BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 246, 222—-227 (1998)

ARTICLE NO. RC988546

|dentification of Mouse ULK1, a Novel Protein Kinase
Structurally Related to C. elegans UNC-51

Jin Yan,* Hidehito Kuroyanagi,t Asato Kuroiwa,} Yo-ichi Matsuda,t Hiroshi Tokumitsu,*
Toshifumi Tomoda,t* Takuji Shirasawa,t§ and Masa-aki Muramatsu*

*Helix Research Institute, 1532-3 Yana, Kisarazu, Chiba, 292 Japan; tDepartment of Neurophysiology,
Tokyo Metropolitan Institute of Gerontology, 35-2, Sakaecho, Itabashi-ku, Tokyo, 173, Japan;
tDepartment of Agriculture, Nagoya University, Tokorocho, Chitane-ku, Nagoya, 464-01 Japan; SCREST,
Japan Science and Technology Corporation, Japan; and 'Department of Biological Cybernetics, Medical
Research Institute, Tokyo Medical Dental University, 1-5-45, Yushima, Bunkyo-ku, Tokyo 113, Japan

Received March 27, 1998

A novel protein Kkinase related to the C. elegans ser-
ine/threonine kinase UNC-51 was cloned from mouse.
The UNC-51-Like Kinase (ULK)1 is encoded by a cDNA
of 1051 amino acids with calculated MW of 113 kDa.
Comparison of the ULK1 and UNC-51 shows the high-
est conservation in the amino-terminal kinase domain,
which is followed by a proline/serine-rich (PS) domain
and a conserved carboxyl-terminal (C) domain. ULK1
MRNA is expressed in various tissues, and is mapped
to mouse chromosome 5F and rat chromosome 12q16.3,
by fluorescent in situ hybridization. HA-tagged ULK1
is expressed as a protein of ~150 kDa in COS7 cells
and is auto-phosphorylated in vitro in its PS domain.
We propose that ULK1, UNC-51 and a yeast protein
kinase Apglp comprise a novel subfamily of protein
kinase, which is structurally conserved among eukary-

otes. © 1998 Academic Press

The protein kinase family contains hundreds of di-
verse but related enzymes that regulate various as-
pects of growth, differentiation, metabolism and gene
expression in the eukaryotic cells. A large number of
genes encoding protein kinases have been identified
from various species, revealing that they form one of
the largest gene family (1). For example, completion
of S. cerevisiae genome sequencing has unraveled 113
protein kinase genes, which correspond to about 2% of
the total genes with most of the major vertebrate ki-
nase subfamilies being represented in yeast (2).
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The nematode C. elegans has been proved an excel-
lent organism for understanding many developmental
processes based on the ease and power of genetic, mo-
lecular and phenotypic analyses. The rapidly accumu-
lating genome data from C. elegans has substantially
emphasized its importance as a model organism, since
many genes have turned out to be homologous between
nematode and mammals. In fact, more than half of
positionally cloned genes associated with human dis-
eases show similarities to C. elegans genes, and occa-
sionally the C. elegans gene is the only similar gene
available in all the public databases (3). These similari-
ties have in some cases suggested function of predicted
genes and in other cases have been used to find candi-
date mammalian genes associated with certain mu-
tants.

More than 10 genes have been reported to be required
for axonal guidance in C. elegans, many of which have
homologous genes in mammals or other vertebrates. For
example, UNC-6 and netrin (4), UNC-40 and DCC (de-
leted in colorectal cancer) (5), UNC-33 and CRMP-62 (col-
lapsin response mediator protein) (6), UNC-44 and hu-
man brain ankyrin (7), and UNC-5 and UNC-5H(8), RCM
(rostral cerebellar malformation gene) (9) are homologues
between C. elegans and mammalian species. However,
mammalian counterpart of UNC-51, a recently cloned
serine/threonine protein kinase essential for axonal elon-
gation and guidance (10) has not been identified. Based
on the conservation of molecules involved in axon guid-
ance and elongation, it is conceivable that UNC-51 also
has a mammalian counterpart, which may play an im-
portant role in this process.

Here we show the cloning, expression and gene map-
ping of a novel mouse protein kinase ULK1, which is
structurally related to UNC-51. ULK1 was expressed
among various tissues, suggesting that it may be in-
volved in some of the basic cellular processes.
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MATERIALS AND METHODS

Cloning of ULK1 cDNA. The initial fragment of ULK1 cDNA was
cloned by PCR using degenerate oligonucleotides, 5’-ca(tc)cg(gatc)-
ga(ct)tt(ag)aa(ag)cc-3’, 5'-tc(gatc)gg(gatc)gecat(ag)tacat-3’ from rat
brain cDNA. The cycling parameters for PCR were 94 °C for 30 sec,
37 °C for 30 sec, 2 min ramp to 72 °C then 72 °C for 1min for the
first 3 cycles, followed by 94 °C for 30 sec, 54 °C for 30 sec, and 72
°C for 1 min for 35 cycles. PCR products were separated on polyacryl-
amide gel electrophoresis and DNA fragments of desired size were
isolated, subcloned into a pT7-7 vector (Novagene, Madison, WI1) and
were sequenced. The insert of the PCR-derived fragment was labeled
with [32P]a-dCTP (>3000 Ci/mmol) using Megaprime kit (Amer-
sham, Buckinghamshire, UK) to screen mouse embryo and brain
cDNA libraries (Clontech, Palo Alto, CA). To obtain the 5’ end of the
cDNA, 5'RACE was performed using specific primers 5’-gaattagcc-
atttcctggaag-3’, 5'-cttgttaatgcatttgacggccac-3’ and neonatal mouse
brain mRNA as a template. Reverse transcription and PCR reaction

1 gegecgeececggggeccgageccgetegegecceecggeccgegegeget 49

50 ATGGAGCCGGGCCGCGGCGGCGTCGAGACCGTGGGCAAGTTCGAGTTCTCTCGCAAGGAC 109

1 M EPGRGGVETUVGIU KT FETFSRIKD 20
110 CTGATTGGACACGGCGCCTTCGCGGTGGTCTTCAAGGGTCGACACCGCGAGAAGCACGAC 169

22 L I GHGAVPFAV YV FKGRUHERETKHD 40
170 CTGGAGGTGGCCGTCAAATGCATTAACAAGAAGAACCTTGCCAAGTCCCAAACACTGCTG 229

41 L E V A V K C I NKI KWNULAKSOQTULL 60
230 GGAAAGGAAATCAAAATCCTGAAGGAACTAAAGCACGAAAACATCGTGGCGCTGTATGAC 289

61l 6 K E I K I L K ELKHENTIVALTYTD 80
290 TTCCAGGAAATGGCTAATTCTGTCTACCTGGTCATGGAGTATTGTAATGGTGGAGACCTG 349

8l F Q EM A NSV YLV HMETYG CNSGTGDIL 100
350 GCTGACTACCTGCACACTATGCGCACACTGAGTGAAGACACTGTCAGGCTTTTCCTACAG 409
101 A D Y L H T M R TUL S EDTVRULVPFILQ 120
410 CAGATCGCTGGCGCCATGCGGCTGCTGCACAGCAAGGGCATCATCCACCGGGACCTGAAG 469
121 ¢ I A G A MRLLH S K G I IHRUDILK 140
470 CCCCAGAACATCCTGCTGTCCAATCCTGGGGGCCGCCGGGCCAACCCCAGCAACATCCGA 529
141 P Q N I L L 8 N P G G R R ANUP 3 NI R 160
530 GTCAAGATTGCTGACTTTGGATTCGCTCGGTACCTCCAGAGCAACATGATGGCGGCCACA 589
161 vV K I A D F G F A RY L Q S NM M AAT 180
590 CTCTGTGGTTCTCCTATGTACATGGCTCCTGAGGTCATTATGTCCCAGCACTACGATGGA 649
181 L. ¢C G 8 PM Y MAPUEVIMGSOQHETYDG 200
650 AAGGCTGACCTGTGGAGCATTGGCACCATTGTCTACCAGTGTCTGACAGGGAAGGCCCCT 709
200 K A DLW ZSIGTTIVYQCILTGZ KA AUP 22
710 TTTCAGGCCAGCAGCCCTCAGGATTTGCGCCTGTTTTATGAGAAGAACAAGACACTAGTT 769
221 P Q A8 8 P Q DLRULUPYEI KNI KTTIL V 240
770 CCTGCCATCCCCCGGGAGACATCAGCTCCCCTGCGGCAGCTGCTCCTGGCTCTGTTGCAG 829
246 P A I PRET SAPULUROGQLULUELALTILQ 260
830 CGGAACCACAAGGACCGCATGGACTTTGATGAATTTTTCCACCACCCTTTCTTGGATGCC 889
2601 R N H K D RMDPFDEVPFPVPFHHZPVFULDA 280
890 AGCACCCCCATCAAGAAATCCCCACCTGTGCCTGTGCCCTCATATCCAAGCTCAGGGTCT 949
281 S T P I K K S PPV PV PSY P S S G S 300
950 GGCAGCAGCTCCAGCAGCAGCTCTGCCTCCCACCTGGCCTCTCCACCGTCCCTGGGGGAG 1009
301 G S S S S S S S A S HULASU®PUPSTILGE 32
1010 ATGCCACAGCTACAGAAGACCCTTACCTCCCCAGCCGATGCTGCTGGCTTTCTTCAGGGC 1069
32l M P Q L Q KTUL TS PADA AAGT FILQG 340
1070 TCCCGGGACTCTGGTGGCAGCAGCAAAGACTCCTGTGACACAGATGACTTTGTCATGGTC 1129
341 S R D S GG S S KDSOCDTUDUDTFV MUV 360
1130 CCAGCCCAGTTTCCAGGTGATCTAGTTGCTGAGGCAGCCAGTGCCAAGCCCCCACCTGAT 1189
3l P A Q F P GDULUVAEA AR ASA ATZKU®PUPUZPD 380
1190 AGCCTGCTGTGTAGTGGGAGCTCATTGGTGGCCTCTGCTGGCCTAGAGAGCCACGGCCGT 1249
381 s L L C S GS SL VASA AGTULETSHGR 400
1250 ACCCCCTCTCCCTCTCCGACCTGCAGCAGCTCTCCCAGCCCCTCTGGCCGGCCTGGCCCC 1309
401 T P S P S P T C S S S PSP SGR P G P 420
1310 TTCTCCAGCAACAGGTACGGTGCCTCGGTCCCCATTCCTGTCCCCACTCAGGTGCACAAT 1369
421 F S S N R Y G A S V P I PV PTOQV HN 440
1370 TACCAGCGCATCGAGCAAAACCTGCAATCGCCCACTCAACAGCAGACAGCCCGGTCCTCT 1429
441 ¥ Q R I E Q N L Q@ S P T Q QQTATR S S 460
1430 GCCATCCGAAGGTCAGGGAGCACCACCCCCCTGGGCTTTGGCCGGGCCAGCCCATCACCC 1489
461 A I R R S G S T TPTULGTFGRAS P S P 480
1490 CCCTCCCACACCGATGGGGCCATGCTGGCCAGGAAGCTGTCACTTGGAGGTGGCCGTCCC 1549
481 P S H T D G A ML ARIKTILSTULGG GG GR P 500
1550 TACACACCTTCTCCCCAAGTGGGAACCATCCCAGAGCGACCCAGCTGGAGCAGAGTGCCC 1609
501 Y T P S PQVGTTIZPETZRTPSWS SRV P 52
1610 TCCCCACAAGGAGCTGATGTGCGGGTTGGCAGGTCACCACGACCCGGTTCCTCTGTGCCT 1669
521 S P Q G A DV RV GRSPRUPGS SV P 540
1670 GAGCACTCTCCAAGAACCACTGGGCTGGGCTGCCGCCTGCACAGTGCCCCTAACCTGTCC 1729
541 EH S P R TTGULGU CRILUHSAPNTIL S 560
1730 GACTTCCATGTTGTGCGTCCCAAGCTGCCTAAGCCCCCAACAGACCCACTGGGAGCCACC 1789
561 D F HV VRUPIEKTLUPIKZPZPTUDZPTLTGA AT 580
1790 TTTAGCCCACCCCAGACCAGCGCACCCCAGCCATGCCCAGGGCTACAGTCTTGCCGGCCA 1849
581 F s P P Q TS AP QPCUPGILO QST CR P 600

FIG. 1.
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were carried out by using 5’'RACE System (GIBCO BRL, Gaithers-
burg, MD) according to the manufacturer’s protocol. Sequencing was
done using PRISM dye terminator cycle sequence kit (Perkin Elmer,
Foster City, CA) and an ABI377 automated sequencer.

Construction of ULK1 expression plasmids. ULK1 cDNA was in-
serted into Xhol-Not I cloning sites of pME18S-HA vector, a version
of SRa expression vector (11) to express fusion proteins with HA
tag at the amino-terminus. A kinase defective mutant ULK1A and
truncation mutants ULKZ1(507), ULKZ1(427), ULKZ1(351), and
ULK1(287) were constructed by using GeneEditor (Promega, Madi-
son, WI) with mutagenesis primers 5’-cgacctggaggtggccgttaactgcat-
taacaagaagaacc-3’, 5'-cttctccccaagtgtaaaccatcccagage-3’, 5'-gcaaca-
ggtacggttaatcggtccccattce-3’, 5'-agcagcaaagactcctaagacacagatgac-3’
and 5’-ccatcaagaaatcctaacctgtgcectgtge-3’, respectively. Mutation
sites were checked by sequencing and subcloned into the pME18S-
HA expression vector.

Transfection and immunoblotting analysis of ULK1. Expression
plasmids for HA-tagged ULK1 or mutants were transfected into

1850 CTGCGTGGCTCACCTAAGCTGCCTGACTTCCTACAGCGGAGTCCCCTACCCCCCATCCTA 1909
601 L R G S P KL P DF L QR S PLPPIL 620
1910 GGCTCTCCTACCAAGGCCGGGCCCTCCTTTGACTTCCCCAAAACCCCCAGCTCTCAGAAT 1969
621 G S P T K A G P S FDF P KTUPS S Q N 640
1970 TTGCTGACCCTGTTGGCTAGGCAGGGGGTAGTAATGACACCACCTCGGAACCGTACACTG 2029
64 L L T L L AR QG UV VMTTZPPRNIRTL 660
2030 CCTGACCTCTCCGAGGCCAGTCCTTTCCATGGCCAGCAGCTGGGCTCTGGCCTTCGGCCC 2089
661 P D L S EA S PF HGQQULGSGULR P 680
2090 GCTGAAGACACCCGGGGTCCCTTTGGACGGTCCTTCAGCACCAGCCGCATTACGGACCTG 2149
681 A E D T R G P F GRS F S TSRTITUDTL 700
2150 CTGCTTAAGGCTGCATTTGGGACTCAGGCCTCTGACTCAGGCAGCACAGACAGCCTACAG 2209
70, L L K A AFGTQASDSGSTDSULQ 72
2210 GAGAAACCTATGGAGATTGCTCCCTCTGCTGGCTTTGGAGGGACTCTGCATCCAGGAGCT 2269
721 E K P M E I A P S A GF GG TULH PG A 740
2270 CGTGGTGGAGGGGCCAGCAGCCCAGCACCTGTGGTATTTACTGTAGGCTCCCCACCCAGT 2329
741 R G G G A S S P A PV VFTUVGS PP S 760
2330 GGTGCCACCCCACCCCAGAGTACCCGTACCAGAATGTTCTCAGTGGGCTCTTCCAGCTCC 2389
761 G A T P P Q S T R TR MF S V G S S s s 780
2390 CTGGGCTCTACTGGCTCCTCCTCTGCCCGCCACTTAGTGCCTGGGGCOCTGTGGAGAGGCC 2449
71 L G S T G S S S A RHULUV P GACGE A 800
2450 CCGGAGCTTTCTGCCCCAGGCCACTGCTGTAGCCTTGCTGACCCCCTTGCTGCCAACTTG 2509
801 P EL S AP G HOCGCSTULADTPTLA AA AN L 820
2510 GAGGGGGCTGTGACCTTCGAGGCTCCTGACCTCCCAGAGGAGACCCTCATGGAGCAAGAG 2569
821 E G AV T F E A P DL PEETULMEQE 840
2570 CACACGGAAACCCTACACAGTCTGCGCTTCACACTAGCGTTTGCACAGCAAGTTCTGGAG 2629
841 H T E T L H S L R F TLAFA AQQUV L E 860
2630 ATTGCAGCCCTGAAGGGAAGTGCCAGTGAGGCCGCCGGTGGCCCTGAGTACCAGCTCCAG 2689
861 I A AL K G S A SEAAGGU®PEVYOQUL Q 880
2690 GAAAGTGTGGTGGCTGACCAGATCAGTCAGTTGAGCCGAGAGTGGGGCTTTGCAGAGCAA 2749
881 E S V V A DQ I S QL SREWGTFATEQ 900
2750 CTGGTTCTGTACTTGAAGGTGGCTGAGCTGCTGTCCTCAGGCCTACAGACTGCCATTGAC 2809
901 L V L Y L K VA ELUL S S GULQTATI D 920
2810 CAGATTCGAGCTGGCAAACTCTGCCTTTCATCTACTGTGAAGCAGGTGGTACGCAGACTA 2869
921 Q I R A G K L C L S8 8 TV K QV V RRIL 940
2870 AATGAGCTGTACAAGGCCAGCGTGGTATCCTGCCAGGGCCTCAGCTTGCGACTTCAGCGC 2929
941 N E L Y K A 8§ VV S CQGUL S LRULOQR 960
2930 TTCTTTCTGGACAAACAACGGCTGCTGGACGGGATCCATGGTGTCACTGCAGAGCGGCTC 2989
961 F F L D K Q R L L DGTIUHGU YV TAETRUL 980
2990 ATCCTCAGCCATGCTGTGCAAATGGTACAATCAGCTGCCCTTGATGAGATGTTCCAGCAC 3049
981 I L S H AV Q M V Q S A AL DEMTF Q H 1000
3050 CGAGAGGGCTGTGTACCGAGATATCACAAAGCCCTGCTATTGCTGGAGGGGTTGCAGCAC 3109
1001 R E G C V PR Y HKALTULTULTULEGTUL Q H 1020
3110 ACTCTCACGGACCAGGCAGACATTGAGAACATTGCCAAATGCAAGCTGTGCATTGAGAGG 3169
1021 T L. T D Q A D I E N I A K C KL C I E R 1040
3170 AGACTCTCGGCCCTGCTGAGTGGTGTCTATGCCTGACtacctgcetgccaacctgecagggt 3229
1041 R L S A L L § G V Y a *

3230 agggtctgagacctggcagactgtectcaacactgatcagatccgatggtgctgagactg 3289
3290 ctgccagccaactccagcagggatgctccacagtggacctgtgcagactggtgcaactet 3349
3350 tgcttcctagactgccagtctctgetggcaggtagacatcagagtgcecaggggteccttg 3409
3410 cccactgggacaggagtttctgaacatattcttectagetggceteectggcaagcaggta 3469
3470 tggtgccgagaagtggcacctgccacctgaagageccatggeageectgtgtcaggcaag 3529
3530 ggcctgagaccgttgcetgactccaagecaaagcaagettttcctcacagttcacttgece 3589
3590 cattgcttgtccaagaaaaaagggtatggtcettetggoccectgttotetetaggaacte 3649
3650 cg 3651

Nucleotide and deduced amino acid sequence of mouse ULK1 cDNA. The kinase domain is in bold letter. The GenBank accession

number for the nucleotide sequence of mouse ULK1 cDNA is AF053756.
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COS7 cells using Lipofectamine (GIBCO BRL), according to manu-
facturer’s protocol. Cells were harvested 48 hrs after transfection
and cell lysates were prepared in an extraction buffer containing 50
mM Tris-HCI pH 7.5, NaCl 150 mM, 1% NP-40, PMSF 1 mM. Sam-
ples were fractionated by 7.5% SDS PAGE and transferred to PVDF
membrane (BIO-RAD, Hercules, CA). After blocking with 5% nonfat
milk in T-TBS (TBS with 0.1% Tween 20), immunodetection was
done by using 12CA5 monoclonal HA antibody (Boehringer Mann-
heim) as a first antibody and HRP-conjugated anti-mouse Ig antibody
(Amersham) as a second antibody, followed by a visualization with
ECL detection kit (Amersham).

In vitro kinase assay. COS7 cell lysates expressing HA-tagged
ULK1 or mutants were treated with 10 ug of 12CA5 and then with
20 ul of protein G-Sepharose (Pharmacia). Immune complex was
collected by centrifugation, washed twice in the extraction buffer and
once in a kinase buffer (50 mM Hepes pH 7.5, 10 mM Mg(OAc), and
1 mM DTT). The immune complex was incubated for 15 min at 30
°C in a kinase buffer containing 10 pCi of [32P]yATP (>3000 Ci/
mmol) in a total volume of 25 pl. The reaction was terminated by
the addition of Laemmli sample buffer, separated by 7.5% SDS-
PAGE, and analyzed by BAS-2000 bio-image analyzer (Fuji Photo
Film, Tokyo, Japan).

Northern blotting. A 0.6 kb Stul fragment from ULK1 cDNA was
labeled using Megaprime kit (Amersham) and hybridized to a multi-
ple tissue Northern blot membrane (Clontech) which contains 2 ug
of MRNA from various tissues. The blots were hybridized at 65 °C
for 2 hrs in QuikHyb (Stratagene, La Jolla, CA) and washed twice
with 2XSSC, 0.1% SDS for 20 min each at room temperature, fol-

ULKT  (1-97)
unc51 (1-93)
Kinase domain —§
UKt (98-196)
uncS1 (94-193)
Via
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unc51 (194-286)
ULK1
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lowed by a final wash with 0.2XSSC, 0.1% SDS for 20 min at 65 °C.
The blots were analyzed by BAS-2000 bio-image analyzer.

Chromosome preparation and in situ hybridization. The direct
R-banding FISH method was used for chromosomal assignment of
the ULK1 gene to mouse chromosomes. Preparation of R-banded
chromosomes and FISH were performed as previously described (12,
13). Mitogen-stimulated mouse and rat splenocyte culture was syn-
chronized by thymidine block, and the incorporation of 5-bromode-
oxyuridine during the late replication stage was made for differential
replication staining after the release of excessive thymidine. R-band
staining was performed by exposure of chromosome slides to UV
light after staining with Hoechst 33258. The chromosome slides were
hardened at 65 °C for 2 hrs and then denatured at 70 °C in 70%
formamide in 2XSSC and dehydrated in a 70-85-100% ethanol series
at 4 °C. The mouse ULK1 fragment inserted in pBluescript KS(—)
was labeled by nick translation with biotin 16-dUTP (Boehringer
Mannheim) following the manufacturer’s protocol. The labeled DNA
fragment was ethanol precipitated with salmon sperm DNA and E.
coli tRNA, and then denatured at 75 °C for 10 min in 100% for-
mamide. The denatured probe was mixed with an equal volume of
hybridization solution to make final concentration of 50% formamide,
2XSSC, 10% dextransulfate, and 2 pg/ul BSA (Sigma). A 20 ul mix-
ture containing 250 ng labeled DNA was put on the denatured slide,
covered with parafilm and incubated overnight at 37 °C. The slides
were washed for 20 min in 50% formamide in 2XSSC at 37 °C, and
in 2XSSC and 1XSSC for 20 min each at room temperature. After
rinsing in 4XSSC, they were incubated under coverslip with anti-
biotin antibody (Vector Laboratories) at a 1: 500 dilution for 1 hr at

v

R R -

DLADYL shiq) | TQH[EVVIESHIL EA I NK HRDLKPONIL L SRTQONPHFTDRVI ADFGF AR IQAMAATL CGSPMYMAPEV I MS
Vib Vil VI

WL R LR R

Q KADLWS I GT| BEOCLTGKAPF (JA WREP 1l C.N4 RE WC PN KOR [I3F 3 HPF L I Lds R
X X X1 <+ —>

Kinase domain PS-Domain

-CS6 SA
PRQE -K

PGSS-VPEHS

Y i Rec HSAPNLSDFHVVRPKLEjETDPLg:TFSPPOTSAPOP
VORI ERPDOL (iR D@NAH-———---D IERMTM FVVC S - — oo m -
crPeLoscRPLRGYIKLPOFLO[RYPLPP 1 LGSPTKAGPSFDFPKTPSSONL v MaRaGV VM ENREPDLSEASPFHGQOLGSGLRPAEDTR FG
--------- TKP INNANRVA YT |-~ ———————TSPADTQDMVAAD QM MSNEDPTTTTT il KSA WTANI - ————— —————— -~ ——0G | PRGARD B
FSTSRITOLLLKAAFGTOASDSGSTDS MY-EMPMEI APSAGFGGTLHPGARGGGASSPAPY VFTVGSPPSGA STRTRMFSVGSSS ci@m
Y YQQTDVNNSP EP-—F1 IKNQTTCTS VE
efreueo @retiis taraoavLe | AL SASEAEGPEYE(L)ESVVAD
adivice @ika1 Bak AELVDTLtHV e @ONPLASMASRR R TTGTST
C-Domain —»
aisaL REWGF | KVAEL] THivoirack LTIk RH%L&ASVEC&ELRERFFEKELLDGIHGVTE.ILSEV
TNT-- SSPYRR } RALHM LBornvanrvIHP VA To B no Mok HocL URs O Ma-s Bo--- WP @pP--anavis SR vYR [N
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TVL TRY [@VAVi | BERQGFVAAVNT

FIG. 2. Amino acid sequence alignment of ULK1 and UNC-51. The alignment was first done by using ALIGN ver.2 and then modified

by eyes.
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37 °C. After washing with 4XSSC, 0.1% Nonident P-40 in 4XSSC,
4XSSC for 10 min on the shaker, the slides were rinsed with 2XSSC
and stained with 0.75 upg/ul propidium iodide. Excitation at wave
length 450-490 nm (Nikon filter set B-2A) and near 365 nm (UV-2A)
were used for observation. Kodak Ektachrome ASA100 films were
used for microphotography.

RESULTS AND DISCUSSION

cDNA cloning and sequencing of mouse ULK1. Using
degenerate primers based on the sense and anti-sense
sequences of HRDLKP (conserved domain VIb) and RY-
MAPE (conserved domain VIII), partial cDNA fragments
were amplified by PCR from first strand cDNA prepared
from neonate rat brain. The PCR products were fraction-
ated on a5 % PAGE and amplified fragments of expected
size were recovered, subcloned and sequenced. Homology
search of the sequences revealed that three clones out of
about 200 clones sequenced encoded an ORF which
showed the highest homology to the domain between Vib
and VIII of C. elegans protein kinase, UNC-51. Using
this cDNA fragment as a probe, we screened about 10°
clones from mouse embryo and brain cDNA libraries and
obtained three partial overlapping clones. The 5’ end was
further cloned by 5’-RACE. The resultant ULK1 cDNA
was 3651 bp, having a predicted GC rich 5’"UTR, an ATG
start codon which matches the Kozak’s consensus, and
an ORF of 1051 amino acids (Fig. 1). The nucleotide se-
quence has been deposited in GenBank under the acces-
sion number of AF053756. From the overall structural
similarity of the deduced amino acid to UNC-51 (see be-
low), we designated this clone as mouse ULK1 (UNC-51-
Like Kinase 1).

ULK1 is homologous to UNC-51. Using the deduced
1051 amino acid sequence of ULK1 to query the protein
databases of National Center of Biotechnology Informa-
tion (NCBI), ULK1 showed the highest overall homology
to C. elegans UNC-51 (32% identity and 41% similarity).
Alignment of ULK1 and UNC-51 delineated three do-
mains; the amino-terminal kinase domain, the interven-
ing proline/serine-rich (PS) domain and the carboxyl-ter-
minal conserved (C) domain (Fig. 2).

The kinase domain of ULK1 possesses all of the sub-
domain motifs characteristic for protein kinases (14).
ULK1 (21-278) and UNC-51(14-275) is 62% identical
and 74% similar at the amino acid level, and there
was no mammalian protein kinases in the Swiss-Prot
databank sharing this level of identity. Typically, the
kinase domain of ULK1 had lower homologies to other
mammalian protein kinases such as human PKCgu
(Acc. No. Q15139, 34% identity in 261 aa overlap), hu-
man NRK2 (Acc. No. P51957, 33% identity in 264 aa
overlap), mouse NEK1 (Acc. No. P51954, 32% identity
in 264 aa overlap), and mouse ribosomal protein S6
kinase Il « 1 (Acc. No. P18653, 33% identity in 262 aa
overlap), all of which apparently belong to different
kinase subfamilies.
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The PS domain of ULK1 (279-828) and the corre-
sponding region of UNC-51 (276-636) show the least
homology and are different in length. Although pri-
mary structure of this domain is not conserved, this
region is characterized by a high percentage of proline
and serine residues; ULK1 (S: 16%, P: 15%) and UNC-
51 (S: 13%, P: 12%). A motif of pPXP(S/T) (where ¢
stands for hydrophobic amino acids) is found at 290-
294, 437-441 of ULK1 and 280-284, 385-389 of UNC-
51. Stretches of serine and/or threonine are also found
at 297-308, 777-788 of ULK1 and 521-526, 592-599 of
UNC-51. Whether these short conserved motifs in the
PS domain has specific roles is not known at present.

The C domain spanning about 220 aa at the carboxyl-
terminus of ULK1 and UNC-51 are homologous. The
sequenecs of ULK1 (829-1051) and UNC-51 (637-856)
are 29% identical and 44% similar at the amino acid
level. It is worth noting that the UNC-51 mutations
attributing to unc-51 phenotype have often been found
in this region (10). Also an UNC-51 interacting protein,
UNC-14, binds to a region in this C domain (15). These
lines of evidence and the sequence conservation of this
domain point to its functional importance.

The mRNA for mouse ULK1 is widely expressed. We
examined the tissue distribution of ULK1 mRNA by
Northern blot analysis. As shown in Figure 3, ULK1
MRNA was detected as a single 4.7 kb transcript in
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FIG. 3. Northern blot analysis of ULK1 gene in mouse tissues.
The Clontech mouse multiple tissue blot carrying 2 ug of polyA RNA
per lane was probed with a URK1 fragment. ULK1 mRNA is detected
as an approximate 4.7 kb band in all of the tissue examined.
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FIG. 4. Chromosomal localization of the ULK1 gene on mouse (a, b, ¢) and rat (d, e, f) R-banded chromosomes. The mouse ULK1 cDNA
fragment was used as a biotinylated probe. The hybridization signals are indicated by arrows. The ULK1 gene was located to mouse
chromosome 5F and rat chromosome 12q16.3. The metaphase spreads were photographed with Nikon B-2A (a, c, d, f), and UV-2A (b, €)
filters. R-band and G-band patterns are demonstrated in (a, c, d, f) and (b, e), respectively.

all tissues examined. While UNC-51 is predominantly
expressed in neurons and in some muscles in C. elegans
(10), expression of ULK1 mRNA is ubiquitous in mouse
tissues. This suggests that ULK1 may have roles in
non-neural tissues as well as in neural tissues.

Chromosomal location of ULK1 gene. The chromo-
somal assignment of the ULK1 gene to mouse and rat
chromosomes was made by direct R-banding FISH using
mouse cDNA as a probe. The ULK1 gene was localized
to mouse chromosome 5F and rat chromosome 12g16.3
(Fig. 4)(12, 16, 17). They were mapped in the region
where the conserved linkage homology has been identi-
fied between the two species (18). The mouse chromosome
region where ULK1 was mapped includes mouse mutant
loci such as, mc (marcel), bl (blebbed), gc (gray coat), le
(light ear), jg (jagged tail), Ph (patch), bf (buff), and Gus
(=asd: adipose storage deficiency) (19).

Expression and autophosphorylation of ULK1. To
test the kinase activity of ULK1, kinase negative mutant
ULK1A was constructed as a control by replacing the
conserved ATP-binding Lys with Asn. HA-tagged ULK1
and ULKZ1A in expression plasmids were transfected into

COS7 cells, and cell lysates were subjected to immu-
noblotting analysis (Fig. 5A) and immunoprecipitation
kinase assay (Fig. 5B). Immunoblotting using HA anti-
body identified a molecule of ~150 kDa which corre-
sponds to HA-tagged ULK1 (Fig. 5A, lane 5). Kinase neg-
ative ULK1A migrated slightly faster than ULK1 (Fig.
5A, lane 6), suggesting that ULK1 may be phosphory-
lated. In accordance with this observation, ULK1 was
phosphorylated in the kinase assay (Fig 1B, lane 5). The
phosphorylation was primarily due to autophosphoryla-
tion since phosphorylation of ULK1A was drastically re-
duced (Fig. 5B, lanes 6). To further determine the site of
phosphorylation, truncated ULK1 mutants were tested
in the assay. Phosphorylations of truncated mutants,
ULK1(507), ULK1(427), ULK1(351) were readily de-
tected, while that of ULK1(287) which only contains the
kinase domain was not detected (Fig. 5A & 5B, lanes 1
to 4). These results indicate that ULK1 is autophosphory-
lated in the PS domain, especially between 287 and 351
where the longest serine stretch resides. Since deletions
of the PS and C domains up to ULK1(351) did not signifi-
cantly alter the level of autophosphorylation, these do-
mains may not be essential for regulating kinase activity.
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FIG. 5. Expression and in vitro kinase activity of HA-tagged
ULK1 and its mutants. A. Immunoblotting analysis of lane 1:
ULK1(287), lane 2: ULK1(351), lane 3: ULK1(427), lane 4:
ULK1(507), lane 5: ULK1, and land 6: ULK1A. The products are
shown by the asterisks. B. In vitro kinase assay of lane 1: ULK1(287),
lane 2: ULK1(351), lane 3: ULK1(427), lane 4: ULK1(507), lane 5:
ULK1, and land 6: ULK1A. The products are shown by the asterisks.

Although we have determined the protein kinase activity
of ULK1, further study is needed to elucidate its physio-
logical substrate and mode of regulation.

In conclusion, we have shown evidence for the presence
in mammals of a novel protein kinase ULK1, which is
homologous to C. elegans UNC-51. Recently, a yeast pro-
tein kinase Apglp, which is homologous to UNC-51, was
cloned and characterized (20). UNC-51 shows higher sim-
ilarity with ULK1 than with Apglp. Albeit the homology
is less prominent, Apglp appears to have a similar struc-
ture composed of the kinase, PS and C domains. Taken
together, it is likely that ULK1, UNC-51 and Apglp com-
prise a novel subclass of protein kinase, which is con-
served among wide variety of species. Apgl mutant is
defective in autophagic processes and dynamic mem-
brane turnover (20), while unc-51 mutants have atypical
membranous vesicles and cistern-like structures in its
abberent axons (21, 22). Information on these model eu-
karyotes may then facilitate the functional analysis of
ULKZ1 in mammalian cells.
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