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Using v-abl probes, we have identified and cloned a novel fes/fps-homologous human cDNA, which we have
designated FER (pronounced "fair"). This apparently full-length cDNA of 3.0 kilobases has an open reading
frame of 2,466 base pairs and the capacity to encode a protein of 94,000 molecular weight. The cDNA contains
regions homologous to the highly conserved tyrosine protein kinase domain of other oncogenes and growth
factor receptors but lacks a clear transmembrane region, indicating that it encodes a tyrosine kinase of the
nonreceptor type. The deduced amino acid sequence of FER resembles that of c-feslfps. Our data indicate that
the protein product of FER, p94FER, corresponds to a previously reported cellular phosphoprotein, NCP94,
detected with a v-fps-specific antipeptide antiserum.

During the past few years, a number of genes that encode
proteins with protein kinase activity specific for tyrosine
have been identified. The first tyrosine-specific protein ki-
nase genes, such as src, were isolated as viral transforming
genes transduced by type C RNA-transforming viruses;
subsequently, many viral oncogenes were found to contain a
conserved domain encoding a protein with tyrosine kinase
activity (12).
Some of the tyrosine kinase-encoding oncogenes are ho-

mologous to receptors for growth factors: the epidermal
growth factor receptor is homologous to the erbB oncogene
(27), whereas the fms oncogene represents the receptor for
colony-stimulating factor 1 (20). Other growth factor recep-
tors, such as those for insulin and the insulinlike growth
factor, have no known oncogene homolog but share the
same highly conserved tyrosine kinase domain. A different
class of tyrosine kinase-encoding oncogenes, although
clearly possessing the conserved domain, do not appear to
be homologous to receptors, since they lack an extracellular
and transmembrane domain. Members of this class include
src, feslfps, yes, and abl.
The human ABL oncogene encodes a tyrosine kinase of

145,000 molecular weight for which, as for the other tyrosine
kinases of its class, the function in unknown. ABL is
specifically involved in human leukemia: in chronic myelo-
cytic leukemia, the ABL gene is translocated to chromosome
22 from its normal location on chromosome 9 (3) and
becomes "activated" (22, 25). More recently (10), ABL was
also found to be involved in a subclass of acute lymphoblas-
tic leukemia.
Because the involvement of ABL in certain types of

human neoplasia seems well established, it was of interest to
examine other ABL-related sequences in humans. Previous
experiments demonstrated the existence of such sequences
in the human genome (8); one of these genes has been
partially cloned and has been designated ARG (16). In the
study reported here, we isolated and characterized a novel
fes/fps-homologous human cDNA by using a v-abl probe
under hybridization conditions of relatively low stringency.

* Corresponding author.

MATERIALS AND METHODS
cDNA cloning. Approximately 40,000 recombinants of a

previously described human fibroblast cDNA library (9)
were plated onto 10 plates of L broth containing ampicillin
(50 ,ug/ml) and grown at 37°C. Colonies from each plate were
collected, amplified, and used to isolate 10 plasmid DNAs.
Of each plasmid preparation, 10 ,ug was digested with SalI
under conditions recommended by the supplier; the linear-
ized plasmid was run on a 0.6% agarose gel. The presence of
v-abl-related sequences was analyzed by Southern blotting
(8) and hybridization. ABL-related sequences detected on
the Southern blot were isolated by gel fractionation of a new
portion of linearized plasmid DNA on a low-melting-point
agarose gel (International Biotechnologies Inc.) followed by
purification of the appropriate fraction of plasmid DNA from
the agarose (8). Plasmid DNA was recircularized by ligation
and used to transform Escherichia coli DH5a (Bethesda
Research Laboratories). Screening of the resulting size-
selected partial cDNA library was done as described else-
where (9).

Nucleotide sequence analysis. Nucleotide sequences on
both DNA strands were determined by the dideoxy-chain
termination method (19). The FASTP program (12) was used
to compare the deduced amino acid sequence with those of
known proteins.

Southern blot and Northern (RNA) blot analyses. High-
molecular-weight DNAs or plasmid DNAs were digested
with restriction endonucleases and fractionated by agarose
gel electrophoresis. Upon blotting to nitrocellulose (Schlei-
cher & Schuell), blots were hybridized essentially as de-
scribed previously (8). Total RNA was isolated as described
elsewhere (25). Ten micrograms of total RNA was electro-
phoresed on a 1% agarose gel in the presence of formalde-
hyde; blotting and hybridization were done as described
previously (25).

Immunoprecipitation. A 660-base-pair EcoRI-PvuII frag-
ment (Fig. 1) corresponding to amino acid residues 148 to
369 (see Fig. 3) was inserted into the appropriate trpE
expression vector (24), and a 63,000-dalton trpE fusion
protein was synthesized in E. coli. Antiserum (CH-6) was
obtained from immunized rabbits (26). Immune complex
kinase assays were performed essentially as described else-
where (18).
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FIG. 1. Restriction enzyme map of FER cDNA. The thick line
indicates coding sequences, and the thin line represents 5' and 3'
untranslated regions. Restriction enzymes used were BgIII (Bg),
BstEII (Bs), ClaI (C), EcoRI (E), KpnI (K), PstI (Ps), PvuII (Pll),
SstI (S), XbaI (Xb), and XhoI (Xh).

V8 protease digestion. V8 protease cleavage and analysis
of the digestion products were performed as described
elsewhere (28). Briefly, in vitro phosphate-labeled polypep-
tides were separated on a 7.5% sodium dodecyl sulfate-
polyacrylamide gel, identified by autoradiography, excised,
and applied to the wells of a 12.5% sodium dodecyl sulfate-
polyacrylamide gel.
Phosphoamino acid analysis of p94FER. In vitro 32P-labeled

proteins were eluted from gel slices, precipitated with tri-
chloroacetic acid, and subjected to acid hydrolysis in 6 N
HCl at 110°C for 90 min as described elsewhere (26).
Hydrolysates were applied to thin-layer cellulose plates (10
by 10 cm) and electrophoresed toward the anode at the top
for 3.0 h at 400 V in TLE buffer (pyridine, acetic acid, water
[5:50:945]). Phosphoamino acid standards were detected by
ninhydrin staining. Phosphoamino acid composition of the
hydrolysates was analyzed by autoradiography.

RESULTS

Isolation and sequencing of a cDNA clone for the FER gene.
To isolate ABL-homologous sequences, we selected a pre-
viously described (8) v-abl 1.6-kilobase (kb) PstI fragment as
a probe, since this fragment contains the domain well
conserved among members of the tyrosine kinase gene
family. Of the numerous v-abl-hybridizing fragments present
in the cDNA library, two large clones were selected for
further characterization; the cDNA clones were isolated as
described in Materials and Methods. Restriction enzyme
maps were constructed for both clones; one clone has an
insert of 5.0 kb, and the other had an insert of 3.0 kb. Upon
comparison of the restriction enzyme maps of these clones
with those published previously, it became apparent that the
largest (5.0-kb) cDNA clone was essentially identical to a
cDNA encoding the insulinlike growth factor receptor (17);
partial sequence analysis of this clone confirmed its identity
(results not shown). The 3.0-kb cDNA clone, however, was
distinct on the restriction enzyme level from human ABL and
from any other previously isolated human proto-oncogene or
growth factor receptor cDNA clone (Fig. 1). These results
suggest that this clone represents a novel ABL-related gene,
which we have named FER (pronounced "fair"). Upon
hybridization of the entire FER cDNA to a Southern blot
with human DNA, numerous restriction enzyme fragments
were detected (results not shown) after relatively stringent
posthybridization washings (0.1x SSC [lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate] at 65°C). After very
stringent washings (0.03 x SSC at 65°C), only four hybridiz-
ing bands, which probably represented FER gene genomic
sequences, remained visible in a BamHI digest. The pres-
ence of other hybridizing bands after relatively stringent
washings (0.1x SSC at 65°C) indicates that the human
genome may contain FER-related sequences; in view of the

limited relatedness of FER and ABL (see below) and the
stringency of washing, these related sequences cannot be-
long to the ABL locus. Further characterization of the FER
locus will have to await molecular cloning of its genomic
sequences. To further characterize the FER gene, individual
restriction enzyme fragments of the cDNA were inserted
into M13 mpl8 and mpl9, and the cDNA was subjected to
complete nucleotide sequence analysis for both strands (Fig.
2).

Product of the human FER gene. The cDNA was 3,002
base pairs in length; the longest open reading frame started
with an ATG codon at position 385 in the nucleotide se-
quence, and the sequence flanking it was in agreement with
the consensus sequence of Kozak (15). Multiple stop codons
in all three reading frames were found immediately 5' of the
proposed translational start ATG codon at position 385. The
predicted coding sequence of 2,466 base pairs is flanked by
5' and 3' untranslated sequences of 384 and 142 base pairs,
respectively. This large open reading frame has the capacity
to encode a polypeptide of 822 amino acids with a calculated
molecular weight of 94,600. Characteristic sequences com-
mon to tyrosine protein kinase genes, such as the consensus
sequence for the ATP binding site Gly-X-Gly-X-X-Gly-
X15-K (12, 14), were conserved in the FER protein and were
found at amino acid residues 571 to 592 (Fig. 3). Moreover,
the Tyr-416 phosphorylation site of pp6src (23) was also
conserved in the FER protein at amino acid residue position
714. A stretch of hydrophobic amino acids typical for a
transmembrane region was not found in the FER protein,
suggesting that this protein does not represent a transmem-
brane receptor. As in pp6Osrc, the first methionine of the
FER protein was immediately followed by a glycine; in
pp6src this glycine has been found to be myristylated and is
thought to anchor the protein to the cell membrane (2, 13).
By analogy, the FER protein may be bound to the plasma
membrane. However, the glycine present in the FER protein
does not necessarily indicate that myristylation and subse-
quent plasma membrane binding occur in vivo: the c-fpslfes
protein contains an N-terminal glycine; nonetheless, 60 to
90% of the protein is found in the soluble fraction (29).
Homology to other tyrosine protein kinase genes. To deter-

mine the extent of relatedness of FER to other tyrosine
protein kinases, its deduced amino acid sequence was com-
pared by using the FASTP program (17). Surprisingly, the
highest degree of homology observed was to the chicken
c-fpslfes (11) proto-oncogene: although the FER cDNA was
isolated by using a v-abl probe, computer homology
searches revealed that FER has significantly higher homol-
ogy to c-feslfps; therefore, we propose the name FER for
thisfps/fes-related gene. The c-feslfps proto-oncogene is the
cellular homolog of v-fes and v-fps as found in Sneider-
Theilen feline sarcoma virus from cats (7) and Fujinami
sarcoma virus from chickens (21). Previously, it was dem-
onstrated that both v-fes and v-fps have a common cellular
homolog in humans, the FESIFPS proto-oncogene (6). The
822-amino-acid sequence deduced from the cDNA specifies
a protein closely related to, but distinct from, the tyrosine
protein kinase encoded by c-feslfps (51% homology) (Fig. 3).
The homology is most pronounced at the carboxy-terminal
region of the protein. Since the tyrosine kinase activity is
encoded within the carboxy-terminal domain of pp60src,fps,
and other related oncogenes, the FER protein would be
expected to exhibit tyrosine kinase activity. The relatively
low degree of homology found at the amino terminus sug-
gests that this part of the protein is responsible for the
specific functions of the protein. Table 1 summarizes these
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GTCACACCCTCGAATAATGACGCATACCTATCCTACTGTTACTGATCACCTAGTAATAATCTTGTAGTTCACATTACTCATTTTTCACCAAATTCTTTTGGTGAAGGACGCTTCAGAAAC 120

GGCCATCACTGAAGAGCAGACCCGTTTGGGTTCTCCACGCATTCTAGACTCCCGAAGAGCTCATGTTTTTTGGCTAGACCTATGACCATTTTCGCTAGACTTCACTGCACGTTTTCTCAA 240

GTATCTTCTTTGTCCCTAATGTGTGACACCTCATCATGGACACGCTACTTTAGCTAAGGCATGACCAGCAATGAACAGTAGTAAGATATGTGCTGATTAGAAGGCTCACTTGTGCAGTGT 360

GGAGGATAACCAGTGCCTTACAAAATGGGGTTTGGGAGTGACCTGAAGAATTCACATGAAGCAGTGTTAAAATTGCAAGACTGGGAATTACGGTTACTGGAAACAGTAAAGAAATTTATG 480
M G F G S D L K N S H E A V L K L Q D W E L R L L E T V K K F M

GCCCTGAGAATAAAAAGTGATAAAGAATATGCATCTACTTTACAGAACCTTTGTAATCAAGTTGATAAGGAAAGTACTGTCCAAATGAATTATGTCAGCAACGTATCCAAGTCTTGGCTA 600
A L R I K S 0 K E Y A S T L Q N L C N Q V D K E S T V Q M N Y V S N V S K S W L

CTTATGATTCAGCAGACAGAACAACTTAGTAGGATAATGAAGACACATGCAGAGGACTTGAACTCTGGACCTTTACACAGGCTCACCATGATGATTAAGGACAAGCAGCAGGTGAAGAAA 720
L M I Q Q T E Q L S R I M K T H A E 0 L N S G P L H R L T M M I K 0 K Q Q V K K

AGTTACATAGGTGTTCATCAGCAGATAGAGGCAGAGATGATCAAGGTTACCAAAACAGAATTGGAGAAGTTAAMATGCAGCTATAGACAATTAATAAAAGAAATGAATTCTGCCAAAGAG 840
S Y I G V H Q Q I E A E M I K V T K T E L E K L K C S Y R Q L I K E M N S A K E

AAATATAAAGAAGCTTTAGCTAAAGGGAAGGAAACTGAAAAGGCCAAGGAACGATACGACAAAGCCACAATGAAACTTCATATGTTGCACAATCAGTATGTATTGGCGTTGAAAGGGGCA 960
K Y K E A L A K G K E T E K A K E R Y D K A T M K L H M L H N Q Y V L A L K G A

CAGCTCCATCAGAATCAGTATTATGATATCACACTTCCCCTGCTTCTGGACTCCTTACAAAAGATGCAAGAAGAATGATAAAAGCACTCAAAGGTATATTTGATGAATACAGCCAGATA 11080
Q L H Q N Q Y Y D I T L P L L D S L Q K M Q E E M I K A L K G I F D E Y S Q I

ACCAGtCTTGTCACAGAGGAAATAGTGAATGTCCATAAMGAGATTCAAATGTCGGTTGAACAGATAGATCCTAGTACAGAATACAATAATTTCATAGATGTTCACAGACAACGGCTGCT 11200
T S L V T E E I V N V H K E I Q M S V E Q I D P S T E Y N N F I D V H R T T A A

AAAGAACAAGAAATAGAGTTTGATACTTCCTTACTGGAAGAAAATGAAAATCTTCAGGCAAATGAGATCATGTGGAATAACTTAACAGCAGAAAGTTTGCAAGTAATGTTGAAAACGTTA 1320
K E Q E I E F D T S L L E E N E N L Q A N E I M W N N L T A E S L Q V M L K T L

GCGGAAGAACTTATGCAAMCACAGCAGATGCTTTTAAMCAAGGAGGAGGCTGTTTTGGAGTTAGAGAAGAGAATTGAMGAATCTTCTGAAACTTGTGAGAAGAAGTCTGATATTGTGCTT 1440
A E E L M Q T Q Q M L L N K E E A V L E L E K R I E E S S E T C E K K S D I V L

CTGCTAAGCCAAAMACAGGCACTTGAAGAACTGAAACAGTCAGTCCAGCAGCTGAGATGCACTGAAGCAAAGTTTTCAGCACAGAAGGAATTACTAGAGCAAMAAGTGCAAGAAATGAT 11560
L L S Q K Q A L E E L K Q' S V Q Q L R C T E A K F S A Q K E L L E Q K V Q E N D

GGGAAAGAGCCACCTCCAGTAGTAAMTTATGAAGAAGATGCACGATCAGTTACATCTATGGAAAGAAAGGAGAGGCTATCCAAMTTTGAATCTATTCGTCATTCAATTGCTGGAATAATT 1 680
G K E P P P V V N Y E E D A R S V T S M E R K E R L S K F E S I R H S I A G I I

AGGTCTCCAAMATCTGCAGTGGGCTCTTCAGCACTTTCTGATATGATCTCCATCAGTGAGAAGCCTTTGGCAGMACAGGACTGGTACCATGGTGCAATTCCCAGAATAGAAGCTCAAGAA 1 800
R S P K S A V G S S A L S D M I S I S E K P L A E Q D W Y H G A I P R I E A Q E

CTGTTAAAAAAACAAGGAGACTTTTTGGTGCGAGAGAGTCATGGGAAACCTGGTGAATATGTCCTTTCTGTATATTCTGATGGACAGAGGAGACATTTTATCATACAATATGTTGATAAC 1920
L L K K Q G D F L V R E S H G K P G E Y V L S V Y S D G Q R R H F I I Q Y V D N

ATGTATCGATTCGAGGGCACTGGGTTTTCAAACATTCCTCAACTTATAGATCATCACTATACAACAAMACAGGTCATCACTAAGAAATCAGGTGTAGTTCTGCTGAATCCTATT CCTAAG 2040
M Y R F E G T G F S N I P Q L I D H H Y T T K Q V I T K K S G V V L L N P I P K

GACAAGMA TGGATTCTCAGTCATGAAGATGTCATATTGGGAGAATTAcTGGGcAAGGGAAATTTTGGTGAGTATATMAGGGcAcATTAAAGGATAAAAcTTcTGTTGcTGTTAAAAcA 22160
D K K W I L S H E D V I L G E L L G K G N F G E V Y K G T L K D K T S V A V K T

TGTAAAGAAGATCTTCCTCAGGAATTGAAAMTAAAMTTTTTACAAGAAGCCAAAATTCTCAAGCAATATGATCATCCCMATATTGTCAAACTTATAGGAGTTTGCACACAAAGACAGCCT 22280
C K E D L P Q E L K I K F L Q E A K I L K Q Y D H P N I V K L I G V C T Q R Q P

GTCTACATCATTATGGAACTGGTTTCAGGAGGTGATTTCCTCACCTTTCTGAGAAGGAAGAAGGATGAACTAAMACTCMMACAGTTAGTGAAATTTTCATTAGACGCTGCTGCTGGTATG 2400
V Y I I M E L V S G G D F L T F L R R K K D E L K L K Q L V K F S L D A A A G M

TTGTATCTCGAGAGTAAMAACTGTATACACAGGGACCTTGCTGCAAGAAMCTGCCTGGTAGGTGAAAATAATGTTCTGAAAMTCAGTGACTTTGGAATGTCTCGTCAAGAGGATGGTGGA 2520
L Y L E S K N C I H R D L A A R N C L V G E N N V L K I S D f G M S R Q E D G G

GTGTATTCATCTTCTGGCTTAAAGCAGATTCCCATTAAATGGACAGCACCGGAAGCTCTTAATTATGGGAGATACAGTTCAGAGAGTGACGTGTGGAGCTTTGGCATCCTTCTCTGGGAG 2640
V Y S S S G L K Q I P KWTAP E A L N Y G R Y S S E S D V W S F G I L L W E

ACCTTCAGCTTAGGGGTTTGTCCGTACCCTGGAATGACAAATCAGCAAGCAAGAGAGCAAGTAGAAAGAGGATACCGGATGTCAGCTCCCCAGCACTGTCCAGAGGATATTTCCAAATC 2 760
T F S L G V C P Y P G M T N Q Q A R E Q V E R G Y R M S A P Q H C P E DI S K I

ATGATGAAGTGTTGGGATTATAAACCTGAAAATCGCCCTAAGTTCAGTGAACTTCAGAAAGAGCTCACTATCATCAAGAGAAAACTCACATAGTGACAGGATGGCGCCAAACTCAGCCTT 2880
M M K C W D Y K P E N R P K F S E L Q K E L T I I K R K L T-

CAGGACTCTGTCCTCCAGCAGAGTAACATTATTGTTCTCATTAACAATGAATTTATACCACATTACCTTC 3000

FIG. 2. Nucleotide and amino acid sequence analysis of FER. The sequence has been deposited in the EMBL/GenBank data base
(accession no. J03358).

similarities, which are most pronounced within the domain revealed the presence of a 3.0-kb transcript in the cell lines
containing the enzymatic activity of tyrosine protein ki- K562 (chronic myelogenous leukemia) and A172 (human
nases. glioblastoma) (Fig. 4), in a bladder carcinoma cell line
mRNA expression of FER. Total RNA was isolated from (Scaber), and in an acute lymphocytic leukemia cell line

various human cell lines. Blot-hybridization analysis of these (CCRF-HSB2) (data not shown). Surprisingly, in addition to
RNAs with a 0.4-kb EcoRI fragment (Fig. 1) as the probe the 3.0-kb FER mRNA, strong hybridization signals around
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MGFGSDL--KNSHEAVLKLQDWELRLLETVKKFMALRIKSDKEYASTLQNLCNQVDKEST

MGFSSELCSPQGH,GVLQQMQEAELRLLEGMRKWMAQRVKSDREYAGLLHHMSLQDSGGQS

VQMNYVSNVSKSWLLMIQQTEQLSRIMKTHAEDLNSGPLHRLTMMIKDKQQVKKSYIGVH

RAISPDSPISQSWAEITSQTEGLSR LLRQHAEDLNSGPLSKLSLLIRERQQLRKTYSEQW

QQIEAEMIKVTKTELEKLKCSYRQLIKEMNSAKEKYKEALAKGKETEKAKERYDKATMKL

QQLQQELTKTHSQDI EKLKSQYRALARDSAQAKRKYQEA-SKDKDRDKAKDKYVRSLWKL

HMLHNQYVLALKGAQLHQNQYYDITLPLLLDSLQKMQEEMIKALKGIFDEYSQITSLVTE

FAHHNRYVLGVRAAQLHHQHHHQLLLPGLLRSLQDLHEEMACILKEILQEYLEISSLVQD

EIVNVHKEIQMSVEQIDPSTEYNNFIDVHRTTAAKEQEIEFDTSLLEENENLQANEIMWN

EVVAIHREMAAAAARIQPEAEYQGFLRQYGSAPDVPPCVTFDESLLEEGEPLEPGELQLN

NLTAESLQVMLKTLAEELMQTQQMLLNKEEAVLELEKRIEESSETCEKKSDIVLLLSQKQ

ELTVESVQHTLTSVTDE LAVATEMVFRRQEMVTQLQQELRNEEENTHPR-ERVQLLGKRQ

359 ALEELKQSVQQLRCTEAKFSAQKELLEQKVQENDGKEPPPVVNYEEDARSVTSME--RK-

359 VLQEALQGLQVALCSQAKLQAQQELLQTKLEHLGPGEPPPVLLLQDDRHSTSSSEQEREG

416 ERLSKFESIRHSIAGIIRSPKSAVGSSALSDMISISEKPLAEQDWYHGAIPRIEAQELLK

419 GRTPTLEILKSHISGIFR-PKFSL-PPPL-QLIPEVQKPLHEQLWYHGAIPRAEVAELLV

476 KQGDFLVRESHGKPGEYVLSVYSDGQRRHFI IQYVDNMYRFEGTGFSNIPQLIDHHYTTK

476 HSGDFLVRESQGKQ-EYVLSVLWDGLPRHFI IQSLDNLYRLEGEGFPSIPLLIDHLLSTQ

536 QVITKKSGVVLLNPIPKDKKWILSHEDVILGELLGKGNFGEVYKGTL-KDKTSVAVKTCK

535 QPLTKKSGVVLHRAVPKD-KWVLNHEDLVLGEQIGRGNFGEVFSGRLRADNTLVAVKSCR

595 EDLPQELKIKFLQEAKILKQYDHPNIVKLIGVCTQRQPVYI IMELVSGGDFLTFLRRKKD

594 ETLPPDLKAKFLQEARI LKQYSHPN IVRLIGVCTQKQPIYIVMELVQGGDFLTFLRTEGA

655 ELKLKQLVKFSLDAAAGMLYLESKNCIHRDLAARNCLVGENNVLKISDFGMSRQEDGGVY

654 RLRVKTLLQMVGDAAAGMEYLESKCCIHRDLAARNCLVTEKNVLKISDFGMSREEADGVY

715 -SSSGLKQIPIKWTAPEALNYGRYSSESDVWSFGI LLWETFSLGVCPYPGMTNQQAREQV

714 AASGGLRQVPVKWTAPEALNYGRYSSESDVWSFGI LLWETFSLGASPYPNLSNQQTREFV

774 ERGYRMSAPQHCPEDISKIMMKCWDYKPENRPKFSELQKELTI IKRKLT*

774 EKGGRLPCPELCPDAVFRLMEQCWAYEPGQRPSFSTIYQELQSIRKRHR*
FIG. 3. Comparison of the amino acid sequences of FER and FESIFPS. Symbols: :, amino acid residues showing complete identity; *,

termination codon at the carboxy terminus of the protein. The underlined amino acids in FESIFPS refer to a synthetic peptide used to generate
antisera (23).

8.0 kb were observed in all the cell lines. This transcript
must be highly related to FER, as it remained visible after
high-stringency posthybridization washings. As discussed
above, Southern blot analysis with FER cDNA probes
indicated that the human genqme contains sequences highly
related to the FER gene. The 8.0-kb mRNA might represent
the transcript of a gene highly homologous to FER. How-
ever, we cannot completely eliminate the possibility that it
represents an authentic transcript from the FER locus;
transcription of other tyrosine kinase genes, such as ABL,
can result ip two different-sized mRNAs from one locus (1).

Identification of the p94FER protein. Since FER is homol-
ogous to other tyrosine kinase genes, many of which exhibit
intrinsic autophosphorylation activity in vitro, we sought to
determine whether the FER protein could be detected by an
in vitro kinase assay. Protein from unlabeled cell extracts
from human cell lines or the mouse cell line NIH 3T3 were

immunoprecipitated by rabbit anti-TrpE-FER fusion protein
antiserum (CH-6; see Materials and Methods), and immuno-
precipitates were assayed for protein kinase activity. The
region of FER (amino acids 148 to 369 [Fig. 3]) used to obtain
the TrpE fusion protein corresponded to a domain which
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TABLE 1. Similarities among tyrosine protein kinases

FER protein % Identical
No. of amino acids

amino zicids In
Gene Source overlapping Overall kinase

domaina

FPSIFES Human 822 49 69
c-fps Chicken 822 51 70
v-fps Fujinami sarcoma virus 822 51 70
v-fes Feline sarcoma virus 535 53 63
v-abl Abelson murine leukemia 378 39 51

.virus
c-src Chicken 533 26 49
HIR Human NDb ND 38

a Amino acids 561 to 808 of the FER protein.
b ND, Not determined.

was less closely related to c-FPS/FES (Fig. 3); therefore we
expected little or no cross-reactivity of the CH-6 antiserum
with the p92 c-FPS/FES protein. Immunoprecipitates of the
FER protein were able to catalyze the transfer of 32P04 from
[_y-32P]ATP to FER in an apparent autophosphorylation
reaction: a phosphoprotein with a molecular weight of
approximately 94,000 was immunoprecipitated in all cell
lines tested (Fig. 5). Upon treatment of the gel with KOH (5),
the p94FER protein remained visible, whereas most of the
nonspecifically precipitated proteins disappeared (data not
shown). The specificity of the CH-6 antiserum for the p94
protein was demonstrated in experiments performed simul-
taneously with two distinct, irrelevant antisera, and p94 was
not detected in cell lines A498 and K562 (results not shown).
The level of expression of p94 varied in different cell lines; a
small amount of p94 was detected in HL-60 (Fig. 5, lane 5;
longer exposure of the gel confirmed the presence of the
p94), a promyelocytic leukemia cell line, whereas p94FER
could be more readily detected in a human B-lymphocyte
cell line (DAKIKI) (lane 1) and in K562 (lane 4). Examina-

1 2

VD 4 48.0kb

2

P.c

.,-X

..

3 4 5 6

-200

v1_ 97 94fer
qp-- 9

-68

-43
FIG. 5. Identification of the p94F protein in human and mouse

cell lines. Lane 1, DAKIKI; lane 2, GM3377A; lane 3, NIH 3T3
mouse fibroblast; lane 4, K562; lane 5, HL-60; lane 6, A498. Cells
were lysed and immunoprecipitated with CH-6 antiserum. Immune
complexes were incubated with [y-32P]ATP, and in vitro-phosphor-
ylated proteins were identified by electrophoretic separation and
autoradiography. Exposure time, 4 h. Molecular size markers are in
kilodaltons.

tion of the human fibroblastic cell line GM 3377A (Fig. 5,
lane 2) and the mouse cell line NIH 3T3 (lane 3) revealed
relatively high levels of expression. We also found high
levels of p94FER in some tumor cell lines, such as human
kidney carcinoma A498 (Fig. 5, lane 6) and glioblastoma
A172 (data not shown).
Phosphoamino acid analysis of p94FER. The identity of the

amino acids serving as phosphate acceptors in the p94FER
kinase assay was determined by acid hydrolysis of in vitro-
phosphorylated p94FER followed by electrophoresis through
thin-layer cellulose plates. The amino acid acceptor of
phosphate in p94FER was found to be tyrosine (Fig. 6).
Traces of phosphothreonine and phosphoserine were ob-
served upon longer exposure of the plates (data not shown).

428S

tw +3.0kb

418S

- p-S

* -p-Y

FIG. 4. Northern blot analysis of FER mRNA. Lane 1, A172
RNA; lane 2, K562 RNA. The positions of 28S and 18S rRNAs are

indicated. Exposure time, 48 h.

FIG. 6. Phosphoamino acid analysis of p94FER. Abbreviations:
p-S, phosphoserine; p-T, phosphothreonine; p-Y, phosphotyrosine.
Exposure time, 24 h.
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DISCUSSION

We have identified a novel member of the gene family
which encodes tyrosine protein kinases. The identification
occurred during a search for ABL-related cDNA clones. We
have designated the gene FER (fpslfes-related). The cDNA
we isolated appears to be full length when compared with the
mRNA transcribed from this gene. However, although the
cDNA seems to include the 3' terminus of the mRNA, we
cannot completely exclude the possibility that it is incom-
plete at the 5' end. Nonetheless, our data suggest that we
have identified the entire coding domain of FER: first,
several termination codons are present upstream from the
ATG we have designated as the start of translation; second,
this ATG is flanked by nucleotide sequences that conform to
the consensus proposed by Kozak (15); finally, this initiation
codon coincides with the initiation ATG for c-fpslfes, a

protein with a highly homologous amino acid sequence. The
FER protein includes a domain that is characteristic of
protein kinases; other features in the protein sequence
strongly indicate that it is a kinase and that its target for
phosphorylation is most likely tyrosine residues. These
features are (i) close resemblance of FER to the c-fps/fes
protein demonstrated to be a tyrosine-specific kinase, (ii) a
tyrosine residue at position 714 that is characteristic for
tyrosine protein kinases and is subject to autophosphoryla-
tion, (iii) a stretch of amino acids that signal the location of
a binding site for ATP, and (iv) an amino-terminal sequence
similar to that required for myristylation and membrane
anchoring of src-related proteins. Despite its resemblance to
other tyrosine protein kinases, a FER cDNA has not previ-
ously been identified. However, it is not unlikely that the
FER protein is identical to a recently detected cellular
phosphoprotein with a molecular weight of 94,000 (p94, or
NCP94) (4, 18); apart from the similarity in molecular
weight, this protein also exhibits associated tyrosine-specific
protein kinase activity; moreover, it was detected by anti-
bodies directed against an amino acid sequence (K-Q-I-
P-V-K-W-T-A-P-E-A) of the conserved domain of the v-fps
transforming protein (Fig. 3). In addition to immunoprecip-
itating the c-feslfps protein, this antiserum immunoprecipi-
tated a phosphorylated 94-kilodalton protein, which appears
to be present in all cells. Because this antiserum detects the
c-feslfps protein (which contains the amino acid sequence
R-Q-V-P-V-K-W-T-A-P-E-A), it seems not unlikely that the
same antibodies could recognize the sequence K-Q-I-P-
I-K-W-T-A-P-E-A of the FER protein. Moreover, the
expression of FER mRNA in four cell lines of different
origins is in concordance with the universal expression of
NCP94 in all cell lines and tissues tested (5). To further
analyze the possible homology between these proteins, we
have obtained polyclonal antibodies directed against the
protein encoded by the FER gene; in an in vitro autophos-
phorylation assay, these antibodies immunoprecipitated a

phosphorylated protein with a molecular weight of 94,000, in
agreement with the calculated molecular weight of FER.
Moreover, as with NCP94 or p94, the p94FER protein can be
detected in all cell lines studied to date, and the levels of its
expression in the cell lines studied here are comparable to
those of p94 in previous studies (HL-60, K562, and NIH 3T3
cells) (18). Furthermore, V8 protease digestion of in vitro-
phosphorylated p94FER yielded a set of cleavage products
(Fig. 7) highly similar to those observed by MacDonald et al.
(18) after digestion of p94 with V8 protease. Finally, the
finding that p94FER was phosphorylated in vitro on tyrosine
with traces of phosphothreonine and phosphoserine leads us

p94fer

1 2

130-
75-

50-

39-

27-

17-

FIG. 7. V8 protease digestion of p94FER. In vitro-phosphorylated
protein of cell line A498 was identified by gel electrophoresis and
autoradiography, incubated with 200 ng (lane 1) or 50 ng (lane 2) of
V8 protease, and then subjected to electrophoresis through a 12.5%
sodium dodecyl sulfate-polyacrylamide gel. Exposure time, 28 h.
Molecular size markers are in kilodaltons.

to conclude that the FER gene isolated here encodes the
previously identified NCP94 or p94 protein. Although the
FER gene apparently has not been transduced by retrovi-
ruses, further experiments will have to be performed to
determine its oncogenic potential and its possible involve-
ment in human cancer.

ACKNOWLEDGMENTS

We thank John A. Barranger for critical review of the manuscript
and Karen Betz and Olga Torrejon for typing of the manuscript.

This work was supported by Public Health Service grant CA
47456 from the National Institutes of Health to J.G.

ADDENDUM IN PROOF
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