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Nuclear Import of Protein Kinases and Cyclins 
Teni Boulikas 

Institute of Molecular Medical Sciences, Palo Alto, California 94306 

Abstract Karyophilic and acidic clusters were found in most nonmembrane serine/threonine protein kinases 
whose primary structure was examined. These karyophilic clusters might mediate the anchoring of the kinase molecules 
to transporter proteins for their regulated nuclear import and might constitute the nuclear localization signals (NLS) of 
the kinase molecules. In contrast to protein transcription factors that are exclusively nuclear possessing strong 
karyophilic peptides composed of at least four arginines (R) and lysines (K) within an hexapeptide flanked by proline and 
glycine helix-breakers, protein kinases often contain one histidine and three K + R residues; this is proposed to specifya 
weak NLS structure resulting in the nuclear import of a fraction of the total cytoplasmic kinase molecules as well as in 
their weak retention in the different ionic strength nuclear environment. Putative NLS peptides in protein kinases may 
also contain hydrophobic or bulky aromatic amino acids proposed to further diminish their capacity to act as strong 
NLS. Most kinases lacking karyophilic clusters (c-Mos, v-Mos, sea star MAP, and yeast KIN28, SRAl, SRA3, TPKI, TPK2) 
also lack acidic clusters, which is in contrast to most kinases containing both acidic and karyophilic peptides; this and 
the presence of R/K clusters in the transporter proteins supports a role of acidic clusters on kinases in nuclear import. 
Cyclins B lack karyophilic signals and are proposed to be imported into nuclei via their association with 
Cdc2. c I 996 WiIey-Liss, Inc. 
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INTRODUCTION 

Protein kinases regulate enzymatic activities 
as well as the DNA-binding, transactivating po- 
tential, and nuclear import of transcription fac- 
tors and other kinases; these processes occur in 
response to extracellular stimuli, emergence of 
cells from quiescence or the commitment to 
differentiate, the decision to replicate DNA and 
to enter mitosis. Kinases might play a notable 
role in establishing memory pathways through 
their activation by opening ion-gates in neuro- 
junctions [reviewed by Boulikas, 19951. Nuclear 
import of proteins is mediated by short karyo- 
philic peptides that electrostatically anchor the 
protein molecule to cytoplasmic or nuclear pore 
transporter proteins [reviewed by Boulikas, 
19931. Indeed, transporter molecules contain 
clusters of karyophilic but also of acidic amino 
acids. For example, the yeast NSRl possesses 
the motifs DKKRKSEDAEEEEDEESS and 
Rx3Rx4Rx3 Rx3Rx4Rx3 RxzRx3R [Lee et al., 
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19911; the rat Noppl4O has ten motifs and twelve 
amino acids each composed entirely of S, D, and 
E like SSSSSEDSSEEE, each followed by a ba- 
sic oligopeptide; S residues are highly phosphory- 
lated in the functional transporter Noppl40 pro- 
tein molecule [Meier and Blobel, 19921. 

We have proposed that not only karyophilic 
but also acidic clusters on cytoplasmic proteins 
to be imported into nuclei mediate their binding 
to transporter molecules [Boulikas, 1993,19941. 
An examination of the primary structures of a 
number of transcription factors known to func- 
tion exclusively in the nucleus has revealed the 
presence of karyophilic motifs; of the sixteen 
possible forms of putative NLS structures the 
6666, 666x0, 68x66, and 66x6~0 (where 0 is R or 
K) were predominating, together accounting for 
about 70% of all karyophilic clusters on tran- 
scription factors. These are expected to have 
their complementary acidic clusters on trans- 
porter molecules where E or phosphoserine 
might complement K and D might complement 
R [Boulikas, 1994al. Evidently more trans- 
porter protein structures and predictions of the 
three-dimensional conformation of both trans- 
porters and transcription factors are needed to 
resolve these issues. 

0 1996 Wiley-Liss, Inc. 
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Are transcription factors phosphorylated al- 
ready in the cytoplasm by cytoplasmic kinases 
after their synthesis on polyribosomes and prior 
to their nuclear import or some protein kinases 
enter the nucleus and phosphorylate transcrip- 
tion factors in the nucleoplasm? The second 
possibility is favored since phosphorylations and 
dephosphorylations of transcription factors oc- 
cur during the cell cycle and in response to  
mitogenic signals; the vast majority of transcrip- 
tion factors are strictly nuclear proteins that are 
supposed to see the cytoplasm only once in their 
lifetime, during their birth on polyribosomes. 

In spite of the possibility that nuclear factors 
are phosphorylated after their synthesis in the 
cytoplasm by cytoplasmic kinases to promote 
their nuclear import, like rNFIL-6 [Metz and 
Ziff, 19911 or ISGF3 [Fu, 1992; Fu and Zhang, 
1993; Shuai et al., 19931, the issue on whether 
some protein hnases enter the nucleus is impor- 
tant to our comprehension of the involvement of 
protein phosphorylation in the control of gene 
expression, DNA replication, cell cycle control, 
and neoplasia. For several protein kinases it has 
been established that they shuttle between the 
nucleus and the cytoplasm like casein kinase I1 
[Lin et al., 1992; Krek et al., 19921; the catalytic 
subunit of CAMP-dependent protein kinase I1 
following stimulation of cells with CAMP [Nigg 
et al., 19851; the MAP kinases ERKl and ERK2 
following stimulation of cells with growth fac- 
tors or mitogens [Anderson et al., 1990; Ahn et 
al., 1991; Chen et al., 1992; Kyriakis et al., 
19921; the RSK or p9OrSk after its phosphoryla- 
tion by MAP kinase [Chen et al., 19921; and 
protein kinase C (PKC) after stimulation of cells 
with the phorbol ester TPA [Leach et al., 19891. 
Questions on whether other kinases are im- 
ported to  the nucleus might be answered by 
searching for nuclear localization signals (NLS) 
on protein kinases. 

RESULTS 
Putative Nuclear Localization Signals 
on Nonmembrane Protein Kinases 

Ambiguities as to whether a kinase enters the 
nucleus or stays as a strictly cytoplasmic en- 
zyme exist for several kinases. The primary 
structure of a significant number of protein 
kinases as well as their function are known; this 
has allowed the search for karyophilic hexapep- 
tides in their sequences that might function in 
their nuclear import (Table I) as a possible clue 

to their intracellular location. Acidic clusters on 
protein kinases are also given since these might 
also function in the anchoring of the molecules 
to karyophilic clusters on transporter proteins 
(see Introduction). Acidic clusters are arbi- 
trarily defined as four aspartic (D) and glutamic 
acid (E) residues over a stretch of six amino 
acids; evidently due to our ignorance of the sites 
of phosphorylation of most kinases, we cannot 
predict the contribution of phosphoserines, phos- 
phothreonines, and phosphotyrosines in increas- 
ing the acidity of a vicinal DiE-rich cluster. 

One type of protein kinase C playing a central 
role in signal transduction and acting as the 
principal receptor of the phobol ester TPA trans- 
locates to the nucleus from the cell membrane 
following stimulation of NIH 3T3 cells with 
TPA [Leach et al., 19891. TPA treatment seems 
to reduce the levels of PKC in the cytoplasm 
with a concomitant increase in membrane and 
nuclear levels of PKC. However, a number of 
other similar studies that have examined nuclear 
localization of PKC gave varying results, raising 
the interesting possibility that different iso- 
forms of PKC might follow different cell traffick- 
ingpaths [see Leach et al., 1989, for references]. 
Type a, p, or y protein kinase C molecules from 
human, rat, rabbit, or bovine cells all display 
three karyophilic peptides conserved in all mol- 
ecules of the type HKRCH, or HRRCH around 
position 71, RSKHKFK or RNKHKFR around 
position 95, and KHPGKR or KHP- around 
position 577 or 591 (Table I). These signals, 
although rather weak because of the histidine 
residue, are flanked by Pro, Glu, Asp, or Gly and 
are proposed to act for the nuclear import of 
PKC under special circumstances. 

GSK-3 was originally described as a cytoplas- 
mic enzyme involved in glycogen metabolism 
[Hemmings et al., 19821. Later, however, GSK-3 
was shown to phosphorylate nuclear oncopro- 
teins in vitro such as c-Jun [Boyle et al., 19911 
and c-Myb [Woodgett, 19911. Furthermore, mo- 
lecular cloning of GSK-3 [Woodgett, 19901 has 
shown sequence similarity to  the zeste-whitel 
shaggy gene of Drosophila coding for a protein 
involved in neural cell fate determination and 
known to be a nuclear transcription regulator 
[Siegfried et al., 19901. These observations make 
it likely that GSK-3 is localized also in the 
nucleus. Our search on GSK-3a and p rat iso- 
forms encoded by different genes and highly 
expressed in brain shows the presence of the 
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TABLE I. Karyophilic and Acidic Clusters on Non-Membrane Protein Kinases 

Non-membrane Karyophilic Acidic 
protein kinase Species peptides stretches Features Reference 

Protein kinase Bovine, 
C (673 aa) human P 

type 

Protein kinase Bovine, 
C (697 aa) human y 

type 

Protein kinase Rabbit type 
C (673 aa) a and p 

PKC-I (701 aa) Rat brain 

Protein kinase Drosophila 
C (639aa, 75 
kDa) 

Glycogen syn- Rat brain 
thase kinase 
3 

aa) 

aa) 

GSK-3a (483 

GSK-3P (420 

73FVVHKRCH 374KKDx4DDD Known to translocate to 
E  VEX^ EKR the nucleus following 
96DDPR SKHK 540PFEGEDE treatment of cells with 
FKIH D LF mitogens 
5 7 7TKHPG 
KRLG 
71FVVHRRCH 383KKDx4DDD 
EF VDx4 EKR 
95DDPRNKH K 552PPFDGED 
FRLH EEE LF 
591TKHPAKRL 
G 
72FVVHKRCH 374KKDxhDDD 
E  VEX^ EKR 
96DDPRSKHK 540PFEGEDE 
FKIH DE LF 
577TKHPGKRL 
G 
71FVVHRRCH 386KKDx4DDD 
E V D X ~  EKR 
95DDPRNKHK 556PPFDGED 
FRLH EEE LF 
594TKHPGKRL 
G 
22GENKMKSR 300ADDEQDL 14 exons, 20 kb; 3 tran- 
LRKG (not con- 379QDDDVEC scripts in adult flies; not 

served) 540FDGEDEE expressed in 0-3 h Dro- 
8OSYVVHKRC EL sophila embryos; the 
H E W T  (con- WHKRCHE motif (or 

served) WHRRCHE) is con- 
21 1PDDKDQSK served among all PKC 
KKTRTIK (not known 

conserved) 
614PPFKPKIK 
HRK MCP (not 

conserved) 
148KKVLQDK- None Phosphorylates glycogen 
RFKNR- (181SSGEK- synthase, c-Jun, c-Myb; 
ELQIMR- KDE, after 

lation at  S) 
KLD phosphory- 

Table Z continues on next page 

two isoforms encoded by 
discrete genes; highly 
expressed in brain; both 
a and P forms are cyto- 
solic but also associated 
with the plasma mem- 
brane consistent with 
their role in signal trans- 
duction from the cell 
surface 

Parker et al., 
1986; 
Coussens 
et al., 
1986a 

Parker et al., 
1986; 
Coussens 
et al., 
1986a 

Ohno et al., 
1987 

Knopf et al., 
1986 

Rosenthal et 
al., 1987 

Woodgett, 
1990 
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TABLE I. (continued) 

Non-membrane Karyophilic Acidic 
protein kinase Species peptides stretches Features Reference 

zw3 Drosophila 
zeste-white 3 

Ca2+/calmodu- Rat brain 
lin-de- 
pendent pro- 
tein kinase I1 
(CaM kinase 
11) @ subunit 
(542aa, 60.3 
kDa) 

CaM kinase I1 Rat brain 
(478 aa, 54 
kDa) a-sub- 
unit 

cADPK cata- Bovine (car- 
lytic subunit diac 
(349 aa, 40.6 muscle) 
kDa) 

cADPK (cata- Bovine 
lytic sununit) 
(350 aa) 

LQDRRFKNRE 
LQ 

289ECLKKFNA 
RRKLKGAIL 

290LKKFNARR 
KLKGAILTTM 
450EETRVWH 
RRDGK 

185 GFAKRV- 
KGRT 
WTLCG 

None Product of the segment 
polarity gene zw3; the 
protein encoded has 34% 
homology to cdc2; muta- 
tions in zw3 give 
embryos that lack most 
of the ventral denticles, 
differentiated structures 
derived from the most 
anterior region of each 
segment 

Composed of nine 50 kDa 
a-subunits and three 60 
kDa @-subunits; both are 
catalytic; calmodulin- 
and ATP-binding 
domains; highly 
expressed in forebrain 
neurons, concentrated in 
postsynaptic densities; 
acts as a Ca2+-triggered 
switch and could be 
involved in long-lasting 
changes in synapses 

338IEDEDTKV This particular isoform is 
R exclusively expressed in 

the brain; high enzyme 
levels in specific brain 
areas; might be involved 
in short- and long-term 
responses to transient 
stimuli 

402IEDEDA 

327DDYEEEE By Edman degradation of 
x6Exl ExaEFend protein fragments; medi- 

ates the action of and is 
activated by CAMP; con- 
sists of two regulatory 
(R) and two catalytic (C) 
subunits; CAMP releases 
the C subunit from the 
inactive R2C2 cADPK, 
two cDNAs were cloned 

Siegfried et 
al., 1990 

Bennett and 
Kennedy, 
1987 

Lin et al., 
1987 

Shoji et al., 
1981; 
Uhler et 
al., 
1986a,b 

encoding two isoforms of 
the catalytic subunit of 
cADPK in mouse 

186GFAKRVKG 338DDYEEEDIR cDNA was isolated by Showers and 
RTWTLCG x4Ex4Ex2EFend screening a bovine pitu- Maurer, 

itary cDNA lbrary; 93% 1986 
sequence similarity to 
known bovine cADPK; 
represents the second 
gene for the catalytic 
subunit of cADPK 

Table I continues on next page 
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TABLE I. (continued) 

Non-membrane Karyophilic Acidic 
protein kinase Species peptides stretches Features Reference 

cGDPK (670 Bovine lung 29EEEIQELKR lAcSELEEDE 
aa, 76.3 kDa) KLHKCQSVLP 2OELEKRLS EK 

389KILKKRH- EEEIQE 
IVDTR 652PEDN DEP 

PPDD 

TPK3 (398 aa) S. cerevisiae 117KTLKKHTI None 
cADPK VK 

SNFl (633aa, S. cerevisiae 16S2HI3GHG2 323PEENENN 
72 kDa) 166EYCHRHKI DSKKDX~ DND 

VHRDLKP EIDD 
495PLVT KKSK 
TRWHFG 

Casein kinase Drosophita 70PVKKKKIKR None 
I1 (a-subunit, melano- EIK 
catalytic) gaster 269DILQ RHSR 
(336aa) KRWERF 

CKII (p-sub- 
unit, regula- 
tory) (215aa) 

unit, regula- 
tory) (209aa, 
24.2 kDa) 

KINl (1064 aa, 
11 7 kDa) 

CKII (p-sub- 

Drosophila 146PKSSRHH 24EVDEDYIQD 
melano- HTDG 55DLEP EDE L 
gaster EDNP 

(lung) HTDG 51DLEPDEE L 
Bovine 142PKSSRHH 2OEVDED 

ED 

S. cerevisiae 108PKQRHRK 433EFIDDVEE 
SLG TR 
129GSMCKV KL 762GSDDD EN 
AKHRYTNE 
506DRKHAKI R 
NQ 
638GNIFRKLS 
QRRKKTI EQ 
773PPLNVAKG 
RKLHP 

By protein sequencing; 
composed of two iden- 
tical subunits activated 
in an allosteric manner 
by binding of cGMP and 
not by dissociation of 
catalytic subunit as in 
cADPK; sequence 
similar to cADPK 

CAMP-DPK is a tetrameric 
protein with two cata- 
lytic and two regulatory 
subunits; CAMP acti- 
vates the kinase by dis- 
sociating the catalytic 
subunits from the tet- 
ramer; all three TPK 1, 
2 , 3  are catalytic sub- 
units 

SeriThr kinase; autophos- 
phorylated; plays a cen- 
tral role is carbon 
catabolite repression in 
yeast required for 
expression of glucose- 
repressible genes; region 
60-250 shows high 
sequence similarity to 
CAMP-dependent pro- 
tein kinase (cADPK) 

CKII is composed of a and 
p sununits in a a2p2 
130-150 kDa protein; 
the a-subunit is the cata- 
lytic and the p is auto- 
phosphorylated 

Takio et al., 
1984 

Toda et al., 
1987 

Celenza and 
Carlson, 
1986 

Saxena et al., 
1987 

Takio et al., 
1987 

30% aa similarity to bovine Levin et al., 
cADPK and 27% (KIN11 1987 
or 25% (KIN2) aa simi- 
larity to v-Src within the 
kinase domain; the cata- 
lytic domains of KINl 
and KIN2 are near the 
N-terminus and are 
structural mosaics with 
features characteristic of 
both Tyr and SeriThr 
kinases 

Table I continues on nextpage 
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TABLE I. (continued) 

Non-membrane Karyop hilic Acidic 
protein kinase Species peptides stretches Features Reference 

KIN2 (1152 aa, S. cerevisiae 87ELRQFHRR 412EFIDDIEDT 
126 kDa) SLG RR 

1llGKVKLVK 
HRQTKE 
2 17GSLKEHHA 
RKFARG 
807LSVFKGRK 
LHP 

STE7 (515 aa) S. cerevisiae GOFLRRGIKKK 
LTLD 
472PSKDD KFR 
HWCRKIKSKIK 
EDKRIKRE 

Levin et al., 
1987 

S6KIIa (733aa) Xenopus 

S6KIIp Xenopus 

S6KII (752 aa) Chicken 

S6KII (724aa) Mouse 

CDC2Hs Human 
(297aa) 

p34'd'Z 

cdc2 (297aa) S. pombe 

722- 
QRRVKKLPST 
TLend 
QRRVKKLPSIT 
L end 
742 
QRRVKKLPST 
TLend 
713QRRVRKL 
PSTTLend 
16GVVYKGRH 
KTTG 
l2OFCHS RRVL 
HRDLKP 

GVVYKARHKL 
SGR 

Implicated in the control of Teague et 
the three cell types in 
yeast; (a, a, and ala) of 
which a and a cells are 
haploid and are special- 
ized for mating, whereas 
a /a  cells are diploid and 
are specialized for 
meiosis and sporulation; 
with the exception of the 
mating type locus, MAT, 
all cells contain the same 
DNA sequences; STE7 
gene produces insensi- 
tivity to cell-division 
arrest induced by the 
yeast mating hormone, 
a-factor 

al., 1986 

Jones et al., 
1988 

33KKIRLESEE Isolated by expressing a 
E G W  human cDNA library in 

S. pombe and selecting 
for clones that comple- 
ment a mutation in the 
cdc2 yeast gene; the 
human CDC2 gene can 
complement both the 
inviability of a null allele 
of S. cerevisiae CDC28 
and cdc2 mutants of S. 
pombe; CDC2 mRNA 
appears after that of 
CDK2 

High homology to S. cer- KKIRLEDESE 
PGDSEIDE I evisiae CDC28 
GEEDAIEL 

Jones et al., 
1988 

Alcorta et 
al., 1989 

Alcorta et 
al., 1989 

Lee and 
Nurse, 
1987; 
Ninomiya- 
Tsuji et 
al., 1991 

Hindley and 
Phear, 
1984 

Table I continues on next page 



NLS on Kinases 67 

TABLE I. (continued) 

Non-membrane 
protein kinase Species 

Karyophilic Acidic 
peptides stretches Features Reference 

CDKB (cell divi- Human 
sion kinase 2) 
(298 aa) 

Egl (297aa) Xenopus 

CDC28 (298a) S. cerevisiae 

cdk3 (305aa) Human 

PSSALRE (291 Human 

PCTAIRE-1 Human 
aa) 

(496 aa) 

PCTAIRE-2 Human 
(523 aa) 

PCTAIRE-3 Human 
(380 aa) 

KKIALRE (358 Human 
aa) 

niml+ gene S. pombe 
product (new 
inducer of 
mitosis); pro- 
tein kinase 
(370 aa) 

Weel+ gene S. pombe 
product 
(877aa) 

119HSHRVLH None The human CDKB protein Ninomiya- 
RDLKP has 65% sequence iden- Tsuji et 

al., 1991; 
Tsai et al., 

tity to human ~ 3 4 ' ~ ' ~  
and 89% sequence iden- 
tity to Xenopus Egl 1991 
kinase; human CDK2 
was able to complement 
the inviability of a null 
allele of S. cerevisiae 
CDC28 but not cdc2 
mutants in S. pombe. 
CDK2 mRNA appears in 
late Gliearly S 

109FCHSHRVL 254PLDEDGRD Cdk2-related Paris et al., 
HRDLKP LL 1991 
125GIAYCHSH 37KKIRLESED The homolog of S. pombe Lorincz and 
RILHRDLK P E G W  Cdc2 Reed, 1984 
119HSHRVIHR None (287 Meyerson et 
DLKF' SSPEPSPxsRF al., 1992 

RH. C-ter- 
minus) 

56KELKHKNIV 33KRVRLDDD cdc2-related kinase Meyerson et 
DEGVPSS al., 1992 R 

lMDRMKKIKR cdc2-related kinase Meyerson et 
Q (N-terminus) al., 1992 
141DKPLSRRL 
RRV 
lMKKFKRR cdc2 related kinase Meyerson et 
129RNRIHRR 
IS 
172SRRSRRA 
S 
304HRRK VLH 
R 
512GHGKN RR 
QSMLF end 
163HTRKILHR cdc2 related kinase Meyerson et 
369PGRGK N R  al., 1992 
RQSIF end 
69EVFRRKRR 243DPEDMEP cdc2-related kinase Meyerson et 
LH LEL al., 1992 
3OZDKPTRK TL 
RKSRKHH 
1MVKRHKNT 309RDDNDEK Russel and 
87DGELFHYIR Nurse, 
K HGP 1987a 
114DAVAHCH 
RFRF RHRD 
295KKsssKK 
VVRR LQQRDD 
194PAQKLRK 538MEEEADV The Weel + gene functions Russel and 
KNNFD as a dose-dependent Nurse, 
388K QHRPRK inhibitor that delays the 1987a 
NTNFTPLPP initiation of mitosis until 
592KYAVKKL K the yeast cell has 
VKFSGP attained a certain size; 

Weel has a protein 
kinase consensus prob- 
ably regulating cdc2 
kinase 

al., 1992 

Table I continues on next page 
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TABLE I. (continued) 

Non-membrane 
protein kinase Species 

Karyophilic Acidic 
peptides stretches 

CDC7 (497 aa) S. cereuisiae 

ERKl(MAP Rat 
kinase) (367 
aa; 42 kDa) 

FUS3 (353aa) S. cereuisiae 

KSSl (368 aa) S. cerevisiae 

SWIG (803aa, S. cerevisiae 
9OkDa) 

cdclO S. pombe 

CTD kinase S. cereuisiae 
(528 aa) 

58 kDa subunit 
(catalytic) 

Phosphorylase Rabbit (skel- 
kinase (cata- etal 
lytic subunit) muscle) 
(386aa) 

Myosin light Chicken giz- 
chain kinase zard 
(MLCK) (669 
aa) 

266PNETRRIK 480DGESTDE 
RANRAG DDWSSSE AD 

LLDKDVLLISE 
end 

48YDHVRKTR FDMELDDL 
VAIKK PKERLKE x ~ D  

59ILKHFKHE 

252QIKSKRAK 343RPEEEEE 
EY VP 
ELVKHLVKHG EFEEPETDQD 
SN EEDP 
GKAKKIRSQLL EEEEESFRE 

ESKK 
SSEDPQDIDT 
DE MQD 

EQRLKRHRID 
VSDED 

SNIKSKCRRW 

(suggested by the (N-terminus) 
authors) 
492KLARKQK 
R P  

37PPKRIRTD NSDDDDK 

29GVSSVVRR None 
CIHKP 

Features Reference 

Patterson et 
al., 1986 

Required for mitotic but 
not meiotic DNA replica- 
tion presumably to phos- 
phorylate specific repli- 
cation protein factors; 
implicated in DNA 
repair and meiotic 
recombination; some 
homology with CDC28 
and oncogene protein 
kinases but differs in a 
large region within the 
phosphorylation 
receptor domain 

Boulton et 
the nucleus following al., 1990 
their activation by phos- 
phorylation at  T-190, 
and Y-192 (T-183, Y-185 
in ERK2) 

Known to translocate to 

MAP-(ERK1)-related Boulton et 
al., 1990 

MAP-(ERK1)-related Boulton et 
al., 1990 

Activator of CACGA-box Breeden and 
with sequence similarity Nasmyth, 
to cdcl0; required at 1987 
START of cell cycle 

Breeden and 
Nasmyth, 
1987 

Consists of 3 subunits of Lee and 
Greenleaf, 
1991 

58,38, and 32 kDa; dis- 

gene gives cells that lack 
CTD kinase, grow 
slowly, are cold sensi- 
tive, but have different 
phosphorylated forms of 
RNA pol I1 

ruption of the 58 kDa 

Reimann et 
al., 1984 

489KKYMARR 176EKQEEEL Ca2+ icalmodulin-acti- Guerriero et 
KWQKTGHAV KEEEAELSDD vated; phosphorylated al., 1986 

EGKETE by cADPK; first 
304DED FELTE described as responsible 
RE for the phosphorylation 
431DFDD EAF of a specific class of 
DEISDDAKD myosin light chains; 
606D YDEE required for initiation of 
653EGEGEGE contraction in smooth 
GEEDEsend muscle 

Table Z continues on next page 
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TABLE I. (continued) 

Non-membrane Karyophilic Acidic 
protein kinase Species peptides stretches Features Reference 

Myosin light Rabbit (skel- 
chain kinase etal 
(partial 368 muscle) 
carboxy-ter- 
minal aa 
sequence) 

kinase (PhK) (muscle) 
(catalytic y 
subunit) (389 
aa) 

Phosphorylase Mouse 

314PWLNNLAE 26OGDDDTE 
KAKRCNRRLK 275WYFDEETF 
SQ333 E 
334ILLKKYLM- 
KRRWKKN- 
FIAVS 
28GVSSVVRR 384AEEEDFend 
CIHKF' 

DKRFKNRE signal in both isoforms; because 
of the phenylalanine (F) residue might be a 
weak NLS. 

Ca2+ /calmodulin-dependent kinases I and I1 
(CaM kinases) are bulky enzymes especially ex- 
pressed in brain consisting of a and p subunits 
both possessing catalytic kinase activity; these 
enzymes are partly bound to membranes or 
cytoskeletal structures and partly soluble [re- 
viewed by Edelman et al., 19871; yet CaM ki- 
nases phosphorylate the transcription factor 
CREB [Sheng et al., 1990, 19911 and mediate 
the effect of Ca2+ influx to the nucleus [Colbran 
et al., 1989; Sheng et al., 19911. The rat enzyme 
has the KKFNARRKLKG signal (Table I) 
which, although flanked by hydrophobic amino 
acids, is among the few found in this study not 
to contain histidine; furthermore, this signal is 
flanked to its C-side by glycine that makes it a 
relatively strong NLS. 

cGDPK and cADPK are cytoplasmic enzymes 
but phosphorylate histone H2B [Glass and 
Krebs, 1979; Martinage et al., 19801, whereas 
cADPK phosphorylates SRF [Janknecht et al., 
19921, c-Fos [Tratner et al., 19921, and the tran- 
scription factor ADR-1 in yeast [Cherry et al., 
19891. The phosphorylation of the transcription 
factor rNFIL-6 (related to c/EBP) by cADPK is 

By protein sequencing Takio et al., 
1985 

Glycogenolytic regulatory Chamberlain 
et al., 1987 enzyme; undergoes com- 

plex regulation; com- 
posed of 16 subunits 
containing equimolar 
ratios of a, p, y, and 6 
subunits; high levels in 
skeletal muscle; iso- 
forms in cardiac muscle 
and liver; cDNA probe 
does not hybridize to X 
chromosome in mice and 
is thus distinct from the 
mutant recessive PhK 
deficiency that results in 
glycogen storage disease 

known to occur in the cytosol and promotes the 
nuclear import of rNFIL-6 [Metz and Ziff, 19911. 
Is the phosphorylation of the other nuclear pro- 
teins executed by cADPK or cGDPK in the cyto- 
sol or do these kinases enter the nucleus? Initial 
studies on the localization of these two kinases 
showed them to be cytosolic [reviewed by Edel- 
man et al., 19871; however, there is substantial 
evidence to suggest that these kinases spend 
some of their time in the nuclear compartment 
[Cherry et al., 1989; Janknecht et al., 19921. 
cADPK is composed of catalytic and regulatory 
subunits; CAMP binds to the regulatory subunit 
and activates the dissociation of the catalytic 
subunit. Nigg and coworkers [ 19851 have demon- 
strated that CAMP elevation by treatment of 
cells with forskolin causes dissociation of the 
catalytic subunit of cADPK from the Golgi com- 
plex and its translocation to the nucleus; during 
the experiment the regulatory subunit remained 
associated with the Golgi; the catalytic subunit 
returned to the Golgi after drug withdrawal. 
Table I shows that the catalytic subunit of bo- 
vine cADPK possesses the karyophilic peptide 
KRVKGR that could specify nuclear import. 

The distribution of casein kinase I (CKI) in 
rat liver was found to be cytosol (72%), micro- 
somes (18%), mitochondria (lo%), and nuclei 
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(1%); CKII in rat liver was found to be predomi- 
nantly cytosolic (go%), whereas the remaining 
activity was divided among the nuclear, mito- 
chondrial, and microsomal fractions [reviewed 
by Edelman et al., 19871. CKII has an ci&2 

structure of 130 kDa with the ci subunit contain- 
ing the catalytic site. The catalytic subunit in 
Drosophila has the strong putative NLS 
KKKKIKR and a second signal RHSRKR pro- 
posed here to specify nuclear import; the best 
karyophilic peptide, however, I could find on 
both the bovine and Drosophila regulatory sub- 
units of CKII is the KSSRHHH, which looks 
like an extremely weak signal; thus the regula- 
tory subunit of the Drosophila CKII might ei- 
ther depend on its association with the catalytic 
subunit for its nuclear import or might function 
only in the cytoplasm. CKII modifies a signifi- 
cant number of transcription modulators after 
its activation by MA€' kinases, including c-Jun, 
C-FOS, c-Myb, p53, T antigen, E7 of human pap- 
illoma virus, and SRF [reviewed by Hunter and 
Karin 1992; Boulikas, 19951. This is consistent 
with findings that CKII shuttles between the 
nucleus and the cytoplasm [Lin et al., 1992; 
Kreket al., 19921. 

The Cdc2 ( ~ 3 4 ~ ~ ~ ~ )  and the Cdk family of Ser/ 
Thr kinases associate with cyclins B and G1 
cyclins (A, D1, E), respectively, to control the G2/M 
and GUS checkpoints of the cell cycle, respectively, 
[reviewed by Boulikas, 19951; these kinases are 
expected to spend most of their time in the nucleus. 
AU Cdc/Cdk kinases examined contain the rather 
weak histidine-containing NLS as, for example, 
YKGRHKT (human CDC2Hs), KARHKL (S. 
pombe CdcB), HRVLHR (human CDK2 and Xem-  
pus Egl), or KELKHK (human PSSALRE). How- 
ever, some of the strongest putative NLS found are 
within this family: RRKRR in the KKIALRE mol- 
ecule (the temporary name is derived from diver- 
sions in a conserved motif), KKIKR and RRLRR 
in PCTAIRE-1, and KKFKRR and RRSRR in 
PICTAIRE-2 (Table I). On the other hand, the 
related molecule PLSTIRE lacks four positively- 
charged amino acids over a stretch of six (Table 11). 

Karyophilic and Acidic Clusters on Other 
Kinases, Cyclins, and Phosphatases 

Putative NLS on cyclins are shown in Table 
111. Karyophilic signals in tyrosine kinases with- 
out a transmembrane domain are shown in Table 
IV and those with a transmembrane domain are 
shown in Table V. Finally, Table VI shows puta- 
tive NLS on some phosphatases. 

CONCLUSIONS AND DISCUSSION 
Histidine in Karyophilic Clusters 

Nonmembrane protein kinases supposedly free 
to follow different subcellular trafficking paths 
very frequently use one histidine out of the four 
positively charged amino acids in the karyo- 
philic hexapeptide (Table I); this is in contrast to 
transcription factors that use arginines and ly- 
sines [see Boulikas, 1994al. The conclusion that 
most protein kinases that function in both cyto- 
plasmic and nuclear compartments possess a 
putative NLS with a histidine residue within the 
karyophilic amino acid tetrad of the hexapeptide 
is supported by the fact that protein kinase C 
has three karyophilic signals, all three contain- 
ing one or two histidines but never four arginies 
plus lysines: HKRCH, RSKNK, and KHPGKR. 
Some exceptions to this rule include signals on 
Cah4 kinase and CKII (see above), the Cdc2- 
related human PCTAIRE-1 (KKIKR and 

KKIALRE (RRKRR)), and myosin light chain ki- 
nase (KRCNRR and RRWKK). Since histidines 
are protonated to a much lesser extent than 
lysines and arginines at physiological pH and 
since their protonation changes depending on 
the three-dimensional protein microenviron- 
ment that harbors histidine residues, it is pro- 
posed that histidine-containing NLS found in 
kinases are weak NLS giving to the protein the 
characteristic of being present in both cytoplas- 
mic and nuclear compartments. However, pro- 
tein kinases that need to be constitutively pre- 
sent in nuclei might contain at least one strong 
NLS composed exclusively of K and R in a helix 
turn or otherwise exposed part of the protein in 
addition to containing proper acidic clusters as 
well as to interact with nuclear components 
resulting in a strong nuclear retention. 

RRLRR), PCTMRE-2 (KKFKFtR and RRSRR), 

Number of Karyophilic Clusters 
per Protein Molecule 

Most kinases possess a single karyophilic (pu- 
tative NLS) hexapeptide (Table I); this is in 
contrast to protein transcription factors that 
possess a second and occasionally a third or 
fourth karyophilic peptide [see Boulikas, 1994al. 
The higher the number of NLS on a protein, the 
more readily this protein is transported to the 
nucleus [reviewed by Boulikas, 19931. The pres- 
ence of a single karyophilic hexapeptide contain- 
ing more often one histidine and three argininesi 
lysines on most protein kinases argues for their 
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TABLE 11. Nonmembrane Ser/Thr Kinases Lacking Four Karyophilic Amino Acids Over a Stretch 
of Six Amino Acids 

Non-membrane Karyophilic Acidic 
protein kinase Species peptides stretches Features Reference 

v-Mos (374 aa) Mouse sar- 
coma virus 
MuSV12 7 

None None SeriThr kinase; v-mos is the 
Moloney murine sarcoma 
virus (MSV) transforming 
gene; only a few base sub- 
stitutions with its cellular 
homolog; however, c-mos 
(human) was unable to 
transform mouse cells; 
considerable homology 
with src of avian sarcoma 
virus 

mouse tissues; sequences 
with high mutation rates 
by comparison of human, 
mouse, and rat cDNA 

Not expressed in normal 

van Beveren 
et al., 
1981a,b 

C-MOS Rat None None van der 
Hoorn and 
Firzlaff, 
1984 

van Beveren 
et al., 1981 
a h  
Watson et 
al., 1982 

Meyerson et 
al., 1992 

Simon et al., 
1986 

c-Mos (346aa) Human None None 

C-MOS 

PLSTIRE (326 

KIN28 (306aa) 
aa) 

Mouse 

Human 

S. cerevisiae 

None None 

None (FRRKPL- None 

None 
FRGSEDVD ) 

(265PPPSR 
DELRKRF) 

cdc2-related kinase 

Related to CDC28 and Src, 
Erb, Abl, EGFR, as well as 
to Ser/Thr kinases; essen- 
tial for cell proliferation; 
unable to complement 
cdc28 mutations 

SRAl gene is not essential; 
its deletion results in 
reduction in glycogen accu- 
mulation, temperature 
sensitivity, inability to 
grow on galactose; CAMP 
controls the meiotic versus 
mitotic decision in yeast 

Ser/Thr kinase; functions for 
meiotic maturation; p42 in 
Xenopus; related to MAP 
kinases of mammals; acti- 
vated by phosphorylation 
at  Tyr 

Ser/Thr kinase related to sea 
star pp44"pk and mamma- 
lian M A P  kinase ERKl 

Cannon and 
Tatchell, 
1987 

SRAl (cADPK 
regulatory 
subunit) 

SRA3 (cADPK 
catalytic sub- 
unit) 

S. cerevisiae None 
(38KRx4Rx3- 
M X 4  
x4KAK) 

None 
(KxzKKx4RLKx 
~ H x ~ R )  

None None 

S. cerevisiae 

Posada et al., 
1991 

MAP 
Myelin basic 
protein (MBP) 
kinase pp44"pk 

Sea star 
oocyte 

Posada et al., 
1991 

MAP p42"pk 
(361 aa) 

Xenopus 
ovary 
cDNA 
library 

S. cerevisiae 

None 333KFEM- 
ELDDLP 

None None 

None None 

None None 
(RVHLIRSRH) 

(82HLIRSRHNGRYY) 

cADPK-related (catalytic 

cADPK-related (catalytic 

cAMP-independent protein 

subunit) 

subunit) 

kinase involved in the con- 
trol of the START point of 
the cell cycle; 48% 
sequence similarity to the 
mammalian cADPK, 
27-31% sequence simi- 
larity to CDC28 

Toda et al., 
1987 

Toda et al., 
1987 

Lisziewicz et 
al., 1986 

TPK2 

TPKI S. cerevisiae 

PK-25 
~ d c 2 5 - s ~ ~ -  
pressing pro- 
tein kinase 
(397 aa) 

S. cerevisiae 
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TABLE 111. Karyophilic and Acidic Clusters on Cyclins 

Karyophilic Acidic 
Cyclin Species peptides stretches Features Reference 

Cyclin A 

Cyclin B 

Cyclin E 

Cyclin B1 
(398a; 44.6 
kDa) 

Cyclin B2 

Cyclin A 
(422aa) 

cdcl3 (cyclin) 

Cyclin D1 
(295aa) 

Cyclin A (491 
aa) 

CLNl (546aa) 

CLNZ (545aa) 

Cyclin 

Human 

Human 

Human 

Xenopus 

Xenopus 

Clam S. 
solid- 
issima 

S.  pombe 

Human 

Drosophila 

S. cerevisiae 

S .  cerevisiae 

Sea urchin 
A. punctu. 
lata 

65QRPKTRRV 104VDEAEKE 
AP 

None PEPEPEPEPE 
PY KEEK 
DVDAED 

SARSRKRKAN DKEDDDR 
V 
SSKLKH FRG 
DKARKKAM 
None DVDADDD 

None EDIDADD 

None 

PKKRHALD 
PASJCKRRQP 
PKK LKKDVDE 
R 
None 

(169PEAEEN- 
KQIIRKH) 

212RESEKKH 
RPKPRYMRR 

136DLPEEEK 
P 
153PEYEEDIY 
195EVSEEDK 
DWDDLDAED 
GGYDEEE IL 
GDDADEDY 
HDN KDEEW 
272EsVD 

None 

None 265MDEDEEL 
( S ~ R X ~ H X ~ R X ~  
R x & F ~ x & x ~  
K) 

None 250NEEEEEE 
( ~ ~ R x ~ H x ~ R x ~  D LK 
R x ~ K R x ~ R x ~ K  ) 

GSKKVVKKD EDIDKDDG 

Wang et al., 
1990; Koff 
et al., 1991 

Mitotic cyclin; suggested Pines and 
Hunter, 
1989; Koff 
et al., 1991 

here to enter the nucleus 
in association with Cdc2 

G1 cyclin; in association KoKet al., 
with cdk2 controls the 1991 
G1 /S transition 

Cutting the mRNA of cyclin Minshull et 
B1 and B2 with antisense al., 1989 
oligos blocks entry into 
mitosis 

G1 cyclin 

Accumulates in the cyto- 
plasm of cellularized fly 
embryos during inter- 
phase, relocates to the 
nuclear region early in 
prophase, completely 
degreaded within meta- 
phase; expressed in 
dividing cells throughout 
development 

Related to cyclins; muta- 
tion in CLN2 gene 
advances the G1 to S 
transition and impairs 
the ability of yeast cells 
to arrest in G1 in 
response to external sig- 
nals 

Minshull et 
al., 1989 

Swenson et 
al., 1986; 
Minshull 
et al., 1989 

Minshull et 
al., 1989 

Xiong et al., 
1991 

Lehner and 
0 'Farrel, 
1989 

Hadwiger et 
al., 1989 

Minshull et 
al., 1989 
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role in both cytoplasmic and nuclear compart- 
ments. Exceptionally the human PCTAIRE-2 
(Cdc2-related) and the yeast KIN1 contain five 
positively charged clusters; the yeast KIN2 and 
Niml contain four; the mammalian PKC and 
yeast SNF1, SWIG, and Weel contain three; 
whereas the a-subunit of rat CaMK, the cG- 
DPK, the catalytic subunit of Drosophila CKII, 
the yeast STE7, the human CDC2Hs and its 
related PCTAIRE-1, 3, and KKIALRE contain 
two (Table I). 

Protein Kinase Import After its Phosphorylation 

The cell might have invented ways of translo- 
cating a protein kinase to the nucleus at a cer- 
tain stage or in a narrow window during the cell 
cycle or after cell stimulation. Evidently, nuclear 
import of kinases could be affected a) via expo- 
sure of a cryptic kinase NLS by phosphorylation 
or b) by stimulation of association of the kinase 
with a protein in the cytoplasm possessing a 
NLS, then phosphorylation/dephosphorylation 
reactions on their transactivating interfaces will 
be followed by nuclear import of the complex. 
For example, TPA treatment causes transloca- 
tion of PKCa to the nuclear envelope [Leach et 
al., 19891. 

Phosphorylation of a kinase at a specific site is 
proposed to either increase the acidity of a pep- 
tide augmenting the anchoring of the kinase 
molecule to the transporter protein or to expose 
by a change in protein conformation a cryptic 
karyophilic NLS. This might explain activation 
and nuclear import of cADPK, MAPK, PKC, 
RSK, and CKII immediately following activa- 
tion of the cells with extracellular stimuli 
(growth factors, phorbol esters) or by an in- 
crease in the intracellular concentration of Ca2+ 
or CAMP. 

Hydrophobic and Bulky Amino Acids 
in the Vicinity of Karyophilic Peptides 

Putative nuclear localization signals in some 
protein kinases, in addition to containing histi- 
dine, may also be embedded in an immediate 
short hydrophobic (L,I,V,C,M) or bulky aro- 
matic (F,Y,W) amino acid environment; these 
environments add a strong negative factor to 
the capacity of the karyophilic peptide to act as a 
NLS [Boulikas, 1993, 1994al; however, such 
short domains are broken by acidic (D,E), basic 
(K,R), or amino acids with uncharged small 
groups (A,G,S,T,P), especially including the a-he- 

lix breakers G and P. For example, the niml+ 
gene product of S. pombe has the putative signal 
KKSSSKKWRRLQQRDD (Table I). Such sig- 
nals are very unusual as unique signals on pro- 
tein transcription factors [Boulikas, 1994al. Also 
a mixture of charged and hydrophobic amino 
acids are signals for the mitochondrial import of 
proteins [see Boulikas, 19931. It is noteworthy 
that an examination of the subcellular distribu- 
tion of CKI showed it to be localized in mitochon- 
dria (10% of total), as well as in cytoplasmic, 
endomembrane, and nuclear compartments [re- 
viewed by Edelman et al., 19871; this might be 
true for other kinase molecules and karyophilic 
signals with hydrophobic amino acids described 
here (Table I) may specify mitochondrial import 
of the kinase molecule. 

Nuclear Import of Cyclins 

Several cyclins lack karyophilic signals and 
are proposed to depend on their association with 
other nuclear proteins in the cytoplasm for their 
nuclear import. These include cyclins B and D1 
in humans, B1 and B2 in Xenopus, cyclin A in 
the clam S. solidissima, and CLNl and CLN2 in 
S. cereuisiae (Table 111). Human cyclin B might 
enter the nucleus in association with CDC2. 
Cyclins are indeed known to form strong com- 
plexes with Cdc2 or Cdks in a cell cycle-depen- 
dent manner. The import of a cyclin in associa- 
tion with its proper kinase might have been 
invented by the cell to ensure that precise stoi- 
chiometric amounts of some cyclins and kinases 
are present in nuclei. In addition cyclins may 
associate with transcription factors or other 
nuclear proteins and such an association al- 
ready in the cytoplasm might be of physiological 
importance. For example, cyclin A associates 
with E2F regulating the DHFR, c-myc, and RB 
genes to control the onset and progression of 
DNA replication [Mudryj et al., 1991; reviewed 
by Boulikas, 1994bl. 

NLS-Less Protein Kinases 

Few kinases lack putative NLS and are pro- 
posed to never enter nuclei or to do so in tight 
association in the cytoplasm with proteins pos- 
sessing a NLS. These include theXenopus p42"pk 
(related to mammalian ERKl), the sea star MAP 
kinase, C-MOS, v-Mos; the human Cdc2-related 
PLSTIRE; the yeast KIN28, TPKl and 2, and 
PK-25; and the S. cerevisiae SRAl and SRA3 
related to mammalian cADPK regulatory and 
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TABLE IV. Tyr Kinases Without a Transmembrane Domain 

Karyop hilic Acidic 
Protein kinase Species peptides stretches Features 

c-Abl(1130 aa) Human 601SALIKKKK KEDTME VEEF Tyr kinase associating 
KTAPTPPKR KKNEEAA DEV with DNA, neither 
868PAEESR VR FKD transmembrane nor 
RHKHSSESPG signal peptide regions; 

N-terminal M is cleaved 
leaving a G that might 
be myristoylated for 
membrane-association; 
all motifs are conserved 
between human and 
mouse c-Abl; c-abl is the 
prototype of v-abl of 
Abelson leukemia virus; 
c-abl is translocated 
from chromosome 9 to 
22 next to the bcr gene 
(Philadelphia chromo- 
some) in chronic 
myeloid leukemias 

Tck Mouse 176GVVKHYKI SPEDDWMENI Overexpression in thy- 
~ 5 6 ' " ~  (509 aa) RNLD DVCE momas is caused by 

232PWWEDEW insertion of the 
E W R E  M-MuLV about 200 bp 
478KE RPEDR 
PTFDxGDD end of the transcription 

upstream from the 5' 

initiation site of c-tck 
gene; p56 primary 
structure is similar to 

does not possess a 
transmembrane 
domain; its association 
with the membrane 
seems to depend on the 
attachment of a myri- 
sty1 moiety to the 
a-amino group of Gly-2 
after removal of Met-1 

Met (454aa) Human 256GMKYLASK 49KEELEAEK Tyrosine kinase present 

P ~ O C - S ~ C ,  pgOV-Ye", p7ov-fgr; 

KFVHRDLAAR R D  in MNNG-transformed 
human cells; met can 
transform NIH3T3 
mouse fibroblasts; 
absence of transmem- 
brane domain; believed 
to have arisen by fusion 
of the Tyr-kinase 
domain of a transmem- 
brane protein with a 
relative of laminin Bl  in 
a mechanism reminis- 
cent of trh and v-fgr 

Table IVcontinues on nextpage 

Reference 

Shtivelman 
et al., 
1986; 
Koch et 
al., 1991 

Voronova 
and 
Sefton, 
1986 

Chan et al., 
1987 
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TABLE IV. (continued) 

Karyophilic Acidic 
Protein kinase Species peptides stretches Features Reference 

c-Yes (543aa) Human 

c-Lyn (512 aa) Human 

v-Raf (318 aa) 
Pks (248 aa) 
v-Mht /v-Mil 
(317 aa) 

A-Raf (606 aa) Murine 

c-Raf-1 (648 aa) Human 
(fetal liver 
cDNA 
library) 

Jakl(1142aa, Human 
132 kDa) 

Tyk2 Human 

aa, 134 kDa) 
IFN-Tyk (1187 

Src Chicken 
p6OC-"" (533aa) 

206GDNVKHYK 
IRKLDNGG 
320EAQI MKKL 
RHDKLVPLY 
79PDDLSFKKH 
EKMKVLEE 

63EMQVLRKT 
RHVNILP 

286DDKKKVK 
NLG 
354EMQVLRKT 
RHVNILL 

1OORLLHEHKG 
JiKARLD 
393EVAVLRKT 
RHVNILLFMG 
113SVWRHSP 
KKQKNGYEKK 
KIP 
313RHKPNW 
SVEKE KNKLK 
RKKLENKDKK 
DEEKNKIREE 
856PTHFEKRF 
LKRIRD 
216PRSTFRRH 
IRQHS 
888GPTTFHKR 
YLKKIRDLG 

196GLNVKHYK 
IRKLD 
313VM KKLRH 
EK 

None 

None 

None 

None 

None 

59 lMDYKDDE 
GTSEEKK 

6 14GDPEEGK 
MDDEDPLVP 

None 

Neither membrane-span- 
ning region nor ligand- 
binding domain; 
resembles p60c-src 

Tyr kinase similar to 
p56lCk, v-Yes, v-Fgr, 
v-Src; no transmem- 
brane domain 

SerlThr kinases; Pks is 
associated with the cell 
membrane by myristila- 
tion; transformation by 
Raf protein, unlike 
v-Src, does not require 
myristilation 

motif is characteristic of 
A-Raf; expressed espe- 
cially in epididymis fol- 
lowed by intestine; a 
gaglA-raf fusion gene 
causes transformation 
in vitro and induces 
tumors in newborn 
mice 

Eleven exons homologous 
to mil, nine of which 
are also homologous to 
v-raf 

Tyrosine kinase activated 
by IFN-y to phosphory- 
late the STAT91 sub- 
unit of ISGF3a at 
Tyr-701 causing its 
translocation to the 
nucleus 

The first putative NLS 

Links the IFNa/P 
receptor to the cyto- 
plasmic ISGF3 acti- 
vating IFN-responsive 
genes 

is myristylated 
through an amide bond 
to the a-amino group of 
Gly-2, after cleavage of 
Met-1 in the mature 
protein; this modifica- 
tion is crucial for its 
interaction with cellular 
membranes 

Sukegawa et 
al., 1987 

Yamanashi 
et al., 1987 

Mark and 

1984; 
Mark et 
al., 1986; 
Bonner et 
al., 1986 

Huleihel et 
al., 1986; 
Beck et al., 
1987 

RaPP, 

Bonner et 
al., 1986 

Velazquez et 
al., 1992; 
Shuai et 
al., 1993 

Velazquez et 
al., 1992 

Takeya and 
Hanafusa, 
1983 
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TABLE V. Putative NLS on Transmembrane Tyrosine Kinases 

Non-membrane Karyophilic Acidic 
protein kinase Species peptides stretches Features Reference 

Insulin receptor Human 
(1355aa, 
1382aa pre- 
cursor) 

c-Kit (976 aa) 

EGFR (1210 
aa) 

v-erbB 

Human 

Human 
(pla- 
centa) 

c-Ros-1 (471 aa) Human 

c-Fms; CSF-1R Human 
(972aa) 

261DLHHKCK 149KDDNEEC 
NSRR GD 
730PSRK RRS 1280EE NKAPE 
LG SEELEMEFED 
1124NAKKFVH ME 
R D  

680NFLRRKRD 749ERDxeEDD 
SF EL ALDLED 
737DKRRSVRI 
G 

297GVRKCKK 29ODSYEMEE 
CEG (extracellu- DG 

640IGLFMRRR W A D E  

LL (intracellular, 
flanking the 
transmem- 
brane domain) 

805EDRRLVH 
RDLAA (intra- 

9OTFVWHRRL None 
KNQKSA (intra- 

cellular, imme- 
diately after 
the transmem- 
brane domain) 

lar domain) 979 DEEDMDD 

HIVRKRTVRR- 1055 EDSIDD 

cellular) 

703HLEKKYVR 936GS4ELEEE 
RDSG (intracel- S3E (near 

lular domain) C-terminus) 

Table V continues on next page 

Contains signal N-terminal 
hydrophobic peptide for 
entering ER; a trans- 
membrane domain; 
insulin stimulates glu- 
cose uptake and acts as a 
growth and maintenance 
factor for vertabrate cells 
in culture 

Product of c-kit proto-onco- 
gene; cell surface 
receptor for an unidenti- 
fied ligand tyrosine 
kinase 

23aa-transmembrane 
domain; EGFR gene is 
amplified and rearranged 
in A431 carcinoma cells 
generating a truncated 
mRNA which encodes 
only the extracellular 
EGF-binding domain 

Ullrich et al., 
1985; 
Ebina et 
al., 1985 

Yarden et 
al., 1987 

Ullrich et al., 
1984 

Transmembrane domain Matsushime 
et al., 1986 and Tyr kinase domains 

are present; absence of 
signal peptide; ten exons, 
26 kb; UR2 sarcoma 
virus of chickens encodes 
a fusion p6@ag-r0s protein; 
v-ros of UR2 is derived 
from c-ros of chickens 

Has a signal peptide for Coussens et 
membrane translocation al., 1986b 
and a transmembrane 
domain; in FeSV v-fms is 
in fusion with gag pro- 
duced by homologous 
recombination that trun- 
cated the gag gene and 
fused it in-frame with the 
pre-c-fms sequence 

catalytic subunits, respectively (Table 11). Fur- 
thermore, all of these kinases except Xenopus 
MAP also lack acidic clusters (Table 11) proposed 
to aid the anchoring of the protein to the trans- 
porter molecule. This is in contrast to the non- 
membrane protein kinases containing putative 

NLS most of which also contain acidic clusters 
(Table I). 

The strictly cytoplasmic function of some pro- 
tein kinases with a specificity for phosphorylat- 
ing a certain type of peptide motif is expected to 
be of physiological significance by maintaining 



NLS on Kinases 77 

TABLE V. (continued) 

Karyophilic Acidic 
Protein kinase Species peptides stretches Features Reference 

c-Feslc-Fps Human 196AQLHHQH None 
(825aa, 93.4 HHQ 
kDa) 818QSIRK RHR 

end 

Ret (805aa) Human l2lVCDRSRE None 
HRGHSVLP 
15OQLDHLKRV 
KD 
159DLKKR RR 
ANG 

Met (1408aa) Human 300ILTEKRKK 1390EDNADD 
RSTKKEV EVD 

(extracellular 
domain) 

970FLWLKKR 
KQIKDL (imme- 

diately fol- 
lowing the 
membrane- 
spanning seg- 

Malignant oncogene; the 
feline c-fes proto-onco- 
gene has been captured 
by feline sarcoma virus 
(FeSV); the Fujinami sar- 
coma virus (FSV) of 
chickens has acquired 
similar sequences from 
the avian counterpart 
c-fps; both v-fps and v-fes 
encode for Tyr-kinases; 
the human c-feslc-fps has 
exons 2-9 homologous to 
v-fps of FSV, exon 1 cor- 
responds to exon 2 of 
chicken v-fps; Mu repeats 
represent 70% of intron 
between exons 18 and 19; 
may function in myeloid 
cell differentiation; asso- 
ciated with a 150 kDa 
cellular SerIThr kinase 

Fusion protein; the ret 
transforming gene 
encompasses - 34 kb of 
DNA and is generated by 
recombination of two - 17 DNA fragments 
which are unlinked in 
both normal human cells 
and T-cell lymphomas; 
the recombination takes 
place during secondary 
transfection of NIH3T3 
cells with T-cell lym- 
phoma DNA; all three 
karyophilic motifs are in 
the extracellular part of 
the transmembrane pro- 
tein 

Contains a 24aa signal pep- 
tide, and a 23aa mem- 
brane-spanning segment; 
the 435aa intracellular 
domain has sequence 
similarity with the SRC 
family of Tyr kinases, 
insulin receptor, and 
v-Abl 

Coussens et 
al., 1986b 

Takahashi 
and 
Cooper, 
1987 

Park et al., 
1987 

ment) 
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TABLE VI. Putative NLS on Protein Phosphatases 

Protein Karyophilic Acidic 
phosphatase Species peptides stretches Features Reference 

PP2C (382 aa, Rat (kidney) 149GLLCRNRK 218EPEVHDIE Cytosolic, distantly related Tamura et 
42.4kDa) VHFFTQDHKF' RSEEDD to yeast adenylate al., 1989 

cyclase; not related to 
PP1 and to PP2A 

PPZ (348 aa) Rabbit 1OPKKFKKPIDI None Ser/Thr phosphatase Cohen et al., 
(brain D 1990 
cDNA 
library) 

PPY (314 aa) Drosophila 134DEIKRRHT None Related to PP1 (66% iden- Cohen et al., 
VKLW tity in catalytic domain) 1990 

but different than Dro- 
sophila PP1; all three 
isoforms of Dr. PP1 are 
94% identical to mamma- 
lian PP1 

Perhaps the most evolu- 

enzyme; 94% identity 
between Drosophila and 
mammalian enzymes 

Related to but distinct from Cohen et al., 
PP2A 1990 

Cohen et al., 
tionarily conserved 1990 

PPla (330 aa) Drosophila; None None 
mammals (314PGGR- 

PITPRRN- 
SAKAKKend) 

PPX (307aa) Rabbit None None 
(liver 
cDNA 
library) 

PP2Aa Rabbit None None 
(104KVRYRE- 
RITILRGNR 
ESR) 

Involved in chromosome 
separation in mitosis; 1990 
suggested here to gain 
access to chromatin after 
dissolution of the nuclear 
envelope or via associa- 
tion with other proteins 
that possess NLS 

Cohen et al., 

such available peptides in the nuclear compart- 
ment nonphosphorylated. 

Transmembrane Tyrosine Kinases 

The transmembrane tyrosine kinases, most of 
which are growth factor receptors, may possess 
putative NLS in their primary structure (Table 
V); in their case the signal N-terminal hydropho- 
bic peptide directing them to the lumen of the 
endoplasmic reticulum and then from the Golgi 
to the cell membrane is a stronger determinant 
than their NLS-like peptides for their subcellu- 
lar localization as was first proposed by Boulikas 
[1994bl. 

Are Src and Raf Proteins Imported Into Nuclei? 

The Raf family of serinelthreonine kinases 
comprises c-Raf-1, v-Raf, Pks, v-Mht, and A- 
Raf; these proteins are related to the Src family 

of tyrosine kinases. Their association with the 
cell membrane like that of the Src family of 
tyrosine kinases depends on their myristilation. 
However, unlike v-Src, which requires myristila- 
tion for transforming activity, transformation 
by Raf protein does not [for references see 
Huleihel et al., 19861. Raf proteins seem to be 
cytosolic; v-Raf is expressed by the 3611 murine 
sarcoma virus (3611-MSV) in the form of two 
differentially modified Gag-fusion proteins, a my- 
ristilatedlphosphorylated p79 and a glycosylated 
p90 [see Huleihel et al., 19861. 

All Raf proteins possess the weak RKTRH 
NLS embedded in a 15aa hydrophobic segment; 
however, A-Raf possesses the DDKKKVKNLG 
motif and c-Raf-1 the HKGKK motif in addition 
to the RKTRH which is conserved in all Raf 
members. We suggest that A-Raf enters the 
nuclei and that the other Raf members may do 
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so to a lesser extent. It is interesting to  note that 
the Src family of kinases, which comprises mem- 
bers with either Tyr or SerIThr kinase activity, 
do not possess a transmembrane domain and 
that their association with the cell membrane 
depends on their myristilation; we suggest that 
a population of nonmyristilated kinase mol- 
ecules may shuttle between the cytoplasm and 
the nucleoplasm. 

inert Karyophilic Signals 

The fact that most cytoplasmic protein ki- 
nases possess a NLS-like karyophilic signal does 
not necessarily mean that they have to spend 
some time in the nucleus. This signal, especially 
on those molecules containing the bulky amino 
acids W, F, or Y in the hexad or those embedded 
in a short hydrophobic segment of the protein, 
may be unavailable for binding to the trans- 
porter molecules; one or more phosphorylations 
at S, T, or Y residues vicinal to the NLS may 
unmask such cryptic NLS, rendering the hnase 
amenable to nuclear import. If the four amino 
acids of the hexapeptide are arginines and ly- 
sines whose pK, is 9.5 to 12.5, it will be harder to 
be burried or hidden in the protein structure 
unless brought into electrostatic interaction with 
a complementary segment containing four aspar- 
tic, glutamic, or phosphoserine/phosphothreo- 
nine/phosphotyrosine residues within a cleft of 
the protein. 

Evidently, proteins possessing functional NLS 
may remain strictly cytoplasmic if strongly asso- 
ciating with large cytoplasmic protein com- 
plexes or structures like filaments, cell mem- 
brane, or endoplasmic reticulum membrane 
proteins [Boulikas, 1994al. 

Mechanisms of Protein Transportation 

It has been proposed [Boulikas, 19931 1) that 
the anchoring of the protein to be transported to  
the nucleus to the transporter protein vehicle is 
electrostatic and 2) that not only karyophilic but 
also acidic amino acid clusters on the protein 
molecule to be imported contribute to its bind- 
ing to the transporter proteins; this is justified 
from presence of (K/RI4 as well as Rx3Rx4Rx3 
Rx3Rx4Rx3 Rx2Rx3R type of motifs displaying a 
positive charge to the same side of the a-helix on 
the small number of transporter proteins whose 
primary structure is known [Lee et al., 1991; 
Meier and Blobel, 19921. Thus, electrostatic bind- 
ing might be disrupted either in the higher ionic 
milieu of the nucleoplasm [Mazzanti et al., 19901 

or by competition by RNA molecules for binding 
to the same transporter protein molecule for 
their export to the cytoplasm. In this model the 
transporter protein molecules shuttle between 
the nucleus and the cytoplasm through the pore 
complexes of the nuclear envelope and are used 
not only for nuclear protein import but also for 
RNA export. 
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