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The protein-tyrosine kinases (PTKs) are a burgeoning family of proteins, each of which bears a conserved
domain of 250 to 300 amino acids capable of phosphorylating substrate proteins on tyrosine residues. We
recently exploited the existence of two highly conserved sequence elements within the catalytic domain to
generate PTK-specific degenerate oligonucleotide primers (A. F. Wilks, Proc. Natl. Acad. Sci. USA 86:1603-
1607, 1989). By application of the polymerase chain reaction, portions of the catalytic domains of several novel
PTKs were amplified. We describe here the primary sequence of one of these new PTKs, JAK1 (from Janus
kinase), a member of a new class of PTK characterized by the presence of a second phosphotransferase-related
domain immediately N terminal to the PTK domain. The second phosphotransferase domain bears all the
hallmarks of a protein kinase, although its structure differs significantly from that of the PTK and threonine/
serine kinase family members. A second member of this family (JAK2) has been partially characterized and
exhibits a similar array of kinase-related domains. JAK1 is a large, widely expressed membrane-associated
phosphoprotein of approximately 130,000 Da. The PTK activity of JAK1 has been located in the C-terminal

Vol. 11, No. 4

PTK-like domain. The role of the second kinaselike domain is unknown.

Protein-tyrosine kinases (PTKs) are structurally well
suited to a role in intracellular signal transduction. Many
growth factor receptors, for example, transduce the extra-
cellular stimulus they receive through interaction with their
cognate ligand via an intracellular tyrosine kinase domain (5,
33, 52; reviewed in reference 60). Members of the PTK
family each bear a highly related ‘‘catalytic’’ domain. The
phylogenetic relationships established by an amino acid
sequence comparison of the catalytic domains (10) are borne
out in the overall structure of the PTKs. For example,
families of PTKs, such as those based on the structure of the
colony-stimulating factor-1 growth factor receptor (38) (in-
cluding the two types of the platelet-derived growth factor
receptor [4, 58]) and the protooncogene c-kit [59]) and those
clustered around the cytoplasmic PTKs c-src (29) (including
HCK/bmk [12], LCK [28], and c¢-yes [42], among others) and
c-fes (37) (including c-FER/flk [11, 25]) each share the
highest degree of identity with other members of their cluster
and, in respect to their overall topology, are structurally
more related to each other than to members of other classes
of PTK. Hence, the recombination of the PTK catalytic
domain with a wide variety of regulatory and other interac-
tive domains suggests a strong evolutionary drive toward the
rapid expansion of the use of its physiologically powerful
catalytic activity. This combinatorial approach to the evolu-
tion of multidomain proteins such as the PTK family predicts
the extensive utilization of the basic tyrosine kinase domain
in other metabolic niches.

Application of the polymerase chain reaction (PCR) (32,
40) using degenerate PTK-specific oligonucleotides (56) to
the isolation of novel PTK-related sequences has been a
particularly successful strategy; to date, 12 novel protein
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kinase-related molecules have been isolated (12a, 36). Two
novel and highly related PTKs were isolated from the cDNA
of a murine growth factor-dependent hemopoietic cell line,
FDC-P1 (56). The similarity of these two sequences to each
other, coupled with the presence in each of a rare sequence
idiosyncrasy in a normally highly conserved motif, led to the
speculation that these two molecules, although clearly mem-
bers of the broader kinase family, were a distinct subfamily
of PTKs. We have named these new PTKs JAK1 and JAK?2
(from Janus kinase [6]). We report here the complete se-
quence of one of these PTKs (JAK1), confirm its structural
relatedness to JAK2, and describe some of the salient
features of the JAK1 protein.

MATERIALS AND METHODS

Screening of cDNA libraries. Several cDNA libraries were
screened according to the protocols outlined in Maniatis et
al. (27). cDNA libraries from murine NFS TPA-activated
spleen (Clontech; catalog no. MLL1018), murine Swiss albino
3T3 fibroblasts (Clontech; catalog no. 1023b), murine
BALB/c bone marrow (Clontech; catalog no. ML1007),
murine Swiss Webster whole brain (Clontech; catalog no.
ML1002), murine ICR linoleic acid-activated pleural macro-
phage (Clontech; catalog no. ML1005b), and human first-
trimester fetal liver (Clontech; catalog no. HL1005b) were all
generated in Agtll. cDNA libraries from murine BALB/c
testis (Clontech; catalog no. ML1020b), murine day 10
embryonic neuroepithelium (36), and human foreskin fibro-
blast cell line AG1518 (4) were generated in Agtl0. Around
10° recombinants of each of these libraries were screened on
each occasion.

Library screening was carried out as follows. The FD22
(JAK1) PCR clone was labeled by nick translation (27) and
used to screen the murine libraries. A murine cDNA clone of
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FIG. 1. Northern analysis of murine and human JAK1. (A)
Aliquots (5 pg) of poly(A)* mRNA from murine tissues. Lanes: 1,
lung; 2, liver; 3, kidney; 4, intestine; 5, brain; 6, skeletal muscle; 7,
spleen; 8, salivary gland; 9, placenta; 10, mammary gland (lactat-
ing). Samples were fractionated on a 1.0% agarose-formaldehyde
gel, and the RNA was transferred onto a nitrocellulose membrane.
The transferred RNA was hybridized with a 1.8-kb 32P-labeled
murine JAK1 probe, and the filter was autoradiographed for 16 h at
—70°C with two intensifying screens. The relative mobilities of 28S
rRNA (upper arrow) and 18S rRNA (lower arrow) are shown. (B)
Aliquots (2 pg) of poly(A)* mRNA from the human hemopoietic cell
lines. Lanes: 1, HL60 (myelomonocytic); 2, U937 (monocytic); 3,
LK63 (pre-B); 4, Raji (B cell); S, CEM (T cell); 6, K562 (erythro-
leukemia). Samples were fractionated on a 1.0% agarose—formalde-
hyde (27) gel, and the RNA was transferred onto a GeneScreen Plus
(Dupont) membrane. The transferred RNA was hybridized with a
full-length 32P-labeled human JAK1 probe, and the filter was auto-
radiographed for 16 h at —70°C with two intensifying screens. The
relative mobilities of 28S rRNA (upper arrow) and 18S rRNA (lower
arrow) are shown.

1.8 kb was isolated among three other positives from the
neuroepithelial and bone marrow cDNA libraries. Two full-
length human JAK1 cDNA clones were isolated from the
unamplified human foreskin fibroblast cell-line AG1518 by
using the murine cDNA as a probe. Hybridization was at
65°C in 6x SSC (1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate}-1% sodium dodecyl sulfate (SDS)-0.5%
BLOTTO-200 pg of sonicated and denatured herring sperm
DNA per ml. After hybridization, the stringency of the final
wash was 0.2x SSC-0.1% SDS at 65°C. Filters were auto-
radiographed overnight with Kodak XAR-5 X-ray film.

For JAK?2, the murine macrophage was screened first with
the FD17 (JAK2) PCR clone, yielding five positives, and a
portion of the longest cDNA clone was isolated and used to
screen the remaining cDNA libraries.

DNA sequencing. Two strategies were employed for the
sequencing of JAK1 and JAK2 cDNA clones. In the case of
the human JAK1 sequence, the Erase-a-Base kit (Promega)
was employed to generate nested deletions of the largest
EcoRI fragment. All of the murine JAK2 sequence data and
the remainder of the human JAK1 sequence were deter-
mined by using oligonucleotide primers based on previously
determined DNA sequences. In each case, the sequence
information was generated by using the dideoxynucleotide
chain termination method (41). All sequence information
was determined on both strands.

Northern (RNA) analysis. Poly(A)* mRNA samples were
prepared as described elsewhere (3). Aliquots (1 g [Fig. 1B]
or 5 pg [Fig. 1A]) were analyzed by electrophoresis on a 1%
agarose gel containing 2.2 M formaldehyde, 20 mM MOPS
(morpholinepropanesulfonic acid; pH 6.8), 1 mM EDTA,
and 5 mM sodium acetate and transferred to Hybond (Am-
ersham; catalog no. RPN303N) or nitrocellulose (Schleicher
& Schuell: BA8S; catalog no. 401196) membranes. Filters
were prehybridized for 4 h in 50% formamide containing 3 X
SSC, 5x Denhardt’s solution, 10 mM HEPES (N-2-hydroxy-
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ethylpiperazine-N'-2-ethanesulfonic acid; pH 7.0), 100 pg of
poly(C) per ml, 100 g of denatured herring sperm DNA per
ml, 10 ng of Escherichia coli DNA per ml, and 0.1% SDS
(Fig. 1B) or in 50% formamide containing 2X Denhardt’s
solution, 100 pg of denatured salmon sperm DNA per ml,
and 0.1% sodium pyrophosphate (Fig. 1A) and hybridized in
the same solution with nick-translated or randomly primed
32P-labeled murine or human JAKI1 insert for 18 h at 42°C.
Filters were washed at a final stringency of 0.1x SSC-0.1%
SDS at 65°C before exposure to Kodak XAR-5 X-ray film
with two intensifying screens.

Antibody reagents and protein analysis. Polyclonal rabbit
antisera M7 and M8 were raised against affinity-purified
pGEX/JAK1/1 bacterial fusion protein (see ‘‘Protein kinase
assays’’ below). Polyclonal antibodies M3 and M4 against
the C-terminal peptide (-TSFQNLIECFEALLKC-) of JAK1
were raised in rabbits. Peptide was coupled to keyhole
limpet hemocyanin with 0.05% gluteraldehyde, emulsified in
Freund’s complete adjuvant, and injected intradermally at
several sites. The animals were boosted 4 and 7 weeks later
with coupled peptide emulsified in Freund’s incomplete
adjuvant and bled 10 days after the last injection.

Cells were metabolically labeled with [**S]methionine in
methionine-free medium containing 100 wCi of isotope per
ml. RIPA buffer (20 mM Tris [pH 7.5] containing 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA,
and 1 mM phenylmethylsulfonylfluoride extracts were incu-
bated on ice with antiserum, and immune complexes were
isolated by using protein A-bearing Staphylococus aureus
bacteria. Proteins were resolved by SDS-polyacrylamide gel
electrophoresis (23), and radioactively labeled bands were
detected by exposure to X-ray film (Kodak XAR-5). Western
blot (immunoblot) analysis was performed as described by
Towbin et al. (50) as modified by Ziemiecki et al. (61) with
either alkaline phosphatase or *°I-labeled protein A as a
detection system.

Protein kinase assays. A variety of protocols have been
tried in order to reveal the PTK activity of the JAK1 protein.
First, extraction of murine mammary fibroblasts (35) has
been performed in a range of buffers containing Triton X-100
or Nonidet P-40 (1.0%) alone or with added sodium deoxy-
cholate (0.5 or 1.0%) or in RIPA buffer containing 1.0%
Triton X-100, 1.0% sodium deoxycholate, and 0.1% SDS.
Cells have been extracted in the presence or absence of
phosphatase inhibitors such as 20 mM EDTA, 10 mM NaF,
and 100 uM Na,VO,.

After immunoprecipitation, kinase assays have been per-
formed with a range of ATP concentrations (100 nM to 10
mM) or with carrier-free [y-*?P]JATP (Amersham; catalog no.
10169) in either 20 mM Tris (pH 7.4) or 50 mMM HEPES
(pH 7.4), with 10 mM Mn?*, Mg?*, or Zn?>* as divalent
cation. Incubations have been performed on ice (15 min), at
25°C (15 min), at 30°C (15 min), or at 37°C (2 min) in the
presence or absence of the phophatase inhibitor Na,VO,.
Finally, we have employed [y->2P]JGTP as phosphate donor
in lieu of [y->>P]ATP, with no success.

In order to generate the JAKI-glutathione transferase
fusion proteins shown in Fig. 4, domain 1 (from nucleotides
1770 to 2672 in Fig. 2) and the PTK domain (from nucleotides
2672 to the end in Fig. 2, thus including five extra amino
acids beyond the ATP-binding glycine motif) were each
fused into the BamHI site of pPGEX2 (44). The fusion protein
was induced by the addition of 1 mM IPTG (isopropyl-B-D-
thiogalactopyranoside) as described elsewhere (44), and
Western blot analysis was performed on an induction time
course with the M3 anti-JAK1 serum and the antiphospho-
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tyrosine antiserum (15). Several sources of antiphosphoty-
rosine antisera were tried. The data in Fig. 4B were obtained
by using commercially available monoclonal antibody prep-
aration PY-20 (ICN). In control experiments, induction of
the insertless pGEX or pGEX/JAK1/1 fusion protein pro-
duced no detectable tyrosine phosphorylation of bacterial
substrates, and the reactivity of the antiphosphotyrosine
antiserum could be completely abolished by the addition of
phenyl phosphate.

Computer-aided sequence analysis. Amino acid sequence
comparisons were performed by using an alignment program
from the Staden-based suite of programs on a VAX VMS
5.2. Phylogenetic analysis of the two kinaselike domains of
JAK1 was performed by using the tree-building concept of
Fitch and Margoliash (8) as implemented by Feng and
Doolittle (7). The database bearing most of the PTK catalytic
domain sequences was kindly sent to us by S. Hanks of the
Salk Institute and was supplemented by the addition of
sequences drawn from our own local database. The SCORE
program used to construct the difference matrices from
which the trees were derived by the BORD and BLEN
programs was the gift of R. Doolittle of the University of
California—San Diego.

RESULTS

Isolation and DNA sequence of cDNA clones encoding
human FD22 (JAK1). We chose to focus on PCR clone FD22
(56) for our initial studies. Northern analysis (56; Fig. 1)
demonstrated that in both mouse and human tissues and cell
lines, FD22 (JAK1) was encoded by a single widely ex-
pressed 5.4-kb mRNA. Human cDNA clones of FD22
(JAK1) were isolated from a human foreskin fibroblast cell
line (AG1518) cDNA library (4). Two of the eight primary
isolates cloned contained inserts which were candidates for
being full-length cDNAs (~5.3 kb).

The nucleotide sequence of human JAKI1 is shown in Fig.
2. The 5’ end of the clone has stop codons in all three reading
frames prior to the putative initiation ATG. Two ATG start
codons in frame with the longest open reading frame were
found at positions 40 and 76 in the nucleotide sequence
shown in Fig. 2. The first of these is embedded in a
particularly poor Kozak consensus sequence (18) (-TAA
ATGCAG-), and the second matches strongly with the
optimal consensus sequence defined by Kozak, namely,
-GCCATGGCT-. We have chosen to consider the second
ATG as the initiation codon for this protein, since the first
one transgresses one of the strongest correlations found in
the sequences which precede initiation codons, namely, the
presence of a T residue (in lieu of an A residue) three
nucleotides before the ATG sequence. At the 3’ end, an
in-frame stop codon at position 3502 defines the C terminus
of the protein. A large (1.405 kb) 3’ untranslated region
containing a polyadenylation signal (data not shown) com-
pletes the mRNA sequence.

The JAK]1 coding region of 3,426 bp encodes a protein of
1,142 amino acids with a calculated molecular mass of
132,000 Da. The PTK catalytic domain is located towards
the C terminus of the JAK1 protein (Fig. 2). In describing the
structural features of this domain, we have chosen to adopt
the nomenclature of Hanks et al. (10). All of the highly
conserved motifs typical of PTK domains are present within
the putative PTK domain of JAK1l. The presence of a
tyrosine residue at position 1022 in the JAK1 protein, 11
residues C terminal to subdomain VII (a similarly placed
tyrosine is a site of tyrosine autophosphorylation in v-fps
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[54]), is a consistent feature of members of the PTK family
and is considered diagnostic of membership of this class of
kinases. The entire catalytic domain of 255 amino acids is
approximately 28% (with c-fes [57]) to 37% (with TRK [19])
identical to that of other functionally defined PTKs. Finally,
there is a rare variant of the highly conserved subdomain
VIII motif (residues 1032 to 1039), which is believed to lie
close to the active site (10). The phenylalanine and the
tyrosine flanking the conserved tryptophan in this motif have
been found only in the two members of this subfamily of
PTKs, namely, FD22 (JAK1) and FD17 (JAK?2).

A second protein kinase-related domain (here designated
domain 1) is located between amino acids 578 and 824, 47
amino acids N terminal to the putative PTK domain. All of
the conserved elements of protein kinases are preserved
spatially in this domain. In Fig. 2 these elements are num-
bered with respect to their similarity to the subdomains of
protein kinases described by Hanks et al. (10) (with the
subscript a, e.g., III,), and the amino acid sequences of the
two kinase-related domains of JAK1 are compared with each
other and with a known PTK (TRK [19]) and human CDC2
(24) in Fig. 3A. The overall structural similarity of this
domain to the kinase domains of both the PTK and threo-
nine/serine kinase families strongly suggests that this region
of the protein also functions as a protein kinase. There are,
however, significant differences in the sequences of key
motifs within this domain which suggest that domain 1 may
confer a catalytic activity other than serine/threonine or
tyrosine phosphorylation. For example, subdomain VI, is
poorly conserved with respect to the equivalent motifs in the
other kinase families, and the normally invariant -Asp-Phe-
Gly- sequence of the PTK and threonine/serine kinase fam-
ilies (subdomain VIL,) is replaced by the motif -Asp-Pro-Gly-
in domain 1 of JAK1. As has been noted elsewhere, the
conservation of the precise sequence of subdomain VI in the
PTK and threonine/serine kinase families appears to corre-
late with the substrate specificity of the kinase (10). Thus, it
is possible that domain 1 of the JAK1 kinase has a substrate
specificity other than that exhibited by the PTK and threo-
nine/serine kinases. In support of this notion there are subtle
differences in the normally consistent spacing between cer-
tain key motifs in domain 1 of JAK1. The components of the
ATP-binding site (subdomains I, and II,) are some seven
amino acids further apart in this domain than they are in both
the PTK family and the threonine/serine kinase family.
Moreover, the spacing between subdomains VI, and VII, in
this region is also longer by nine amino acids. Conversely,
the distance between subdomains VII, and IX, is seven
amino acids shorter than the corresponding region in the
PTK catalytic domain. The overall structure of this domain
can be expected to be somewhat different from the catalytic
domains of the members of the PTK and threonine/serine
kinase families.

The sequences N terminal to domain 1 bear no homology
to any other portion of a previously described protein
kinase. Specifically, we detected no homology to the SH2
domain (34) described for the cytoplasmic PTKs such as
c-feslfps (39), GTPase-activating protein (51), and the phos-
pholipase C family of proteins (46). This is a particularly
interesting observation since no other nonreceptor PTK
lacking this feature has been described. A hydrophilicity plot
failed to demonstrate the presence of a hydrophobic domain
characteristic of the growth factor receptor type of PTK
(Fig. 3B), suggesting that this protein is wholly intracellular,
like other members of the nonreceptor class of PTKs.

JAKI1 protein is a large, widely expressed protein with a
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M Q Y L NI KEDGCNA AMATFTCAIKMRPBRS S KKTE
TCCAGTTTGCTTCTTGGAGAACACTGGACAGCTGAATAAATGCAGTATCTAAATATAAAAGAGGACTGCAATGCCATGGCTTTCTGTGCTAAAATGAGGAGCTCCAAGAAGACTGAGG
20 30 40 50
V NLEAPETPGVEVTITFYULSDRETPLHRILGS SGTETYTA ATETETLT CECTIHRAA ADQ
TGAACCTGGAGGCCCCTGAGCCAGGGGTGGAAGTGATCTTCTATC TGTCGGACAGGGAGCCCCTCCGGCTGGGCAGTGGAGAGTACACAGCAGAGGAACTGTGCATCAGGGCTGCACA
60 70 80 90
A C R I S P L CHNLTFALYHDENTIKTLUWMWYAPNRTTITUVDUDIKMMS STULRIL
GGCATGCCGTATCTCTCCTCTTTGTCACAACCTCTTTGCCCTGTATGACGAGAACACCAAGCTCTGGTATGCTCCAAATCGCACCATCACCGT TGATGACAAGATGTCCCTCCGGCTC
100 110 120 130
H Y RMRTF Y F TNMWUHGTNDNEUGQSUVWRUHSPKIK G QKNGT YTEIKTIKTKTITZ®P
CACTACCGGATGAGGTTCTATTTCACCAATTGGCATGGAACCAACGACAATGAGCAGTCAGTGTGGCGTCATTCTCCAAAGAAGCAGAAAAATGGCTACGAGAAAAAAAAGATTCCAG
140 150 160 170

D ATPULULODA ASSULEYTULTFAQG QYDIULVIKTCLAPTIRUDTPIKTTET G GDTGHD
ATGCAACCCCTCTCCTTGATGCCAGCTCACTGGAGTATCTGTTTGCTCAGGGACAGTATGATTTGGTGAAATGCCTGGCTCCTATTCGAGACCCCAAGACCGAGCAGGATGGACATGA

180 190 200 210

I ENECLGMAVLAI SHYAMMIEKTEKMAGQTLU®PETLTZPIKTDTIS YK KU RTYTITZPTE
TATTGAGAACGAGTGTCTAGGGATGGCTGTCCTGGCCATCTCACACTATGCCATGATGAAGAAGATGCAGT TGCCAGAACTGCCCAAGGACATCAGCTACAAGCGATATATTCCAGAA
220 230 240 250

T LN K 8 I RQRNVNUILLTA RMRBRINNVYVTF FIKDTFTIULIKETFNNIKTTITCTDSS SV S
ACATTGAATAAGTCCATCAGACAGAGGAACCTTCTCACCAGGATGCGGATAAATAATGTTTTCAAGGAT TTCCTAAAGGAATT TAACAACAAGACCATTTGTGACAGCAGCGTGTCCA
260 270 280 290
T HD LKV K YULATULETULTXKUHYGATETITFTETSMLTULTISSENTEWMNUMWE
CGCATGACCTGAAGGTGAAATACTTGGCTACCTTGGAAACT TTGACAAAACATTACGGTGCTGAAATATTTGAGACT TCCATGTTACTGATTTCATCAGAAAATGAGATGAATTGGTT

300 310 320
H 8 ND GG NV LY YEVMVTGNILSGTIA QWRIHIEKTPNUVVSVEIKTETKNTIKITL
TCATTCGAATGACGGTGGAAACGTTCTCTACTACGAAGTGATGGTGACTGGGAATCTTGGAATCCAGTGGAGGCATAAACCAAATGTTGTTTCTGTTGAAAAGGAAAAAAATAAACTG
330 340 3s0 360
K R K K L ENIKDXKKDTETEIKNIKTIRTETEUWNNTFSTFTFUZPETITUHTIUVTIIKTES
AAGCGGAAAAAACTGGAAAATAAAGACAAGAAGGATGAGGAGAAAAACAAGATCCGGGAAGAGTGGAACAATT TTTCATTCTTCCCTGAAATCACTCACATTGTAATAAAGGAGTCTG
370 380 390 400
VVSsS INIKAO QDNIKIKMETLIKTILSSHETEALSTFVSLVDGYTFRTULTANDAH
TGGTCAGCATTAACAAGCAGGACAACAAGAAAATGGAACTGAAGCTCTCTTCCCACGAGGAGGCCTTGTCCTT TGTGTCCCTGGTAGATGGCTACTTCCGGCTCACAGCAGATGCCCA
410 420 430 440

H YL CTDVAPZPLTIVHNTIA QNGCHGEP?PTITCTTETYA ATINIKTILRGOQETGSE
TCATTACCTCTGCACCGACGTGGCCCCCCCGTTGATCGTCCACAACATACAGAATGGCTGTCATGGTCCAATCTGTACAGAATACGCCATCAATAAATTGCGGCAAGAAGGAAGCGAG

450 460 470 480
E G M Y VLRWSCTODTFDNTITILMTUVTT CTFTETZKSTEH QVQGAUO QKT QTFIKNTF
GAGGGGATGTACGTGCTGAGGTGGAGCTGCACCGACT TTGACAACATCCTCATGACCGTCACCTGCTTTGAGAAGTCTGAGCAGGT! TGCCCAGAAGCAGTTCAAGAACTTTC
490 500 510 520

Q I EV Q KGR Y SLHGSDA RSV FZPSULGDILMSHTLTIEKTI KT QTITULRTTUDNTISTF

AGATCGAGGTGCAGAAGGGCCGCTACAGTCTGCACGGTTCGGACCGCAGCTTCCCCAGCTTGGGAGACCTCATGAGCCACCTCAAGAAGCAGATCCTGCGCACGGATAACATCAGCTT
$30 540 550 560

M L X RCCQPKUZPRETISNILILVATIKTIKANLQEUWAOQPVYZPMSOQLSTFDR

CATGCTAAAACGCTGCTGCCAGCCCAAGCCCCGAGAAATCTCCAACCTGCTGGTGGCTACTAAGAAAGCCCAGGAGTGGCAGCCCGTCTACCCCATGAGCCAGTGAGTTTCGATCGG

$70 r—’ 580 I 590 600
I L KKDULVQGEIHLGRG@T RT®HTIZYSGTULMDYIKUDTUDTEGTSETE KK
ATCCTCAAGAAGGATCTGGTGCAGGGCGAGCACCT TGGGAGAGGCACGAGAACACACATCTATTCTGGGACCCTGATGGAT TACAAGGATGACGAAGGAACTTCTGAAGAGAAGAAGA
609 1T, 620 III, 630 vy 640
I KV I LKV LIDUPSHRDTISTULATFTFEBAASMMMRBRIOQYV S HKUHTIVYTLYGUV
TAAAAGTGATCCTCAAAGTCTTAGACCCCAGCCACAGGGATATTTCCCTGGCCTTCTTCGAGGCAGCCAGCATGATGAGACAGGTCTCCCACAAACACATCGTGTACCTCTATGGCGT
650 660 Vg 670 €80
€C VRDVENTIMVYVETETFVESGG?PLDLTFMUHERIKSDVUVILTTZPWIKTFEKUVA
CTGTGTCCGCGACGTGGAGAATATCATGGTGGAAGAGTT TGTGGAAGGGGGTCCTCTGGATCTCTTCATGCACCGGAAAAGTGATGTCCTTACCACACCATGGAAATTCAAAGTTGCC
690 700 vig no 720
K Q LA SALSZYULEDIKDTILV VRGNV CTIZ XDS®ILILIULARTETGTIUDSTETCGT?PTF
AAACAGCTGGCCAGTGCCCTGAGCTACTTGGAGGATAAAGACCTGGTCCATGGAAATGTGTGTACTAAAAACCTCCTCCTGGCCCGTGAGGGCATCGACAGTGAGTGTGGCCCATTCA
vity 730 740 VIII, 752 760
I KL S DP G IUPTITJVILSRAO QETCTIERTID®PWIAPERBCVEUDSIKNILSUVAA
TCAAGCTCAGTGACCCCGGCATCCCCATTACGGTGCTGTCTAGGCAAGAATGCATTGAACGAATCCCATGGAT TGCTCCTGAGTGTGTTGAGGACTCCAAGAACCTGAGTGTGGCTGC
X, 770 780 790 x, 801
D XKW S8SPFr 6T TTLWETICYNGTETIZPLIKDIKTTLTITETIKTETRTFYESRTCHREPV
TGACAAGTGGAGCTTTGGAACCACGCTCTGGGAAATCTGCTACAATGGCGAGATCCCCTTGAAAGACAAGACGCTGATTGAGAAAGAGAGATTCTATGAAAGCCGGTGCAGGCCAGTG
810 xx, 820 830 840
T P S C KELADTULMTRUGCMNYUDUPNOQR?®PTFFRATIMAPBRDI'NKTLTETETU QN
ACACCATCATGTAAGGAGCTGGCTGACCTCATGACCCGCTGCATGAACTATGACCCCAATCAGAGGCCT TTCTTCCGAGCCATCATGAGAGACAT TAATAAGCTTGAAGAGCAGAATC
850 860 870 b 4 880
P DI VS RKIKNO OQPTETVDTPTUHTFTEI KR RTEFILIKTR RTIRIDLGEGHTPGKVETL
CAGATATTGTTTCCAGAAAAAAAAACCAGCCAACTGAAGTGGACCCCACACAT TTTGAGAAGCGCTTCCTAAAGAGGATCCGTGACT TGGGAGAGGGCCACTT TGGGAAGGTTGAGCT
890 Iz 900 910 Iz
C RYDUPEUDNTGEU QV AV KSLIKZPESGGNU HTIADILIKTIKTETITETITLTRN
CTGCAGGTATGACCCCGAAGACAATACAGGGGAGCAGGTGGCTGT TAAATC TCTGAAGCCTGAGAGTGGAGGTAACCACATAGCTGATC TGAAAAAGGAAATCGAGATCTTAAGGAAC
920 v 930 940 948 Vv
LY HENTITVIKYXKGTICTTEHDSGGNSGTIIKLTIMETFILZPSGS L KTETYTLTPK
CTCTATCATGAGAACATTGTGAAGTACAAAGGAATCTGCACAGAAGACGGAGGAAATGGTATTAAGCTCATCATGGAAT TTCTGCCTTCGGGAAGCCTTAAGGAATATCTTCCAAAGA
960 970 980 990 i
N XK N K I NLKGQOQLIKYAVQTICKSUGMDTYTZILGSRQYVERDTILAARDNVLEL
ATAAGAACAAAATAAACCTCAAACAGCAGCTAAAATATGCCGT TCAGATTTGTAAGGGGATGGACTATT TGGGTTCTCGGCAATACGTTCACCGGGACTTGGCAGCAAGAAATGTCCT
1000 viz 1012 1020 v 1030 vIII
VESEHOQV KI GGDUPGLTIKATIETHDIKESES2YZYTVKDUD RTUDST©P?PV?PFWYADA
TGTTGAGAGTGAACACCAAGTGAAAATTGGAGACT TCGGTTTAACCAAAGCAATTGAAACCGATAAGGAGTAT TACACCGTCAAGGATGACCGGGACAGCCCTGTGTTTTGGTATGCT
1040 1050 k- 1060 1070
? B C L M QS KF Y I ASDVUY S Py 6V ®TLIL HETLTLTYT CDSDSSPMALTF
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FIG. 2. Nucleotide sequence and predicted amino acid sequence of human JAK1. The DNA sequence is numbered at the end of each line
from the first nucleotide of the largest clone (pHJ7.3). The amino acid sequence (in one-letter code) is numbered from the putative AUG and
appears above the line to which it refers. The two putative kinase catalytic domains are boxed with arrows, and kinase consensus motifs are
enumerated according to the nomenclature of Hanks et al. (10). The subscript a (e.g., 11,) denotes the kinase-related motifs present in the first
kinase-related domain (designated domain 1 in Fig. 3A), which are numbered according to the same nomenclature. The position of the tyrosine
residue (V) is analogous to the autophosphorylation site of a number of other PTKs.
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PTK domain. We have generated several antisera against the
human JAK1 protein. Polyclonal antisera directed against
the hexadecamer -TSFQNLIECFEALLKC- (the C-terminal
15 amino acids of JAK1) were raised in rabbits and used to
investigate the nature of the JAK1 protein. A second rabbit
antiserum was generated by using a pGEX (44) bacterial
fusion protein containing the entire domain 1 region of the
human JAK1 protein (see Materials and Methods). Prelimi-
nary sequence analysis of cDNA clones of murine JAK1
demonstrated that the C termini of the human and murine
versions of this protein were identical (data not shown), and
the murine and human domain 1 regions exhibited a very
high degree of identity. The two systems have thus been
used interchangeably in the investigation of the properties of
the JAK1 protein.

Both antisera have been used for Western blot analyses
and immunoprecipitation studies, and the data confirm the
mRNA expression studies shown in Fig. 1. For example,
antisera M3 and M8 both immunoprecipitate a protein of the
same apparent molecular mass (130 kDa) from [*>°S]methio-
nine-labeled murine breast fibroblasts (Fig. 4A). A charac-
teristic feature of members of the PTK family is that they are
able to accomplish an act of self-phosphorylation in vitro.
Intriguingly, despite the high degree of sequence similarity
between the PTK-related sequence of JAK1 and the PTK
family in general, we have been unable to demonstrate
tyrosine kinase catalytic activity in immunoprecipitates of
this protein from any of the murine or human sources tested.
A wide range of possibilities has been tested in search of
suitable conditions for the demonstration of this activity.
These are listed in the Materials and Methods section. We
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FIG. 3. (A) Amino acid sequence comparison of the two kinase-
related domains of JAK1. The amino acid sequences (expressed in
one-letter amino acid code) of the two kinase-related domains
(domain 1, amino-acids 576 to 825; domain 2 [PTK domain], amino
acids 868 to 1130) of JAK1, the PTK domain of TRK (19) (amino
acids 158 to 416), and the human threonine/serine-specific kinase
CDC2 (24) (amino acids 9 to 272) are aligned in order to maximize
identity. The kinase-related domains have been divided into three
segments, and the number of amino acid residues separating each
segment appears at the end of each line. Motifs held in common
between at least two of these domains are in boldface type and are
boxed. Roman numerals above the alignment correspond to the
conserved-domain nomenclature devised by Hanks et al. (10). (B)
Hydropathy plot of the human JAK1 protein. The protein sequence
of human JAKI1 (including the 10 extra amino acids which precede
the most likely initiation codon) were analyzed by the hydrophilicity
algorithm of Kyte and Doolittle (22), using a span length of 25 amino
acids. The relative locations of the two kinase-related domains are
marked domain 1 and PTK. The absence of a hydrophobic trans-
membrane domain and the presence of a highly hydrophilic region
between amino acids 323 and 350 can be clearly seen.

are unable to draw firm conclusions from our failure to
demonstrate PTK activity in vitro. The reason for the lack of
activity may lie in a steric effect of the antibody in the active
site of the enzyme. Alternatively, the PTK domain may be
cryptic and require activation in trans from a cofactor or
even in cis from the activity of domain 1.

In order to determine whether domain 1 or the PTK
domain, in isolation, bore catalytic activity, we generated
bacterial fusion proteins of each with the glutathione trans-
ferase protein of Schistosoma japonicum (44) and attempted
to demonstrate with the aid of antiphosphotyrosine antibod-
ies (15) the coordinate induction of the fusion protein and
tyrosine-phosphorylated protein. In this system, as in others
described in the literature (25, 26), there is no cross-reactive
background for the antiphosphotyrosine antiserum, since
there are no tyrosine kinases in bacteria (Fig. 4B). The
phosphorylation of bacterial proteins on tyrosine is thus
easily detectable with such a serum. In this series of exper-
iments, neither pGEX without insert nor pGEX bearing
domain 1 (pGEX/JAK/1/1) demonstrated any tyrosine Kinase
activity. We have further purified the pPGEX/JAK1/1 fusion
protein by affinity chromatography on a reduced-glutathione
column and have failed to detect any kinase activity when
histones, casein, or enolase was used as an exogenous
substrate. The pattern of inducible tyrosine phosphorylation
exhibited by the pGEX PTK fusion protein (P GEX/JAK1/2)
(Fig. 4B) is unusually simple for an ectopically expressed
PTK fusion protein (cf., for example, data in reference 26).
Remarkably, autophosphorylation of the fusion protein itself
does not seem to occur, a fact which may go some way
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FIG. 4. Analysis of the JAK1 protein. (A) Cellular proteins of the
murine mammary fibroblast cell line (35) were labelled with [>*S)me-
thionine and immunoprecipitated with either preimmune (PI) or
immune (I) anti-JAK rabbit antiserum (raised in rabbit M8 against
the pGEX/JAK1/1 fusion protein or the C-terminal peptide [M3])
and fractionated on a 9.5% SDS-polyacrylamide gel (23). Both rabbit
antisera specifically immunoprecipitated a 3*S-labeled protein with
an apparent molecular weight (MW) of 130,000. (B) Demonstration
of tyrosine kinase activity in JAK1 bacterial fusion proteins. JAK1
fusion proteins were generated by using pGEX2 (44). The entire
domain 1 region was included in construct pPGEX/JAK1/1. The PTK
domain portion of the fusion protein extended to the BamHI site 15
nucleotides 5’ of the first glycine codon of the GXGXXG motif of the
ATP-binding site. An empty vector control was also used. The
bacteria were induced by the addition of 1 mM IPTG as described by
Smith and Johnson (44), and two 1-ml aliquots of the bacteria were
removed at 60 and 120 min postinduction and lysed with SDS sample
buffer. Western analysis of the samples was performed by using
antiphosphotyrosine antisera (PY-20 [ICN]). The arrows mark the
positions of the GEX/JAK fusion proteins in each induction. (C)
Construction of the pGEX/JAK fusion proteins. The locations of the
two kinase-related domains of JAK1 and the structures of the fusion
proteins with the glutathione S-transferase gene are shown.

toward explaining why we have had difficulty in demonstrat-
ing PTK activity in the intact protein.

A second member of the JAK family of PTKs. cDNA clones
covering a significant portion of the coding region of the PCR
clone FD17 (JAK2) have been isolated from a range of
murine cDNA libraries. The predicted amino acid sequences
of JAK2 and JAK1 show several regions of significant
similarity to each other (Fig. 5). It is on the basis of this
structural relatedness that these proteins can be identified as
members of the same subfamily of PTKs. In recognition of
this relatedness, particularly in their common possession of
a second phosphotransferase-related domain, we have
named these PTKs JAK1 and JAK?2 (for Janus kinase [6]).

In broad structural terms, the two PTKs are closely
related. The JAK2 protein has both the C-terminal PTK
domain and the kinase-related domain 1 observed in JAK1.
The similarity between these two proteins in these two
regions is considerable (53% [64% if conservative substitu-
tions are included] for domain 1 and 51% [63% if conserva-

MoL. CELL. BioL.

1z 111, 70
VERKIRNEDL, TriESLooe? FEKIFKGVRR H HE TE...VLLXD L srFEAASIMS  MIAK2
1 H

§ % % wx & 2§ * RGERE H Rk & RRRRRRRR

SFDRILKKDL | VQGEHLGRGT RTHIYSGTIM D EKKIKVILKV ISL AFFEAASMMR HJAK1

140
QLS| EN ILVQI!'VIWG SLDTYLKKNK NSINILIKLG VAKQLAWAMH FLEEKSLIBEG MJAK2
NGARNRGE  NAAAN AR X A ARE & AR s AhkREE A GERGH AGHR

QVSHKHIVYL YGVCVRDVEN IMVEEFVEGG PLDLFMHRKS DVLTT’PHK!“K VAKQLASALS YLEDKDLVHG HJAK1

vz viiz 210
RswrLLz PrIxLSOROI SITVLPKDIS SCCFQVIQER IPWvPBECIE NPKNLTIATD moAXZ

Was auges ww H bty ex wung aangs | awegSe
REGIDSECGP .FIKLSDBGT PITVLSR... .... QECIER IPWIAPRCVE DSKNLOVAMD HIAKL

= 280
S QF ‘. PAP KWTELAN! PAFRAVIRDL MJAK2

ILIN
Rt IR TR * x oww * xx %
ICYNGEIPLK DKTLIEKERF YESRCRPVTP SCKELADLMT RCMNYDPNQR PFFRAIMRDI HJAK1

350
NSLFTPDYE! L:ENBHLPNH RIGALGFSGA FEDRDPTQFEFRHLKELQQL CRYDPLODNT MJAK2
. % |

GKGNFGSVEM
Kk R kR AR ARRER  RAR

NKLEEQNPDI|VSRKKNQPTE V......... ... DPTHFT |[KRFLKRIRDL GEGHFGKVEL CRYDPE.DNT HJAK1

v 420
Gnmvm.q H. ST‘BHLRD !‘BR!K!ILKS mnnuvmrx LRLIMEYLPY GSLRDYLQKH MJAK2
TR * SEaxwAGun  wangSar *

*§ * *$
GEQVAVKSLK PESGGNHIAD LKKEI!ILRN LYH!NIVKYK GICTEDGGNG IKLIMEFLPS GSLKEYLPKN HJAK1

VI VII 490
ERIDHKKLL QYTSQICK@‘ EYLGTKRYIH RDLATRNILV I1GD MJAK2
* g* FAARRE GERRSS SR ARAR AXGHR A X AAEKX AAXARGS X RAAN KRS

DIKINLKQQL KYAVQ!CKN DYL

IGD FGLTKAIETD KEYYTVKDDR HJAK1

560
L YELFTYIEKS KSPPVEFMRH IGNDKQGQMI VFHLIELLKS MJAK2
CER T T

L
gueg * aww 3. Protrrhtirir el . §x wx
DSP YIA HELLTYCDSD SSPHALFL!CH IGPTH.GQMT VTRLVNTLKE HJAK1

X 600
NGRLPRPEGC PDI;W;N?! M'NNVSQIP SFRDLSPGNI KSGﬂ MIAK2

IR
GKRLPCPPNC PDEVYQLMRK mmrsm S!QNLX!GP! ALLK HIAK1

FIG. 5. Comparison of sequences in JAK1 and JAK2 kinase-
related domains. The deduced amino acid sequence of murine JAK2
was compared with that of the human JAK1 by application of an
alignment program of the Staden VAX-based suite of sequence
analysis programs. Asterisks (*) denote identity, and dollar signs ($)
denote conservative substitutions. Sequences are numbered with
respect to the JAK1 sequence. The extent of the domain 1 and PTK
domains is shown by arrows above the amino acid sequence.

tive substitutions are included] for the PTK domain), clearly
demonstrating their membership in the same family of PTKs.
The absence of an SH2 domain in the JAK2 protein under-
lines the observations made in the case of the JAK1 protein
and suggests that the lack of this regulatory element is a
general feature of the JAK family of PTKs. An additional
candidate for membership of this family is the ryk2 PTK (21).
Although the complete sequence of this PTK has not yet
been described, many of the PTK domain sequence motifs
common to JAK1 and JAK?2 (for example, subdomain VIII,
-FWYAPES-, a sequence motif characteristic of members of
the JAK family) are present. Whether a second kinase-
related domain is linked to the PTK domain of tyk2 is not yet
known.

PTK domain and kinase-related domain 1 are ancestrally
related. The phylogenetic relationship of the catalytic do-
mains of most of the protein kinases has been determined by
using the tree-building program of Feng and Doolittle (7). In
these endeavors we have been guided by the approach used
by Hanks et al. (10) and have been able to replicate all of
their data in addition to refining the family tree by including
our own data. Figure 6 shows the phylogenetic relationship
of the two kinase-related domains of the JAK1 protein to the
rest of the kinase family. We conclude from this family tree
that these two domains had a common ancestor which
predated the development of the PTK subfamily. It is of
interest to note that the kinase-related domains of the atrial
natiuretic peptide (ANP)-receptor-guanylate cyclase family
diverge at a point close by.

DISCUSSION

Protein phosphorylation plays a fundamental role in the
regulation of a wide range of intracellular processes. It is in
this respect not surprising that a large number of structurally
distinct protein kinases have evolved (10, 13), each bearing a
highly conserved protein kinase domain and each harnessing
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FIG. 6. Phylogenetic analysis of the two JAKI1 kinaselike do-
mains. The tree-building concept of Fitch and Margoliash (8) as
implemented by Feng and Doolittle (7) and Hanks et al. (10) was
used to generate a phylogenetic tree as described in Materials and
Methods. In each case, the catalytic domain alone was used for
comparison. The two kinase-related domains of the JAK1 protein
were compared independently. Branch order is a function of struc-
tural similarity, and branch length is a function of sequence identity.
Abbreviations: SRC, c-src (29); YES, c-yes (47); FES, c-fes, (57);
CSF1-R, colony-stimulating factor-1 receptor (37); KIT, c-kir (59);
PDGF-R, platelet-derived growth factor receptor A (58); RET,
c-RET (48); ANP-A, ANP receptor A (43); ANP-B, ANP receptor B
(42); MOS, c-mos (53); PBS2, polymyxin B antibiotic resistance
gene product (1); STE7, sterile mutant wild-type allele gene product
(49); JAK1/1, domain 1 of human JAK1; JAK1/2, PTK domain of
human JAKI1.

its catalytic activity to a particular appropriate metabolic
signal. In the case of the PTK family, there is direct evidence
implicating some members of this family (most notably the
growth factor receptors) in the intracellular transmission of
extracellular growth signals or differentiation signals or both
(9, 16). The role(s) that other members of the PTK family of
enzymes may play in related processes remains obscure. It
has been presumed, however, that the paradigm exemplified
by the growth factor receptor PTKs is carried through into
the other members of the broader family of PTKs, namely,
that the PTK catalytic domain acts as the “‘effector domain’’
of the protein, while the extracatalytic domain(s) serves to
receive and process the appropriate input signal. Even
though it has become clear that other important segments of
these proteins can be defined (the SH2 domain [17, 39], SH3
domain [30, 45], and the intervening region in the PTK
domain of the platelet-derived growth factor receptor [16]),
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there has been no suspicion, to date, that the extracatalytic
domains of the PTKs harbor anything other than interactive
or regulatory modules. It is in this respect that the structure
of the members of the JAK family of PTKs is particularly
remarkable in its possession of a second kinase-related
domain.

The second kinase-related domain, located 40 to 50 amino
acids N terminal to the PTK catalytic domain, is a feature
held in common between the two members of the JAK
family of PTKs described here. There is sufficient similarity
in the sequences and locations of the most highly conserved
elements of this second kinase-related domain to the se-
quences and locations of their equally well conserved coun-
terparts in the PTK and threonine/serine kinase families to
suggest that this domain may confer a similar catalytic
activity.

The existence of several other bifunctional proteins bear-
ing protein kinase-related domains serves as a precedent for
the expectation that both of these domains will be function-
ally active in the JAK family proteins. The S6 kinase (14)
(two Ser/Thr kinase-related catalytic domains), the yeast
GCN?2 protein (55) (a kinase-related domain coupled to a
tRNA synthetase-related domain), and the membrane ANP
receptor-guanylate cyclase protein (43) (a kinase-related
domain coupled to a guanylate cyclase domain) all exhibit a
multidomain structure. However, the JAK proteins remain
unique in the apparent tyrosine kinase activity of one of their
catalytic domains. The unusual nature of domain 1 of JAK1
and JAK2 is reminiscent of the kinase-related domain of the
ANP receptor, wherein, notwithstanding the overall struc-
tural similarity of the kinase-related domain to the protein
kinase family at large, there are significant differences in
detail between the precise amino acid sequences of certain
key motifs and the protein kinase consensus sequences (10).
These differences call into question the nature of the antic-
ipated catalytic activity of this domain. For example, the
presence of a conserved Asn residue in the conserved kinase
motif (subdomain VI,, -VHGNVCTKNL-) where all known
protein Kinases (as well as a number of bacterial phos-
photransferases [2]) have an invariant Asp residue (10) is
particularly unusual, although a similar variation is present
in the ANP receptor-guanylate cyclase kinase-related do-
main (44) and in the kinase-related domain of Erb-B3 (20).
The conserved Asp residue normally found in this subdo-
main has been shown to be essential for catalytic activity in
the case of v-fps (31) and is likely to be a general theme in
this family of proteins. However, it is conceivable that there
are compensatory alterations in other subdomains that pre-
serve the functional integrity of domain 1. Thus, while this is
a highly significant deviation from the kinase consensus
motifs defined by Hanks et al. (10), it is not sufficient
grounds for dismissing the possibility that this domain has a
kinase-related catalytic function. Rather, it suggests that
other enzymatic properties, such as phosphatase activity or
the capacity to phosphorylate substrates other than proteins,
should be examined in the search for the function of this
domain. Conversely, the significance of these sequence
differences may lie in the choice of substrate for the catalytic
activities encoded by these domains. Altered specificity may
occur in the recognition of a different subset of substrate
proteins or may encompass the phosphorylation of amino
acids other than tyrosine, serine, and threonine. Alterna-
tively, this same spectrum of amino acids may be recognized
in a novel context. Whatever its function, the overall struc-
ture and conservation of this domain in the two JAK family
members described here speaks to an important functional
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(catalytic) role for this domain in the metabolic niche in
which they serve the cell. Cogent arguments to explain the
presence of two *‘catalytic’’ domains await the definition of
the nature of the catalytic activity of domain 1.

Finally, in respect to the evolutionary development of a
family of proteins such as the JAK family of PTKs, two
scenarios, each with distinct but important ramifications, are
possible. The first possibility is that the two kinase-related
domains arose by duplication of a common ancestral cata-
lytic domain followed by remodeling of one of these domains
into the form described above. The second possibility is that
the second kinase-related domain was ‘‘captured” by a
protein already bearing a PTK-related domain, rather in the
manner by which the SH2 domain of the nonreceptor PTKs
has found its way into several other families of protein, such
as the phospholipase C family (46) and the GTPase-activat-
ing protein of the ras proteins (51). The mcsaic composition
of most of these multidomain proteins, including the PTK
family, and the observation that there are functional ele-
ments (like the SH2 domain) shared between families natu-
rally suggest the wide application of this ‘‘modular’’ ap-
proach to their construction. If this mechanism is the basis
by which the JAK family of PTKs has been constructed, it
follows that the same kinase-related domain may also be a
component of other non-PTK proteins. We are at present
investigating this possibility.
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