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Two novel tyrosine kinase cDNAs were obtained from murine mast cells. These kinases, Emb and
Emt, constitute a novel tyrosine kinase subfamily which may also include Tec, a kinase
preferentially expressed in liver, and Dsrc28, a fruit fly kinase. Both lack hydrophobic stretches
characteristic of the transmembrane domains found in growth factor receptor tyrosine kinases and
carboxyl-terminal, negative regulatory tyrosine residue found in Src family kinases. In addition to
the Src homology region 2 (SH2) and SH3 domains characteristic of the Src family kinases and
other signaling molecules, Emb and Emt share a similar amino-terminal domain comprised mainly
of two repeat segments. The emb 2.7-kb transcript was expressed in mast cells, myeloid cells and
B lymphocytes while the emt 4.6-kb mRNA in mast cells, myeloid cells and T lymphocytes. The
evidence for in vitro tyrosine kinase activity of Emb and Emt proteins is also provided. o 1993

Azademic Press, Inc.

The protein-tyrosine kinases (PTKs) constitute a large family of enzymes which play
important roles in proliferation and differentiation of multicellular organisms. A major class of
PTKs represented by the receptor for epidermal growth factor possess an extracellular, ligand-
binding domain, a hydrophobic transmembrane domain, and an intracytoplasmic, ligand-stimulated
kinase domain that initiates signal transduction events (1,2). Members of another major class of
PTKs, the Src family, are intracellular proteins associated with the inner surface of the plasma
membrane. Some members of this family are implicated in specialized hematopoietic cell
functions. For example, p56lf k. the protein encoded by the Ick gene, is specifically associated with
two transmembrane proteins, CD4 and CD8, which are implicated in T cell activation (3,4). CD4
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cross-linking is accompanied by an increase in the kinase activity of p56lC k (5). This and other Src
family kinases are associated with, and activated by cross-linking of, other cell surface
glycoproteins (6-9).

There seems to be many more kinases to be found. Indeed, Partanen et al. (10) showed that
a single cell expresses more than ten distinct PTK genes. Because of our interest in signal-
transducing mechanisms initiated by the high-affinity IgE receptor complex, where PTK(s) plays
an essential role in mast cell activation (11), we have searched for new PTK genes in mouse mast
cells. In the present report, we show the identification and structural analyses of the two new PTK
genes, emb and emt. The evidence for their limited expression in hematopoietic cells and tyrosine
kinase activity is also presented.

MATERIALS AND METHODS

Isolation of cDNAs coding for protein kinases. Bone marrow-derived mouse mast cells
(BMMC) were obtained as described (12). Poly(A)t RNA was purified from 108 cells using
FastTrack RNA Isolation Kit (Invitrogen, San Diego, CA). The 3' RACE method (13) was
applied to isolate the 3' portions of cDNAs encoding protein kinases. cDNAs were synthesized by
Superscript RNase H- reverse transcriptase (GIBCO-BRL, Gaithersburg, MD) according to the
manufacturer's protocol, except that the oligonucleotide, 5'-
GACTCGAGTCGACATCGATTTTTTTTTTTTTTTTT, was used as a dT17-adaptor primer. The
first round polymerase chain reaction (PCR) used a 5' sense-strand primer, 5'-
T(A/TYC(A/G)TCCAC(A/C)YGNGA(C/T)HC/TT, corresponding to the conserved PTK catalytic
domain sequence (Y/F)(I/V)HRDL, and the 3' adaptor sequence (5'-
GACTCGAGTCGACATCG). 0.5 % of the first PCR products were used as templates for a
second nested PCR, using a §' sense-strand primer, 5'-
GCGGATCCGA(C/TYGT(C/G/TYTGG(G/T)CNT(A/THC/T)GG, that corresponds to another
conserved PTK sequence, DVW(S/A)YF/Y)G, and the 3' adaptor sequence. The second PCR
products were size-selected by agarose gel electrophoresis and cloned into the BamHI/Sall-
digested pBluescript II KS+ vector (Stratagene, La Jolla, CA). In order to isolate the cDNA
portions corresponding to the regions upstream of the cDNAs cloned by the 3' RACE, the latter

cDNA fragments were labeled with 32P by nick-translation and used as probes for screening A
phage cDNA libraries derived from BMMC or the mouse mast cell line, PT-18, using Lambda
ZAP 11 vector (Stratagene). Clone pM-1 was obtained by this approach using a PCR-derived clone
(2C98) as a hybridization probe (Fig. 1). 5' RACE (13) was also employed for the same purpose.
Briefly, a 20-mer oligonucleotide (oligo A), corresponding to the anti-sense strand of a sequence
found ~200-300 nucleotides downstream of the 5' end of the previously isolated 3' cDNA clones,
was used as a primer for cDNA synthesis with reverse transcriptase and PT-18-derived poly(A)*
RNA. The cDNAs were poly(dA)-tailed at their 3' ends with terminal deoxynucleotidyl transferase
(Stratagene), and were then used as templates for PCR between the 5' primer, dT17-adaptor, and
the 3' primer, oligo A. PCR products 2500 base pair (bp)-long were gel-purified and cloned into
pCR1000 (Invitrogen). Clones with 500-1,500 bp inserts that hybridized with the 3' cDNA clones
were sequenced.

Tyrosine kinase activity of Emb and Emt expressed in transfected COS-7 cells. In order to
reconstitute the entire coding sequence of emb, cDNAs were sythesized from BMMC-derived
poly(A)* RNA using a primer, 5-TCTATGGAGTCCTCAGCTTC, that corresponds to the anti-
sense strand of nucleotides 998-1,017 of the corresponding cDNA. The cDNAs were used as
templates for a PCR between the 5' primer, 5-TCGCTCAGACTGTCCTTCCT (nucleotides 16-
35), and the 3’ primer, 5'-TACTCCTCGCCCTTTCGCAA (nucleotides 890-909). The 894-bp
PCR products were cloned into pCR1000, and the resulting EcoRI-HindIIl fragment with the
appropriate orientation was substituted for the shorter (350-bp) EcoRI-HindIll fragment of pM-1
to generate the entire emb-coding sequence (pM-emb). For emt reconstitution, PT-18-derived
poly(A)* RNAs were reverse-transcribed using the primer, 5-ATGGCTGTGTCTGGTCAATG,
corresponding to nucleotides 1,967-1,986. PCR was performed on the resulting cDNAs using the
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5' primer, 5-TTGGTCTCCGCTGCTCCTCT (nucleotides 24-43), and the 3' primer, 5'-
ATGGCTGTGTCTGGTCAATG. PCR products of the expected size (1,963 bp) were cloned into
pCR1000 (pCR-emt). The reconstituted cDNAs were cloned into a eukaryotic expression vector,

pME18S, harboring the promoter SRa (14), to obtain pME-emb and pME-emt, respectively.
COS-7 cells were transfected by electroporation (15) with the emb or emt expression vectors. For
immunoprecipitation experiments, affinity-purified anti-peptide antibodies raised in rabbits were
used; anti-Emt is against the carboxyl-terminal twelve amino acids, LSQLAEIAEAGL (residues
608-619), while anti-Emb is a mixture of two anti-peptide antibodies specific for the sequences
THQLKNVIRYNSDLVQKYHP (125-144) and KPGSSHRKTKKPLPPTPEED (176-195).
Immunoprecipitation and immune complex kinase assays were done as described (11, 16).

Sequence analyses and other procedures. Nucleotide sequence was determined by a modified
Sanger method (17) on both strands of plasmid DNAs. Analysis of nucleotide and amino acid
sequences were performed using MacVector Sequence Analysis Software (International
Biotechnologies, Inc., New Haven, CT). Unless otherwise specified, standard molecular
biological techniques (18) were used. The emb and emt sequences have been deposited in the
database Genbank (accession numbers are .10627 (emb) and L10628 (emt).

RESULTS AND DISCUSSION

Isolation of the emb and emt cDNAs. ¢DNAs synthesized from poly(A)* RNA obtained
from BMMC were used as templates in anchored PCRs. The PCRs were designed to amplify the
putative 3' fragments of PTK cDNAs between the 3' ends of mRNAs and two degenerate
oligonucleotides, corresponding to conserved PTK catalytic domain sequences, used as 5' nested
primers. The PCR products were cloned and sequenced. Among seventy clones sequenced, two
novel sequences as well as six known kinase sequences, fyn, hck, jakl, jak2, IGF-I receptor and
B-raf, were found.

One of the two new genes (emb) is represented by a clone, pM-1, which was obtained by
screening a BMMC cDNA library with the PCR-derived cDNA clone, 2C98, as a hybridization
probe (Fig. 1). The emb upsiream sequence (m411) and the coding sequences of the other gene
(em?) were determined by consecutive 5' RACE procedures using mRNAs derived from the PT-18
murine mast cell line. Sequence analysis of pM-1 and its 5' extended PCR clones revealed an open
reading frame with an ATG initiation codon at nucleotides 182-184 (Fig. 2A), whose surrounding
sequence (GCCATGG) matches Kozak's rule (19) well. This is most likely the initiation codon,
since an in-frame stop codon (TAA) is found fifteen codons upstream (nucleotides 137-139). The
putative Emb protein, defined by the above-mentioned start site and a TGA stop codon at
nucleotides 2,162-2,164, has a calculated molecular weight of 76,572 daltons.

The open reading frame of the emt cDNA encompassed by three overlapping PCR clones
(Fig. 1) starts with a putative initiation codon at nucleotides 99-101. Although the flanking
sequence of this codon (ACCATGA) does not match Kozak's rule quite well, it most likely
represents the translation initiation site for the putative protein product, Emt, having a calculated
molecular weight of 71,448 (Fig. 2A), since an in-frame stop codon is found twelve codons
upstream. Comparison with the homologous Emb sequence (see below) also supports this
assignment of the initiation codon. The identity of these putative initiation codons in the
reconstituted emb and emt cDNAs was confirmed by in vitro translation of the corresponding RNA
transcripts in rabbit reticulocyte lysates (data not shown) and transfected COS-7 cells (see below).
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Fig. 1. Physical maps of emb and emr. Positions of the nested PCR 5' primers, targeted at
conserved PTK sequences, are shown above the emb sequence with their corresponding
amino acid sequences. 2C98 and 1C23 were derived by the initial PCR amplification of the
3 ends of PTK genes. pM-1 was obtained by screening a BMMC library with 2C98 as a
probe. The other cDNA segments were cloned by the §' RACE method based on
downstream sequences. The coding regions are indicated by thick lines, and the 5’ and 3'
untranslated sequences by thin lines. Abbreviations of restriction enzymes used for
gnap])Iing the clones are: H, Hind III; Ps, Pst 1; R], Eco RI; RV, Eco RV; Sc, Sca 1; Sm,

ma 1.

Structural features of Emb and Emt. 'The deduced amino acid sequences of Emb and Emt have
salient features characteristic of PTKs. For example, the ATP-binding motif GXGXXG followed
by a lysine residue found 16 residues downstream starts at residue 411 (Emb) or 369 (Emt), and
the invariant DFG motif is found at residues 540-542 (Emb) or 499-501 (Emt). Two sequences,
DLAARN (residues 522-527 and 481-486 in Emb and Emt, respectively) and
PV(R/K)W(S/AYP/S)PE (residues 561-568 and 520-527 in Emb and Emt, respectively), are
conserved among tyrosine kinases, but not among serine/threonine kinases.

Fig. 2. A. Predicted amino acid sequences of Emb and Emt. The standard single-letter code
for amino acids was employed. Insertions/deletions were introduced in order to optimize
sequence homology. Dashes (-) denote the absence of an amino acid in a given position.
Dots in the Emt sequence indicates identity with the Emb sequence. The putative
autophosphorylation site is marked by an astenisk, and the proline-rich sequence motifs are
underlined.

B. Alignment of the SH3 and SH2 domains of Emb and Emt in comparison with the
corresponding domains of Dsrc28 (30) and chicken c-Src (40).

C Homology of kinase domains among cytoplasmic PTKs. The delineation of kinase
domains used by Hanks er al. (41) was followed. Percent identities at the amino acid level
are shown. The Emb/Emt/Tec/Dsrc28 and Src subfamilies are highlighted by boxes.

D. Putative gene duplications in the upstream regions of the Emb, Emt, and Dsrc28
kinases. Identities and conservative changes of all four residues or of three out of four
residues in a given position of the Emb and Emt sequences are boxed by heavy or light
lines, respectively. Possible gene duplications in the Dsrc28 gene are boxed by light lines.

E. The CD22-related sequence motif in Emb. Identical or similar amino acids are
boxed.
F. Schematic domain structure of Emb and Emt.
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Inspection of the overall primary structures of the putative Emb and Emt kinases reveals
several notable features. First, they lack hydrophobic amino acid stretches characteristic of the
transmembrane domains found in growth factor receptor PTKs. Second, they are similar to the Src
family PTKs in displaying SH3 (20), SH2 (21) and a kinase domain that has a consensus
autophosphorylation site corresponding to Tyr-416 in p60¢-S"C (Fig. 2B). Nevertheless, Emb and
Emt differ from Src family PTKs in that they lack, first, a glycine residue at the second position
that serves as a myristylation and membrane anchoring site (reviewed in ref.22) and, second, a
negative regulatory tyrosine residue (corresponding to Tyr-527 in p60¢-57C) whose
phosphorylation suppresses the kinase activity of Src family PTKs (23-26). Although this latter
property is shared by the Csk kinase which can phosphorylate the regulatory tyrosine residue of
p60C-57C and its homologues (27,28), Csk lacks the autophosphorylation site found in Emb, Emt
and Src family kinases. These differences suggest a different mode of regulating the kinase activity
of Emb and Emt relative to members of the Src family. Third, the kinase domains (Fig. 2C) reveal
relatively high homologies (55-64%) among Emb, Emt, Tec, a putative PTK expressed
preferentially in liver (29), and Dsrc28, a Src-related PTK isolated from Drosophila melanogaster
(30). The homology level between any of these four kinases and other PTKs is significantly lower
(<49%).

Fourth, and more interestingly, Emb and Emt share a unique, extensively homologous
amino-terminal region (Fig. 2A). Eighty eight of the 222 amino-terminal residues of Emb are also
found within the first 177 residues of Emt. Basic amino acids are abundant in this region, i.e.,
41/222 residues in Emb and 33/177 residues in Emt. Within this region, a 21-amino acid sequence
(residues 71-91) found in Emb is missing in Emt. Comparison of the amino acid sequences
separated by this sequence revealed a significant homology over a stretch of ~54 residues (Fig.
2D), suggesting duplication of a gene segment of about 160 nucleotides in both emb and emt. A
similar duplication event is found in the closely related kinase gene, Dsrc28, albeit at a different
segment within its amino-terminal region (Fig. 2D). These duplicated sequences, termed repeat
segments 1 and 2 (RS1 and RS2), may be important for the biological function of Emb and Emt
(see below), assuming that they form similar secondary structures.

Fifth, the Emb-specific sequence, PERQIPRRGEESSEME, which resides between RS1
and RS2, has a high degree of homology (11 identities and 3 conserved substitutions over the 16-
residue stretch) with a portion of the cytoplasmic domain of CD22 (31,32), also known as B
lymphocyte cell adhesion molecule (Fig. 2E). Similar sequences with lower homologies were also
found in slime mold PTK1 (33) and frog fibroblast growth factor receptor (34). This suggests that
the same or similar protein(s) might interact with CD22 and Emb through this hydrophilic sequence
motif.

Finally, Emb and Emt share a unique proline-rich motif [(T/S)KKPLPPTPE(E/D)], found
between the RS2 and SH3 domains, that has some homology with sequences in microtubule-
associated proteins 2 and 4. Emb has another proline-rich motif [KKPLPPEP] seven residues
downstream. Based on secondary structure analysis, this motif is predicted to be exposed on the
surface of the proteins. Thus, the first threonine (or serine) or second threonine residues of the
motif could be subject to phosphorylation by protein kinase C or Erk (MAP II) kinases,
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respectively (35). Based on the above considerations, Emb, Emt, Tec, and probably Dsrc28,
appear to constitute a novel subfamily of PTKs that may perform similar functions, and share
unique modes of regulation.

mRNA expression of emb and emt genes.  As a first step towards understanding the functions
of these new PTKSs, expression of the corresponding genes was investigated in various tissues and
cell lines. Northern blot analysis indicated that 2.7-kb emb mRNA transcripts were abundant in
spleen but very low, if any, in other tissues. Low-level expression of the 4.6-kb emr mRNA was
also observed in spleen, but only trace amounts were found in heart and lung after a longer
exposure (data not shown). Among the cell lines tested (Fig. 3), emb was g¢xpressed in mast cells,
myeloid cells, and B lineage cells, while emt was gxpressed in mast cells, myeloid cells, and T
lymphocytes. The nomenclature of these genes is based accordingly on their expression pattern in
various hematopoietic cell lines. Neither emb nor emt transcripts were detected in fibroblasts.
Although we cannot exclude the possible expression of these genes in other cell types, it is
conceivable that the low hybridization signals obtained with RNAs from non-hematopietic tissues
were due to contaminating hematopoietic cells.

Emb and Emt proteins phosphorylate tyrosine residues in vitro. We next expressed Emb and
Emt proteins transiently in COS-7 cells. Immune complexes precipitated from detergent lysates of
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Fig. 3. Northern blot analysis of emb and emt sequences in various cell lines. Poly(A)*
RNAs were purified from cultured cells and used to prepare two identical blots which were
hybridized with emb or emt cDNAs separately. The emb blots were re-hybridized with a
glutaraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA probe as a control.

237



Vol. 192, No. 1, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

the transfected cells with the respective affinity-purified anti-peptide antibodies were incubated with
[7-32P]ATP. As shown in Fig. 4A, a phosphorylated protein of 77 kDa was specifically observed
in the immune complex from the emb-transfected COS-7 cell lysates while a 72-kDa protein was
phosphorylated in the immune complex from the emr-transfected cells. These phosphorylated
proteins contained phosphotyrosine as revealed by phosphoamino acid analysis (Fig. 4B). We did
not try to identify other phosphorylated proteins detected in the immune complex precipitated from
the mock- and em¢-transfected cells with anti-Emt antibody (i.e., proteins of 70 kDa, 62 kDa, 56
kDa and 53 kDa). Since all of these proteins detected in the mock transfetants contained only
phosphoserine and phosphothreonine (data not shown), tyrosine phosphorylation of the 72-kDa
protein in the emt-transfected cells seems to be due to tyrosine kinase activity specifically expressed
in the emt transfectants. Therefore, we conclude that these 77-kDa and 72-kDa phosphoproteins
are autophosphorylated Emb and Emt proteins, respectively.

Several structural features and expression of Emb and Emt in limited hematopoietic cell
types suggest that these kinases play important and novel roles in hematopoietic cell signal
transduction pathways. After completion of this study, genetic defects of the emb gene was shown
in X-linked agammaglobulinemia patients (36,37). We have learned that itk (38) and sk (39)
described very recently as a T cell specific kinase gene are identical to emt.
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Cmmmm (Mock,anti-emt)

Fig. 4. In vitro tyrosine kinase activity of Emb and Emt proteins expressed in COS-7
transfectants.
A. Immune complexes were precipitated from 1% NP-40 lysates of mock (M)-, emb

(B)-, or emt (T)-transfected cells with anti-Emb or anti-Emt antibodies, and incubated with

[y-32P]JATP. Phosphorylated materials were resolved on SDS-PAGE and detected by
autoradiography. Positions of molecular weight standards (GIBO BRL) are indicated in
kilodaltons.

B. Phosphorylated bands blotted onto Immobilon-P membranes were excised, acid-
hydrolyzed, and subjected to ascending chromatography (42). Positions of origin and
phosphoamino acids are indicated.
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