a rabbit reticulocyte lysate (9).
The predicted sizes of protein products
made by linear and circular RNAs contain-
ing the IRES element of encephalomyocar-
ditis virus (EMCV) are shown in Fig. 2A.
Translation of linear IRES-containing
RNA produced a 20-kD product. However,
after circularization, the same RNA direct-
ed the synthesis of the predicted 23-kD
product (Fig. 2B). The IRES-containing

Fig. 1. In vitro production of circular RNAs. (A)
Schematic outline of the synthesis of circular
RNAs with the use of linear RNAs synthesized in
vitro (p, phosphate), bridging deoxyoligonucleo-
tides complementary to both the 5’ and 3’ ends of
the RNA, and T4 DNA ligase. RNA molecules
were transcribed by T7 RNA polymerase with the
use of linearized DNA templates. After annealing
of RNA transcripts to complementary bridging
DNA oligodeoxynucleotides and subsequent in-
cubation with T4 DNA ligase, circular RNAs were
purified after separation by denaturing polyacryl-
amide gel electrophoresis (PAGE); the bottom of
the figure is a representation of the resulting gel.
This protocol is a modification of a method de-
scribed in (5). (B) Dephosphorylation assay to
identify RNA circles. RNA transcripts, 453 nt in
length, were labeled with 32P at their 5’ ends and
circularized as shown in (A). Both linear (L) and
putative circular (C) forms were incubated with
CIP, and the reaction products were analyzed af-
ter electrophoresis on a urea-containing poly-
acrylamide gel. The positions of 443- and 670-nt
RNA markers are indicated.
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