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CLONING OF A NOVEL PUTATIVE PROTEIN KINASE HAVING A
LEUCINE ZIPPER DOMAIN FROM HUMAN BRAIN!
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We report a novel putative serine/threonine protein kinase containing a leucine-zipper
domain, isolated from an human neuronal cell line. The teratocarcinoma cell line NT2 was
differentiated to postmitotic NT2-N neurons by treatment with retinoic acid, and degenerate
oligonucleotide primers to the catalytic domains of protein kinases were employed to PCR amplify
subtractive cDNAs. We identified a clone, represented at higher abundance in NT2-N neurons than
in the parental cell line, which encodes a putative serine/threonine kinase of 668 aminoacids, the
leucine-zipper protein kinase (zpk). Zpk protein contains a leucine-zipper domain, found in many
DNA-binding proteins, but few protein kinases. Steady-state mRNA levels for zpk are high in
human brain and kidney. Further studies are required to evaluate the role of zpk in neuronal
differcntia[ion. © 1994 Academic Press, Inc.

Protein kinases fall into two general classes: those that transfer phosphate to
serine or threonine and those that transfer phosphate to tyrosine (1). A few protein
kinases, such as weel+, are capable of phosphorylating both serine/threonine and
tyrosine residues (2). Protein phosphorylation regulates many aspects of cellular
metabolism, but is of particular significance in controlling mitogenesis and cellular
differentiation (3). Receptors for a number of polypeptide growth factors are
transmembrane tyrosine kinases (4). Phosphorylation of intracellular tyrosine
residues in these receptors in turn stimulates serine/theronine kinases such as
protein kinase C, MAP kinase and p74faf , thus initiating a cascade of events that
transduce extracellular signals to the nucleus (5-7).

The human teratocarcinoma cell line, NT2, has phenotypic properties of
primitive neuroectoderm (8), and can be differentiated into post-mitotic NT2-N

1The nucleotide sequence reported in this paper has been submitted to the
GenBank with accession number U07358.

2To whom reprint requests should be addressed at Neurology Research, Children's
Hospital of Philadelphia, Philadelphia, PA 19104. Fax: (215) 590-3709.

Abbreviations: PCR, polymerase chain reaction; zpk, leucine-zipper
protein kinase; NTera2/D1 (NT2), teratocarcinoma cells,
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neurons by treatment with retinoic acid (9,10). We decided to use NT2 cells and
NT2-N neurons to identify kinases differentially expressed during human neuronal
development. Our approach was to employ the polymerase chain reaction (PCR)
with degenerate protein kinase specific oligonucleotide primers (11) to amplify
consensus protein kinase catalytic domains (12), and to isolate mRNA's expressed
differentially by NT2 cells or NT2-N neurons. Here we report the molecular cloning
and DNA sequence analysis of a leucine-zipper putative protein kinase (zpk) cDNA.
Furthermore, we describe steady-state zpk mRNA levels in various tissues and
compare this unique cDNA with other protein kinases.

MATERIALS AND METHODS
Cells

Human teratocarcinoma cell line NT2 was differentiated into postmitotic

NT2-N neurons with retinoic acid as previously described (9,10). Poly(A)* RNA
was isolated from both NT2 cells and NT2-N neurons using the Invitrogen mRNA
kit (San Diego, CA).

Subtractive hybridization and DNA amplification

Invitrogen's Subtractor probe kit was used according to manufacturer's
instructions to isolate two different subtracted cDNA populations, UND and DIFF.
UND is enriched in transcripts expressed in the undifferentiated NT2 cells, whereas
DIFF is enriched in transcripts present in NT2-N neurons. One microgram portions
of UND and DIFF cDNAs were used for PCR amplification with degenerate primers
( PTK1 5' CGGATCCACAGNGACCT 3' and PTK11 5’GGAATTCCAAAGGACCA-
GACGTC 3' ) having restriction enzyme sites Bam H1 for PTK1 and Eco R1 for
PTK11. PCR was performed using a Geneamp kit (Perkin Elmer, Norwalk, CT) with
1 pg of degenerate primers and the final concentration of magnesium in the
reaction was 2.1 mM. PCR cycling was performed on a Perkin-Elmer 480 thermal

cycler for 39 cycles with a profile of 1.3 min at 95°C (denaturation), 2 min at 450C
(annealing), and 2 min at 64°C (elongation).

Subcloning of amplified DNAs and DNA sequence analysis

PCR products were electrophoresed on a 4% (w/v) Nusieve agarose gel. The
amplified band in the size range of ~220 bp was excised and purified using a Magic
PCR Kit (Promega, Madison, WI). Amplified DNA was digested with the restriction
enzymes Bam H1 and Eco R1, and the digest was subcloned into Bam H1/Eco R1
digested Bluescript plasmid (Stratagene). Two hundred clones (100 UND and 100
DIFF) were examined by DNA sequence analysis using a Taq DyeDeoxy terminator
cycle sequencing kit (Applied Biosystems Inc, Foster City, CA).

Plasmid DNA was isolated using a Qiagen column 20 (Chatsworth, CA).
Cycle sequencing reactions were performed in a Perkin-Elmer 480 thermal cycler for
25 cycles with a profile of 96°C for 30 sec, 40°C for 15 sec and 60°C for 4 min.
Following separation of the extension products on a Select-D G-50 column (5-
Prime/3-Prime, Boulder, CO), the reaction mixtures were dried, resuspended in 4 ul
of 5:1 (v/v) formamide/50mM EDTA, loaded on a 6% (w/v) sequencing gel,
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electrophoresed and analysed using an Applied Biosystems 373 laser-activated
fluorescence-emission sequencer.

cDNA library screening

The 210 bp 10.2 PCR clone was radiolabeled with a-[32P]JdCTP by random
priming using a kit from Promega (Madison, Wisconsin), and used to probe ~106
plaques from an amplified human fetal brain library (Stratagene, La Jolla, CA) to
obtain larger cDNA clones. Hybridization was done overnight at 42°C in 50% (v/v)
formamide, 5xSSPE, 5xDenhardt's, 1% (w/v) SDS, 100 pg/ml sheared salmon sperm
DNA and 1x106 cpm/ml of probe. Filters were washed at 60°C twice in 2xSSC
containing 0.1% (w/v) SDS, and exposed overnight to Kodak XAR-5 film at -70°C.

Sequence determination

The cDNAs were subcloned into the plasmid vector BluescriptSk. For
complete sequence determination, unidirectional nested deletions were made using
the Exo111/Mung Bean nuclease kit from Stratagene, and the resultant clones were
subjected to DNA sequence analysis as described earlier using a Taq DyeDeoxy
terminator cycle sequencing kit (Applied Biosystems).

Sequence comparisons

All sequence comparisons were done on a VAX using the University of
Wisconsin Genetics Computer Group Sequence Analysis Software Package.
Complete sequence was determined after assembly of nested deletions into contigs
using the Program Sequencher 2.0 (Gene Codes Corp; Ann Arbor, Michigan). Each
contig was the result of the assembly of at least 8 individual clones. The DNA
sequence was verified by resequencing. Protein homologies were established using
MacVector (IBI).

RNA analysis

Multiple human tissue Northern blots (Clontech Laboratories, Palo Alto, CA).
were hybridized to radiolabeled zpk cDNA probe following conditions previously
described for library screening. Filters were washed to a final stringency of
0.1xS5C/0.1% (w/v) SDS at 65°C before exposure to XAR-5 X-ray film.

RESULTS AND DISCUSSION

We used subtractive hybridization to identify cDNAs differentially expressed
in human NT2 neuroectodermal cells or in NT2-N neurons, followed by PCR
amplification of kinase consensus sequences (11,12). PCR products were cloned, and
200 clones were isolated and characterized by DNA sequence analysis. From these,
we selected one novel clone represented more frequently in the NT2-N neurons,
and used it to obtain full length cDNA clones from a fetal human brain cDNA
library. Three independent clones were isolated, and DNA sequence determined for
one of these clones. We used 5-RACE and primer extension methods to obtain the
complete 3387 nucleotide cDNA sequence as shown in figure 1, and validated this
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7

MACLHETRTU®PSPSFGG 16
147 TTTGTGTCTACCCTRAAGTGAGGCATOCATGOGCAAGCTRGACCCAGACACTTCTGACTOCACTCOCGAGAAGG
FVSTLSEARASMRIEKILDPDTS SDC CTUPEK 40

220
DLTPTHVLOQLHEU QDA AGG GTPGGARAGS S P 6
293 TGAGAGTOGEGCATOCAGAGTTORAGC TGACGAGG TEOGACTGCAGTGOCAGAG TR CAGTAGCTTCCTTGAS
ESRASRVRADEVRLQCQSGSGFLE 8
386  GOCCTCTTTOGCTAOCTEOGRCCCTCETCTRGACCATGAT TGGCARAGOCTACTOCACTGAGCACANGCAGCAGC
GLFGCLRPVWTMTIGE K AYS STEHTZ KT Q?Q 13
439 AGGANGACCTTTGAGAGETOCCCT T TGAGGAAATCC TAGACC TECAGTGACTERGCTCAGEAGCOCAGEETGRC
QEDLWEVPFEETIILDLOQWYVGSGAOQG GA A 138
512 TOICTTOCTOGGGORCTTOCACGGEEAGAGG TG TETGAACAAGGTGOGAGACCTCARMGAAA CGACATC
VFLGRVPFHGEEVAVEKIEKVYVRIDLIE KETDTI 162

585
KHLREKLEKHPNTIITTFZ RKGVCTOQAPCY 186
658  GCATOCTCATGGAGTTCTEOGOOCAGGEOCAGCTETATGAGG TACTEOEGGC TRECOGOCCTGTCACCCCCTC
CILMETFCAQGQLYEVLRAGRTPVTTPS 211
131 CTTACTAGTTGACTGCETOCATGOGCATOGC TAGTEGCATGEAACTACCTGCACCTGCACAMGATTATCCACAGG
LLVDWSMGIAGGMNYLHLHREKTII[ETF 225
804 GATCTCAAGTCACOCAACATGCTAATCACC TACGACGATG TRGTGAAGATC TCAGAT TT TRGCACT TOCAAGG
DUk spPEMLITYDDVVEKI SEFGTS K 259

877 AGCTGAGTGACANGAGCACCAAGATGTOC TT TGCAGGGACAGTAGCCTEGATEGO O CTGAGCTGATCOOGCAA
ELSDIEKSTIHKMSFAGTVAWMRBRPEVIRN 28
950 TGAACCTGTGTCTGAGAAGGTOGACATC TR TOCT T TOGOGTAGTGCTATGRGAAC TOCTGACTOSTGAGATC
EPVSEKVERPIWISFBEVVLWELLTGET 308
1023 COCTACAAAGAOGTAGAT TOCTCAGCCAT TATCTGGAGTGTGGGAAGCAACAGTC TOCATCTRCOOGTGOOCT
PYKDVDSSAIIWGYVGSNSLHLTPVTEP 332
1036 CCACTTGOCCAGATGGT TTCAAGATCCTGCTTCG CAGTOC TOGAATAGCAAA CACGARATCGOCCATCATT
S SCPDGFZ KILLROQCWNS ST KPRNIRTPSTF 357
1169 COGACAGATCCTECTGCATCTGACAT TGO TCAGC TGATG TACTCTOCACA  CCAGGAGACTTACTTTAMG
RQILULHLDIASADV VLS STPOQETTYTFTZK 38
1242 TOCCAGGUAGAGTEG0GGGAAGAACTAAAACTGCACT TTGARARGAT TAAGTCACAMIGGACCTETCTGCACC
SQAEWREEVEKLUHTFEZKTIZ K SEGTCTLH 405

1315 GOCTAGAAGAGGAACTGG TGATGAGGAGGAGGGAGGAGC TCAGACAGOCCTOGACATCAGAGCACTATCA

Fig. 1. Nucleotide sequence of zpk cDNA (numbered on left) and the
deduced amino acid sequence (single letter code and numbered on right) are
shown. Putative locations for the 5' cap site and the polyadenylation signal
sequence are underlined. Protein kinase conserved residues are boxed, while
those conserved in protein-serine/threonine kinases are indicated in bold,
the protein- kinase site is underlined, while the leucines in the leucine-
zipper are circled, and the ATP-binding site is indicated by arrows. A second
ATP binding site may also be present at residues 132-139.

sequence by partial characterization of the other two fetal human brain cDNA clones
we had obtained.

The cDNA has a long open reading frame encoding 668 aminoacids, with a
Kozak consensus sequence for translation initiation at position 99-101 (13) and a
polyadenylation signal sequence (AATAAC) at nucleotides 3347-3352 (14). A 5'-
AmpliFINDER RACE kit (Clontech) was used to obtain the 5' end of the cDNA.
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RLEEELVMRRREEVLRHALDTIRETHTYE 4%
1388

RKLERANNLYME@NALMLQ@ELKE 454
' YT R W CTGARGOCALE

RE@LRREQA@ERRCPGLLKPHPSR 478

1534

G LLHGNTMETZ KLTIZEKIZEKRNVYVPQNILSUPHS 503
1607

QRPDILEKAESLLPEXLDAALSGUVGL 527
1680

v
P GCPKAPPSPGRSRRGEKTRUERIEKAS 551

1753
AKGSCGDLPGLRTAVPPHETPGGTPGS 57

1826
PGGLGGGP S AWEACPPALRGLHUHEDPD 600
1899 CTCCTRCTOOGCAAAATG TC T TCATOG TCOCCAGAC TR TG TCAGCAGCAC TARGGTCOOEGGEECCEEEEG
LLLRXMSSSSPDLLSAALGU SR RGRG 624
1972 CCACAGGORGAGCTEEREATCCTEGEC TCACCACC TOCAECCCRGEETRACA CCCACCAANG TGARGGCTCACC
A TGGAGDUPGSPPPARGDTZPUPZSEGSP 649
2045 COCTGGCTOCACCAGOCCAGAT TCACC TGEAGAGCCAAAGGGGAM CACCTCCTCCAGTAGgYCctagtgaag
PGS TSPDSUPGEUVPIEKGNUHILTLDQ® 668
2118 gtgtggogettctgirraact goaagaeagdgacct cagacogugdaguaagcogagctgggtcecageact t
2191 gaccecatctgeactgetgtacagggetgecgtcacccgaagtcagaaacgtggeatetecateggaagagaag
2264 gRAggagaggtagacagtgaagtagagetgacatcaagecagagytggcctcagagect gaacatgogeeagt
2117 cactatctaccttcagetcagagaatccatcagatggggaguaagacacagetagtgaacct teccccagtgg
2410 cacacctgaagttggcageaccaacactgatgageggccagatgageggtctgatgacatgtgetcccagagce
2481 tCagaaatcccactggacecacctecttcagaggtcatcoctggecctgaacccagetecctgeccattecac
2556 accagagRacttctcagagagoggggcecctcccaat tetgaguact cagactgtgacageactgaat tggacaa
2629 Ctccaacagegttgatgecttgogeccoccagettecctocctccatgasagecactegtattecttgtacat
2702 agagaaatatttatatggattatatatatatacatatatatatatatatgegecacataatcaacagaaagat
2775 goggetgteccagecgtaagtcaggct cgagggagact gat cccctgaccaat tcacctgataaact ctagay
1848 acactgacagetgtggaaat gaatgaggcacagecgtagagetgtggctaagggcaageecct tectgoocca
2921 ccecattecttatattcagecaagcaacaaggcaatagaaaagecagagt tgtctttatattetttatecccaa
2994 ataataggoytaouggdagarICgat gggaggdgcaggagagaaaaccact tagactgcact thtetgt toe
1067 gtttactctgtttacacattttgeact tgggaguagogagactaaggctgggtectcecctetgagytttcte
1140 aggtggcaatgtaactcatttrtttgteccaccatttatcttetetgeccaageoctgtottaaggcccagagg
1213 ggaggttaggagactgatagcatgtgatgyctcagactgaagaacegaagt tetgtttaagtcectgetttta
e Coctggtgectgat tagggotagggactgtectactgtaaccecctgtgaaaaacct tgaaagaat.aacactecat
1359 gcagga a

Fig. 1. - Continued

Results suggested the 5' cap site to be CATCCG, 90 bp from the initiation start site
(data not shown).

Northern blot analysis of various human tissues using radiolabeled zpk
probe showed a single transcript of 3.4 kb in brain ( Fig. 2; upper panel), with
comparable steady-state levels in adult (panel to the right) and fetal brain (panel to
the left). A smaller transcript, ~3.0 Kb, was detected in kidney and skeletal muscle,
while both transcripts were seen in adult lung at very low levels. In fetal tissues, we
detected the zpk transcript in brain but not in other tissues. After initial probing
with zpk cDNA, the blots were hybridized with beta-actin to show uniformity of
RNA loading (lower panel). Zpk mRNA steady-state levels are higher in
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Fig. 2. Steady-state zpk mRNA levels in various human tissues.

Northern blots were purchased from Clontech laboratories. 2 ug of

poly*A RNA from different human tissues was loaded in each lane. Panel A
represents Northern blots hybridized to a-[32P] Jabeled zpk cDNA (a) from
human adult tissues, (b) from human fetal tissues. These blots were
hybridized to o-[*2P] labelled -actin cDNA as represented in the lower panel B.

neuronally differentiated NT2-N cultures than in undifferentiated NT2
neuroectodermal cells (data not shown).

Protein and DNA database searches showed no homology to any known
protein kinase. Partial amino acid sequence alignment of zpk with the catalytic
domains of several serine/threonine specific protein kinases shows conserved
regions with the Raf sub-family in subdomains V1b and V111, and with the Kin2
subfamily in subdomain 1X (Fig. 3). A consensus sequence for two potential ATP-
binding sites, Gly-Xaa-Gly-Xaa-Xaa-Gly are located in zpk (residues 132-139 and 538-
545), while a putative protein kinase domain is located at position 232-244 (3). In
addition, there are two overlapping sites of leucine zipper motif
(LXOOXXXLXXXXXXLXXXXXXL) between amino acids 443-471(15), and a putative
endoplasmic reticulum-targeting sequence between amino acids 416-419 (16).

Endoplasmic reticulum targeting sequences have been identified in both
soluble (16) and transmembrane (17) ER proteins. A lysine-rich motif at the
cytoplasmically-exposed C-terminus of some transmembrane proteins confers ER
localization, although a more complex retention signal at the C-terminus has been
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v \% Via
c-MOS e IMEFGG NVTLHQVIYG AAGHPEGDAG EPHCRTGGQL SLGKCLKYSL 124
KIN1 YHPHICRLFE MCTLSNHFYM LFEYVSGGQL LDYIIQHGSI REHQARKFAR 132
KIN2 YHPRICRLFE MCTMSNHEYM LFEYVSGGQL LDYIIQHGSL KEHHARKFAR 132
PIM-1 ---RLLDWFE R--PDSFVLI LERPEPVQDL EDFITERGAL QEELARSFFW 112
B-RAF - ~YTQW-- -CEGSSLYHH LHIIETKFEM IKLI--==== -==—=-] DIAR 102
C-RAF ----VTQW-- -CEGSSLYKH LHVQETKFQM FQLI------ -----= DIAR 102
A-RAF ---~ITQW-~ -CEGSSLYHH LHVADTRFDM VQLI------ —-———- DVAR 102
zpk KHPNIITFKG VCTQAPCYCI LMEFCAQGQL YEVLRAGRPV TPSLLVDWSM 250
vil
C-MOS VCKISDFGCS EKLEDLLCFQ 174
KIN1 SSEIKIID-F G-LSNIYDSR 178
KIN2 SGEIKIID-F G-LSNIFDYR 178
PIM-1 RGEZKLID-F G-SGALLK-D 158
B-RAF TVKIGDFG-L ATVKSRWSGS 151
C-RAF TVKIGDFG-L ATVKSRWSGS 151
A-RAF TVKIGDFG-L ATVKTRWSGA 151
zpk VVKISDFG-T S$--KELSDKS 297
IX
C-MOS BGV---TPKA DIYSFEE 221
KIN1 NPYT--GPEV DYWSFGY] 226
KIN2 QPYT--GPEV BIWSFGES 226
PIM-1 HRYH--GRSA AVWSLGE] 206
B-RAF QDKNPYSFQS DVYAFGES 201
C-RAF QDNNPFSFQS DVYSYGTY 201
A-RAF QDPNPYSFQS DVYRYGUS 201
zpk BPV---SEKV DIWSFGVA 343

Fig. 3. Alignment of the amino acids in the catalytic domains IV-IX encoded
by zpk with other members of the protein serine/threonine kinase family.
The catalytic subdomains are indicated above the alignment in Roman
numerals (3). Amino acids identical in all these kinases are boxed and amino
acids identical in at least 3 kinases are represented without a box.

also postulated (18). The ER-targeting motif is not present at the extreme C-
terminus in zpk, thus the significance of this motif is not known.

Leucine zippers contribute to targeting of various proteins( e.g., glucose
transporters (19)), and facilitate dimerization of cytoplasmic hormone receptors and
enzymes (20). Leucine zippers are also a common feature of transcription factors, in
which they effect homo- or heterodimerization which can result in altered DNA
binding. A leucine-isoleucine zipper motif was reported only once previously at the
N-terminus of bovine cGMP-dependent protein kinase (15). CD and NMR studies
indicated that the active form of this kinase is dimeric (21,22). Protein expression
studies will be necessary to establish zpk has kinase activity and whether it depends
on dimerization.

Hydrophobicity plots of the predicted zpk protein showed no transmembrane
domain (data not shown). Therefore, zpk may belong to the family of non-receptor
kinases.

Preliminary DNA sequence analysis of the clones obtained using
oligonucleotide primers for consensus kinase domains amplified from NT2 cells
and NT2-N neurons suggests that we have detected more than 20 novel kinase-like
transcripts in addition to zpk. Thus, the NT2 cell line and the cloning strategy we

619



Vol. 202, No. 1, 1994 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

used, should provide an useful method for identification and characterization of

new members of this important family of proteins.
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