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Putative Nuclear Localization Signals (NLS) in Protein
Transcription Factors

Teni Boulikas
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Abstract We have recognized about ten distinct forms of strongly basic hexapeptides, containing at least four
arginines and lysines, characteristic of nuclear proteins among all eukaryotic species, including yeast, plants, flies and
mammals. These basic hexapeptides are considered to be different versions of a core nuclear localization signal, NLS.
Core NLSs are present in nearly all nuclear proteins and absent from nearly all “‘nonassociated” cytoplasmic proteins
that have been investigated. We suggest that the few (~10%) protein factors lacking a typical NLS core peptide may
enter the nucleus via their strong crosscomplexation with their protein factor partners that possess a core NLS. Those
cytoplasmic proteins found to possess a NLS-like peptide are either tightly associated with cell membrane proteins or
are integral components of large cytoplasmic protein complexes. On the other hand, some versions of core NLSs are
found in many cell membrane proteins and secreted proteins. 1t is hypothesized that in these cases the N-terminal
hydrophobic signal peptide of extracellular proteins and the internal hydrophobic domains of transmembrane proteins
are stronger determinants for their subcellular localization. The position of core NLSs among homologous nuclear
proteins may or may not be conserved; however, if lost from an homolgous site it appears elsewhere in the protein.

This search provides a set of rules to our understanding of the nature of core nuclear localization signals: (1) Core NLS
are proposed to consist most frequently of an hexapeptide with 4 arginines and lysines; (2) aspartic and glutamic acid
residues as well as bulky amino acids (F, Y, W) need not to be present in this hexapeptide; (3) acidic residues and proline
or glycine that break the a-helix are frequently in the flanking region of this hexapeptide stretch; (4) hydrophobic
residues ought not to be present in the core NLS flanking region allowing for the NLS to be exposed on the protein. In
this study we attempt to classify putative core NLS from a wealth of nuclear protein transcription factors from diverse
species into several categories, and we propose additional core NLS structures yet to be experimentally verified.
© 1994 Wiley-Liss, Inc.
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The nuclear envelope effectively separates
transcription of genes from translation of their
mRNA into proteins and allows proteins des-
tined to function in the nucleus to pass selec-
tively through the lumen of the nuclear pores
[reviewed by Newport and Forbes, 1987; Bou-
likas, 1987]. Pore complexes are anchored to the
double nuclear membrane via the transmem-
brane glycoprotein gp210 [Wozniak et al., 1989]
and with the aqueous channel that has an effec-
tive diameter of approximately 10 nm allow
small proteins with a molecular weight inferior

Abbreviations: ER, endoplasmic reticulum; aa, amino acid(s);
NLS, nuclear localization signal.
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of 20 kD to pass slowly by diffusion [Paine et al.,
1975]). However, both larger and smaller pro-
teins destined to function in the nucleus are
transported rapidly. Selective transport through
pores creates a unique biochemical environment
within the nucleus.

Transport across the pore complex is a two-
step process involving binding to the pore com-
plex and translocation across the lumen of the
pore complex. The center of the pore is the
actual site of protein translocation. Only the
translocation step requires ATP [Newmeyer and
Forbes, 1988; Richardson et al., 1988]. Macro-
and micronuclei of Tetrahymena accumulate dif-
ferent subsets of proteins due to selectivity and
discrimination in protein transport across the
pore complexes [White et al., 1989]. Since both
types of nuclei in this protozoan are in the same
cytoplasmic compartment, subtle mechanisms
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linked to the transcriptional activity of nuclei
and processing of primary transcripts occurring
in the neighborhood of the nuclear pores may
control protein transport across the annuli of
pore complexes.

A very short sequence of seven amino acids
(Pro-Lys-Lys-Lys-Arg-Lys-Val or PKKKRKV),
first recognized in the SV40 large T antigen, is
required for its normal nuclear localization [Kal-
deron et al., 1984a,b]. When the NLS of large T
antigen was inserted within the pyruvate kinase
or the B-galactosidase by genetic engineering at
the gene level, the mosaic proteins containing
this seven amino acid sequence patch were di-
rected to the nucleus. Four putative NLS were
identified in the C-terminal tail of Xenopus oo-
cyte nucleoplasmin by sequence similarity to
SV40 large T antigen and yeast MAT«2 NLS
[Dingwall et al., 1987]. However, subsequent
studies have shown that only sequences contain-
ing the first two putative NLS were functional
simultaneously in directing nuclear localization
of fusion proteins [Biirglin and DeRobertis,
1987]. This finding was contradicted by the stud-
ies of Chelsky and co-workers [1989], who were
able to direct chicken serum albumin crosslinked
with only the second putative NLS of Xenopus
nucleoplasmin to the nuclei of HeLa cells.

Yeast histone H2B has been shown to contain
the seven amino acid residue NLS GKKRSKA
that can direct B-galactosidase to the nucleus in
vivo [Moreland et al., 1987]. Gilmore and Temin
[1988] determined that the v-Rel oncoprotein
has the NLS GNKAKRQRST;; addition of this
peptide to the normally cytoplasmic protein 3-ga-
lactosidase directed that protein to the nucleus.
It is noteworthy that the hexapeptide KKKDLK
occurs in chicken v-Rel oncoprotein (amino acid
position 54) but does not appear to have NLS
function [Hannik and Temin, 1989]. Yet the
RKDRR motif of human estrogen receptor ap-
pears to be an efficient nuclear location signal
[Hamy et al., 1992]. A systematic study of 85
peptides with NLS function [Boulikas, 1993]
shows that D or E are not frequently placed
between K and R. We can thus conclude that a
negative charge within the core NLS hexapep-
tide diminishes NLS function. It is thus evident
that not only the exact sequence of the particu-
lar NLS peptide, but also the 3D structure of the
protein it belongs to and the species or cell type
from which this protein is derived, are impor-
tant parameters in defining NLS function.

Protein phosphorylation is a mechanism used
by the cell to unmask a cryptic NLS or to in-
crease its potency and thus to regulate the onset
of nuclear import for specific proteins during
development. The pelle gene in Drosophila,
which encodes a protein with a protein kinase
catalytic domain, is required for the nuclear
import of dorsal protein. Dorsal establishes dor-
soventral polarity in Drosophila embryos
[Shelton and Wasserman, 1993]. The spatially
regulated nuclear import of dorsal protein com-
mences prior to gastrulation [reviewed by Govind
and Steward, 1991]; on the ventral side of the
embryo dorsal protein is translocated into nu-
clei, whereas on the dorsal side it remains in the
cytoplasm. The gradient of nuclear localization
of dorsal protein in wild-type embryos directs
the formation of the dorsoventral axis by acti-
vating some downstream genes and repressing
others [Ray et al., 1991]. Other transcription
factors, including the glucocorticoid receptor,
rel-related proteins, the Xenopus nuclear factor
xnf7 and v-Jun, all appear to undergo regulated
nuclear import [Picard et al., 1990; Gilmore,
1990; Blank et al., 1991; Miller et al., 1991;
Chida and Vogt, 1992].

NF-kB, although ubiquitously expressed, is
active in only a subset of cell types including B
lymphocytes and mature macrophages. The
regulation of NF-kB activity depends on its
nuclear import. Two mechanisms for regulating
the nuclear import of NF-kB have been unrav-
elled: First, Henkel and coworkers [1992] have
demonstrated using antibodies directed against
NLS that the NLS of NF-kB (p50) is unavailable
for binding to transporter proteins in the 110
kD precursor. Removal of only 191 aas from the
C-terminus of the 110 kD precursor restored
antibody accessibility as well as nuclear uptake
by unmasking the NLS near its N-terminus.
Thus, processing of the 100 kD precursor to
mature p50 exposes the NLS. Second, in cells
where NF-kB is inactive, an inhibitor, IxB, binds
NF-«B in the cytoplasm. Upon activation by a
variety of cytokines and mitogens, including IL-1
and TNF-«, NF-kB/IxB complex breaks down
and NF-kB translocates to the nucleus {Bae-
uerle and Baltimore, 1988a,b). This release of
NF-kB from IkB appears to be mediated by
phosphorylation of IkB [Shirakawa and Mizel,
1989].

A wealth of nuclear protein transcription fac-
tors from species as diverse as yeast, Dro-
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sophila, and mammals is available. The vast
majority of these molecules ought to possess
NLS signals and a majority of cytoplasmic pro-
teins ought not to possess such signals. In order
to acquire a comprehensive view of the nature of
NLS we have screened a representative number
of protein transcription factors as well as of
proteins known to be confined to the cytoplas-
mic, extracellular, and cell membrane compart-
ments for NLS-like oligopeptides. The present
study is an attempt to classify putative NLS into
several categories.

MATERIALS AND METHODS

Several cDNA structures of transcription pro-
tein factors and their predicted protein se-
quences come from the current literature. Pro-
tein sequences, mainly from vertebrate
transcription factors [e.g., Faisst and Meyer,
19911, were screened manually and all lysine
and arginine residues were marked. All hexapep-
tide motifs containing 4 (K + R) and their flank-
ing one to several amino acids were entered on
the first column of our tables. If more such
putative NLS are found, they are listed in the
order in which they occur in the protein se-
quence from the N- to the C-terminus. NLS
were classified into ‘“‘highly basic NLS”’ (Table
I), containing 5 or 6 (K + R) in a hexapeptide
stretch; “typical NLS (Table II), containing 4
(K + R) in a stretch of 6 amino acids; and ‘““non-
typical NLS,” containing 3 or 2 (K + R) withina
hexapeptide (Table III). “Typical NLS”’ motifs
were further grouped into 6066 motifs with four
consecutive arginine or lysine residues, 600x60,
060x0, 60x06, 6x00x0, 66x0x0, 000xx00, and 06xx00
(Table II). In this case 8 is lysine or arginine,
from the greek Oetikds, “positive.”

As a control, other non-nuclear protein cDNA
structures were taken randomly from the litera-
ture. Only those proteins found to contain a
NLS-like peptide are listed (Table IV), indicat-
ing their subcellular location, whereas the total
number of non-nuclear proteins not containing
NLS-type peptides is scored (Table VI).

RESULTS

Protein transcription factors are nuclear pro-
teins that interact with the regulatory sequences
of genes (promoter or enhancer) to activate, and
in fewer cases to repress, gene expression. The
majority of these nuclear proteins are larger
than ~20-40 kD and are thus expected to enter
the nucleus via nuclear localization signals in

their sequence. This prompted us to examine
the primary structures of protein transcription
factors for four (K + R) residues contained
within an hexapeptide stretch, suggested from a
previous study [Boulikas, 1993] to constitute a
core NLS structure. Nuclear localization signals
anchor the proteins to be imported into nuclei to
specific transporter molecules [see Boulikas,
1993] and are thus essential components for the
nuclear import of protein factors in eukaryotic
cells.

A total number of 117 protein transcription
factors were screened. Of those, 19 were found
to include a ‘‘highly basic NLS,” operationally
defined as a stretch with 5 or more consectuve
(K + R) residues (Table I). 87 were found to
possess a typical NLS (Table II) and 11 were
found not to contain an NLS-like peptide (Table
I1I).

The protein factors that were found to possess
a highly basic NLS core include the mammalian
Oct-1, 2, 3, and 6, ATF-1 and 3, the ets-like
Pu.1, the human thyroid hormone receptor «,
the human GC factor, the Drosophila Suvar (3)7
gene product, a zinc-finger protein involved in
position-effect variegation, as well as several
proteins that contain HMG boxes (Table 1). We
notice that the contiguous 5 or 6 arginines and
lysines occur with some preference for the motifs
RRRKKR, RRKKK, RKRKR, and KKKKRKR.
The GC factor possesses a contiguous stretch of
9 (K + R) in the motif RRRRQRTRKKKKKKKR
(Table I). This density of positive charges in the
GC protein from human cells is higher than the
8 consecutive K + R residues of starfish H2B
(Boulikas, in preparation). All other proteins in
Table I possess a 5-7 contiguous R + K.

The vast majority of protein transcription fac-
tors were found to possess a “‘typical NLS,”
defined as four (K + R) residues in a hexapep-
tide stretch (Table II). Protein transcription fac-
tors containing a typical NLS motif were subdi-
vided into the 9 groups 6066, 000x060, 000x6,
06x080, 6x00x6, 00x6x0, 000xx00, 000xx0, and
00xx660, where 0 is arginine or lysine (Tables II,
V), depending on the position of the positive
charges on the hexapeptide. The types 00680,
00x00, 600x0, and 06x0x0 are by far the most
abundant type of motifs (Table V). Nuclear fac-
tors containing only the 086xx66 type are rather
rare; this type of motif (KKGSKK) from Xeno-
pus H2B was a low potency NLS when tagged to
BSA or IgG and the proteins were microinjected
into Xenopus oocytes [Goldfarb et al., 1986].
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TABLE I. Transcription Factors With “Highly Basic”’ Putative NLS*
NLS and flanks Protein factor and features References
HR,QRTRK;R Human GCF (GC-factor) Kageyama and Pastan
LRRKSRP [1989]
SRRTKRRQ
GRKRKKRT Oct-6 protein transcription factor from mouse cells Meijer et al. [1990]
Suzuki et al. [1990]

GRRRKKRT Mouse Oct-2 protein transcription factors (Oct-2.1 Wirth et al. [1991]

for Oct-2.6 isoforms)
ARKRKRT Oct-3 from mouse P19 embryonal carcinoma cells Okamoto et al. {1990]
NRRQKGKRS
ECRRKKKE Human ATF-1. In basic region/leucine zipper. Hai et al. [1989]
ERKKRRRE Human ATF-3 (in basic region that binds DNA) Hai et al. [1989]
AKCRNEKKKEKT
SKKKIRL Mouse Pu. 1 (Friend erythroleukemia cells). Related Klemsz et al. [1990]
QKGNRKKM to ets oncogene Paul et al. [1991]
VKKVKKKL
VKRKKI Human PRDII-BF1 that binds to IFN- gene Fan and Maniatis [1990]
CRNRYRKLE promoter. (The largest DNA-binding protein
IRKRRKMK known, of 298 kD).
PKKKRLRL
GKKKKRKREKL Murine LEF-1 (397 aa). Lymphoid-specific with an Travis et al. [1991]
(within the HMG-box) HMG1-like box. NLS is identical to that of human

TCT-1c.
GKKKKRKREKL Human TCF-1a (399 aa) (T cell-specific Waterman et al. [1991)
(within the HMG-box) transcription factor that activates the T cell

receptor Ca). Contains an HMG box. NLS core is

identical to that of murine LEF-1.
GKKKRRSREKH Human TCF-1 (uniquely T cell-specific). HMG box van de Wetering et al.
(within the HMG-box) containing. [1991]
PKKCRARF
FKQRRIKL Xenopus laevis Oct-1 (within POU-domain) Smith and Old [1991]
NRRRKKRT
NRRQKEKRI
DKRSRKRKRSK Drosophila Suvar (3) 7 gene product involved in Reuter et al. [1990]
RLRIDRKRN position-effect variegation (932 aas); five widely
AKRSRRS spaced zinc-fingers could help condensation of the

chromatin fiber
IRKRRKMKSVGD,E, Human MBP-1 (class I MHC enhancer binding Baldwin et al. [1990]

(not suggested as NLS by
the authors; between
the 1st and 2nd zinc
finger)

PPKKKRLRLAE

(suggested as NLS by the
authors; just before
2nd zinc finger)

CRNRYRKLE

(within 1st zinc finger)

protein 1) mw 200 kD. Induced by phorbol esters
and mitogens in Jurkat T cells

(Table I continued on next page.)
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TABLE 1. Transcription Factors With ‘“Highly Basic’’ Putative NLS* (continued)
NLS and flanks Protein factor and features References
PRRKRRV Rat TTF-1 (thyroid nuclear factor that binds to the Guazzi et al. [1990]
HRYKMKRQ promoter of thyroid-specific genes); an
homeodomain protein
DGKRKRKN Human thyroid hormone receptor o (c-erbA-1 Laud et al. [1991]
DDSKRVAKRKL gene). Belongs to the family of cytoplasmic
NRERRRKEE proteins that are receptors of hydrophobic ligands
WKQRRKF such as steroids, vitD, retinoic acid, and thyroid
hormones; the ligand binding may expose the NLS
for nuclear import of the receptor-ligand complex
NRRKRKRS Drosophila gel (germ cell-less) gene product (569 aa, Jongens et al. (1992]
PKKKKL 65 kD), located in nuclei, required for germ line
formation
ARRKRRRL C. elegans Sdc-3 protein (sex-determining protein) Klein and Meyer [1933]
LKFKKVRD (2,150 aas). Zinc finger protein
FKKFRKF
GKQKRRF
ERLKRDKEKREKE
TRGRPKKVKE
SKKRGRRRKKT
TRRQKRAKV
SRKSKKRLRA
LKKIRRKIKNKI Drosophila BBF-2 (related to CREB/ATF) Abel et al. [1992]
ESRRKKKE

*Transcription factors with “highly basic’” putative core NLS include those transcriptional regulators that contain 5 or more
consecutive arginines or lysines in their sequence. Where more than one such signal occur, they are listed in the order they occur

in the protein structure from the N- to C-terminus.

Our study suggests that a single protein tran-
scription factor may possess more than one NLS
(Tables I, IT). This suggestion is in agreement
with studies by others who have shown the
presence of multiple nuclear localization signals
on a single nuclear protein [Welsh et al., 1986;
Richardson et al., 1986; Picard and Yamamoto,
1987]; presumably a multitude of NLS may
increase the rate of protein factor-transporter
protein interaction [Dworetzky et al., 1988].

Homologous proteins may possess the same
type of NLS motif. For example, both human
TFEB and TFE3 have the ERRRRF motif (Table
I1.1). Mouse Oct-2, 3, and 6 possess a 5 or 6
(K + R) flanked by G or A to the N-side and T to
the C-side (Table I). The human mineralocorti-
coid, glucocorticoid, and progesterone receptors
all possess the KIRRK motif that changes into
KNRRK in estrogen receptor (Table I1.3). The
HNF-1 factor in rat, mouse, and human cells as
well as the variant HNF-1 (VHNF-1) share the
KK¥RRNR motif (Table I1.4).

Figures 1-4 show that putative core NLS
peptides among homologous nuclear protein fac-
tors may or may not be conserved. However,

when a putative core NLS disappears from a
protein site within a group of homologous pro-
teins, NLS appears at another site of the protein
molecule; for example, the c-Myc and AP-4 puta-
tive core NLSs are lost from the basic region,
normally present in their homologs Myn, Max,
L-Myc, TFE-3, MyoD1, CBF-1, USF, and oth-
ers, and appear in the leucine zipper region of
the protein (Fig. 1). The more distant but ho-
mologous proteins da, E12, E2-2, E47, Pho4,
Lyl-1, twist, EMC, and ID do not appear to have
a typical NLS in their basic region; however,
NLS may be found in other domains of these
proteins. Evidently, the basic region of protein
transcription factors is the most plausible site
for the occurence of a putative NLS. Figure 2
shows putative NLS in the basic region of Jun,
CREB, Fos, and related transcriptional regula-
tors. Most of these molecules have two clusters
of basic residues in their basic region with some
conservation of the actual putative NLS (double
underlined) between pairs of proteins.

Figure 3 shows the conservation, with some
variations, of a putative NLS in the basic region
of p50 and p65 subunits of NF-«kB and their
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TABLE II. Transcription Factors With ‘‘a Typical”’ Putative NLS*

NLS and flanks

Protein factor and features

Reference

1. Group 0000 (with four consecutive arginines/lysines)

(21 members)
DRNKKKKE
ARRRRP

GRRRRA
DEKRRKV
CRQKRKV

ERKRRD
SRKKLRME

EEKRKRTYE

GRRRRA
DEKRRKF
SRCRQKRKV

SKKKKTKV
NRPDKKKI
QRRKKP
QKKRRFKT

SRKRKM

ERKRLRNRLA
ATKCRKRKL
(a 19 aa stretch)

DKRx;ERKRRD
(N-terminus)
QSRKKLRME
(C-terminus)

(w—itgi; ;r; ;cidic region)
IKKAKKV
TRRKKN

TRDDKRRA
EVERRRRDK

TRDEKRRA

EVERRRRDK

YRRYPRRRG
QRRPYRRRRF
YRPRFRRG
QRRYRRN
YRRRRP

AKERQKKD
ERRRRF

Xenopus RAR (retinoic acid receptor)

Human ATF-2 (the 2nd and 3rd NLS are in a basic
region that binds DNA)

Myn (murine homolog of Max); forms a specific DNA-
binding complex with c-Myc oncoprotein through a
helix-loop-helix/leucine zipper

Human NF«B p65 (550 aa); not binding DNA;
complexed with p50 that binds DNA; NF«B p50 also
contains a NLS (Table ITIb)

Human HB16, a cAMP response element-binding
protein

Human TFIIE-8 (general transcription initiation
protein factor; forms tetramer «asfy with TFIIE-«)

Human kup transcriptional activator (433 aas); two
distantly spaced zinc fingers; expressed in
hematopoietic cells and testis.

Mouse Jun-B homologue to avian sarcoma virus 17
oncogene v-jun product; one region is similar to yeast
GCN4 and to Fos

Max (specifically associates with c-Myc, N-Mye, L-Mye);
the Max-Myc complex binds to DNA; neither Max nor
Myc alone exhibit appreciable DNA binding

Chicken VBP (vitellogenin gene-binding protein);
leucine zipper; related to rat DBP

Xenopus borealis B1 factor; closely related to the
mammalian USF; binds to CACGTG in the TFIIIA
promoter to developmentally regulate its expression

Human USF (upstream stimulatory factor) activating
the major late adenovirus promoter

YB-1, a protein that binds to the MHC class I1 Y box;
YB-1 is a negative regulator

Human TFEB; binds to IgH enhancer

Ellinger-Ziegelbauer and
Dreyer [1991]

Hai et al. [1989]

Prendergast et al. [1991]

Nolan et al. [1991];
Ruben et al. [1991]

Kara et al. [1990]

Sumimoto et al. (1991]

Chardin et al. [1991]

Ryder et al. [1988]

Blackwood and Eisenman
[1991]

Iyer et al. [1991]

Kaulen et al. {1991]

Gregor et al. [1990]

Didier et al. [1988]

Carr and Sharp [1990]

(Table II continued on next page.)
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TABLE II. Transcription Factors With ‘‘a Typical” Putative NLS* (continued)

NLS and flanks Protein factor and features Reference
LKERQKKD Human TFE3 (536 aa); binds to pE3 enhancer of IgH Beckmann et al. [1990]
IERRRRFN genes
YFRRRRLEKD
KTVALKRRKASSRL Human Drl (176 aa, 19kD); interacts with TBP Inostroza et al. [1992]

(TATA-binding protein), thus inhibiting association
of TFIIA and/or TFIIB with TBP; TBP-Dr1l
association is affected by Dr1 phosphorylation to
repress activated and basal transcription

Drosophila ultrabithorax protein (from the conserved
61 amino acid homeodomain segment only);
conserved in the antenappedia homeodomain protein

1. LRRRGRQTY Chan and Mann [1993]
27. LTRRRRIEM

51. QNRRMKLKKEI

SNRRRPDHR C. elegans sex-determining Tra-1 protein; zinc finger; Zarkower and Hodgkin
VYRGRRRVRRE peaks in the second larval stage [1992]
P;AP;RRRRSADNKD,
PKKPRHQF
EKRKKERN Yeast NPS1 transcription protein factor (1359 aa) Tsuchiya et al. [1992]
LLRRLKKEVE involved in cell growth control at G2 phase; has a
EPLGRIRQKKRVY;D, catalytic domain of protein kinases
(EDAIKKRREARERRRLRQ)
DKETTASRSKRRSSRKKRT
ESKKKKPKL
KKTAAKKTKTKS
QRKRQKL Human 243 transcriptional activator (968 aas), induced  Bours et al. [1990]
KAKKQK by mitogens in T cells; N-terminal half is homologous
LRRKRQK to oncoprotein Rel and Drosophila Dorsal protein
involved in development; the C-terminal half contains
repeats found in proteins involved in cell-cycle control
of yeast and tissue differentiation in Drosophila
URDIRRRGKNKV Mouse NF-E2 (45 kD), an erythroid transcription factor ~ Andrews et al. [1993]
QNCRKRLLE from mouse erythroleukemia (MEL) cells; involved in
globin gene regulation. Binds to AP-1-like sites:
homology to Jun B, GCN4, Fos, ATF1, and CREB in
the basic region/leucine zipper (see Fig 2)
2, Group 660x000
DKIRRKN Human glucocorticoid receptor Arriza et al. [1987]
ARKTKKKI
473DKIRRKNCP Mouse and human GR (glucocorticoid receptor) Danielsen et al. [1986]
EARKTKKKIKGIQ
3. Group 006x6
YRVRRERN C/EBP (CCAAT/enhancer binding protein); functions Landschulz et al. [1988]
VRKSRDKA in liver-specific gene expression
DRLRKRVE
DKIRRKN Human mineralocorticoid receptor Arriza et al. [1987]
ARKSKKL
DKIRRKN Human PR (progesterone receptor) Kastner et al. [1990]
GRKFKKF
EEVQRKRQKLMP Human and mouse NK«kB 105 kD precursor of p50 (968  Ghosh et al. {1990]

aas) (first R is at 361 position)

(Table 11 continued on next page.)
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TABLE II. Transcription Factors With “a Typical” Putative NLS* (continued)

NLS and flanks Protein factor and features Reference
EEVQRKRQKL Human NK-«B p50 (DNA-binding subunit). Identical Kieran et al. [1990]; Blank et
to protein KBF'1, homologous to rel oncogene product. al. [1991]
NF-«B p65 also contains a NLS (Table IIIa)
GKTRTRKQ Human TEF-1 (SV40 transcriptional enhancer factor Xiao et al. [1991]
ARRKSRD 1); 426 aa
QRKERKSKS Rat, mouse, human IRF-1 (interferon regulatory Yu-Lee et al. [1990]
TKSKTKRKL factor-1); induced in lymphoma T cells by the
pituitary peptide hormone prolactin; regulates the
growth-inhibitory interferon genes
GKCKKKN Ehrlich ascites S-II transcription factor; a general Hirashima et al. [1988]
factor that acts at the elongation step
ERSKKRSRE Tobacco TAF-1 transcriptional activator Qeda et al. [1991]
ERELKREKRKQ
ARRSRLRKQ
YKLDHMRRRIETDE Drosophila TFIIEa (433 aa), a general transcription Peterson et al. [1991]
factor for RNA polymerase II. Composed of subunits
aand B
DKNRRKS Human ER (estrogen receptor); 595 aa Green et al. [1986]
IRKDRRG
IKRSKKN
EQRRHRIE Yeast ADA2 (434 aa), a potential transcriptional Berger et al. [1992]
TTRAEKKRLL adaptor required for the function of certain acidic
IDKKRSKEAKE activation domains
EAALRRKIRTISK Yeast GCN5 gene product (439 aa), required for the Georgakopoulos and Thireos

4. Group 06x06
NKKMRRNRF
NRRKx,:RQK

TKKGRRNRF
NRRKx:RHK

NKKMRRNRFK
NKKMRRNR
TKKGRRNRF
NKKMRRNRF

TKKGRRNRF

LRRQKRFK
QQH,SH,Q(?)

LRRQKRFK
LRRQKRFK

LKEKERKA

function of GCN4 transcriptional activator and for
the activity of the HAP2-3-4 complex

Mouse LFB3

Mouse LFB1

Rat vHNF1-A
Murine HNF-18
Mouse HNF-1
Human vHNF1
Rat liver HNF1

Rat HNF-33

Rat HNF-3y

Rat HNF-3a

Rat DBP a protein factor that binds to the D site of the

albumin gene promoter

[1992]

De Simone et al. [1991]

De Simone et al. {1991]

Rey-Campos et al. [1991]
Mendel et al. [1991]

Kuo et al. [1990]

Bach et al. [1991]
Baumhueter et al. (1990]

Lai et al. [1991]

Lai et al. [1991]
Lai et al. [1991]

Mueller et al. [1990]

(Table II continued on next page.)
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TABLE I1. Transcription Factors With ‘“‘a Typical”’ Putative NLS* (continued)
NLS and flanks Protein factor and features Reference
PRRERRY Rat AT-BP1,; highly acidic domain. Two zinc fingers, Mitchelmore et al. [1991]
binds to the B-domain of a;-antitrypsin gene
promoter and to the NF-«B site in the MHC gene
enhancer
DRRVRKGKV A 19 kD Drosophila melanogaster nonhistone James and Elgin [1986]
associated with heterochromatin
SKHGRRARRLDP Murine EBF (early B-cell factor) of 591 aa. Regulates Hagman et al. [1993]
the pre-B and B lymphocyte-specific Mb-1 gene;
expressed in pre-B and B-cell lines but not in
plasmocytomas, T-cell and nonlymphoid cell lines
GRRTRRE Human Sp1 Kadonaga et al. [1987]
DEQKRAEKKAKE Yeast SNF2, a transcriptional regulator of many genes Tsuchiya et al. [1992]
IRRIHKVIRP
LLRRLKKDVE
5. Group 6x06x6
AKAKAKKA Mouse AGP/EBP (87% similarity to C/EBP), Chang et al. [1990]
YKMRRERN ubiquitously expressed
VRKSRDEKA
AKAKAKKA Rat LAP, a 32-kD liver-enriched transcriptional Descombes et al. [1990]
YEMRRERN activator, also present in lung, with 71% sequence
VRKSRDEKA similarity to C/EBP; leucine zipper; accumulates to
maximal levels around birth
YRQRRER Ig/EBP-1 (immunoglobulin gene enhancer-binding Roman et al. [1990]
VKKSRLKSKQK protein); forms heterodimers with C/EBP
EDPEKEKRIKELE Mouse c-Myb Howe et al. [1990]
MRRKV
DYYKVKRPKTD Drosophila eyes absent protein (760 aas), a nuclear Bonini et al. [1993]
GRARGRRHQ protein that functions in early development to
FRYRKIKDIY prevent programmed cell death and to allow the event
that generate the eye to proceed; mutations cause
programmed cell death of eye progenitor cells
6. Group 0x6x66
AKAKAKKA Rat IL-6DBP interacting with interleukin-6 responsive Poli et al. [1990]
elements; has a leucine zipper domain
DKRQRNRC Mouse H-2RIIBP (MHC class I genes H-2 region Il binding Hamada et al. [1989]
FkrtirkD protein); member of the nuclear hormone receptor
superfamily
FkrtirkD Chicken RXR, related to RAR (retinoic acid receptor), a Roweet al. [1991]
DKRQRNRC nuclear protein factor from the thyroid/steroid hormone
receptor family
VKSKAKKT Human NF-IL6 (345 aa); specifically binds to Akiraet al. [1990]
YKIRRERN IL1-responsive element in the IL-6 gene; leucine zipper;
VRKSRDEKA homology to C/EBP
QKKNRNKC Mouse PPAR (peroxisome proliferator activated receptor) Issemann and Green [1990]
7. Group 000xx00
EQIRKLVKKHG Yeast RAP1 it binds regulatory sites at yeast mating type Shore and Nasmyth (1987}
silencers.
FRRSMKRKA Human vitamin D receptor (427 aa) Baker et al. {1988]

(Table II continued on next page.)



NLS in Transcriptional Regulators 41

TABLE II. Transcription Factors With ‘‘a Typical’”’ Putative NLS* (continued)

NLS and flanks

Protein factor and features

Reference

8. Group 69xx69

Buckler et al. [1991]

Call et al. [1990]

Peterson and Herskowitz
[1992]

LKRHQRRH Mouse WT1 (the murine homolog of human Wilms’
tumor predisposition gene WT1)
LKRHQRRH Human WT33 (Wilms’ tumor predisposition)
9. Group 060xx6
LEKESKRKYDE Yeast SWI3 99 kD, highly acidic protein; global
transcription activator
EVLKVQKRRIYD

Human RBAP-1 (retinoblastoma-associated protein 1)
factor (412 aa); a protein that binds to the pocket

Kaelin et al. [1992]; Helin et
al. [1992]

(functional domain) of the retinoblastoma (RB)
protein involved in suppression of cell growth (tumor
suppressor); the transcription factor E2F, implicated
in cell growth, binds to the same pocket of RB

*Transcription factors with “‘a typical”” putative core NLS include nuclear proteins that interact with the regulatory regions of
the various genes and contain four arginines and lysines within an hexapeptide segment. These protein factors are furthermore
classified into several groups in order of decreasing charge concentration, 6609, 666x66, 600x0, 00x00, 6x60x8, 06x0x0, 609xx60,
and 60xx08, where 6 is arginine (R) or lysine (K) depending on the distribution of positive charges in the protein sequence. When
more than one putative NLS are present in the protein sequence, the classification is according to the “strongest NLS” with the
highest concentration of positive charges. Hexapeptide stretches containing one aspartic or glutamic acid in addition to the four
arginines and lysines, and considered to be weak NLS [Hannik and Temin, 1989] are dotted-underlined. Hexapeptide motifs of
the type 60xx06 that bear resemblance to the KKGSKK motif from the Xenopus histone H2B that has a low potency in
specifying nuclear localization [Goldfarb et al., 1986] are in lower case.

related proteins, dorsal and rel. A putative NLS
is also conserved in a homologous region among
thyroid hormone receptor, retinoic acid recep-
tor, and related proteins (Fig. 4). These protein
molecules are cytoplasmic and, upon binding of
the hormone, are imported into the nucleus and
bind to the regulatory regions of a distinct class
of genes [see Forman and Samuels, 1990].

A class of protein transcription factors (11 out
of 117 or 9.4%) did not possess a typical core
NLS. These are listed in Table III. It is notewor-
thy that the NLS of the yeast MATa2 protein
does not possess a high concentration of posi-
tively charged residues either [Hall et al., 1984].
It is suggested that such proteins may acquire a
NLS during their folding by the juxtaposition of
positively-charged residues. However, it is pro-
posed that several of the nuclear proteins listed
in Table III may enter the nucleus via strong
cross-complexation in the cytoplasm with a pro-
tein transcription factor possessing a typical
NLS. Formation of strong complexes is typical
between several transcription protein factors,
like TFIIE-o with TFIIE-B [Ohkumaet al., 1991;
see Table III], and NF-«kB p50 and p65 subunits
[Kieran et al., 1990]. Protein-protein associa-
tion plays an important role in the formation of
protein-protein-DNA complexes in the regula-
tory regions of genes.

Our hypothesis that four arginine/lysine resi-
dues within a hexapeptide constitute a core NLS
would be supported if the majority of cytoplas-
mic proteins do not have such motifs. We have
searched 101 non-nuclear proteins randomly
compiled from the literature. Of these, 32 were
cytoplasmic, 41 were cell membrane, 16 were
extracellular, one was a protein of the lumen of
the ER, 3 were lysosomal and 8 were nucleus-
encoded mitochondrial proteins (Table VI). Out
of 101 non-nuclear proteins, 48 or 47.5% had a
NLS-like peptide and are listed in Table IV. Of
the 32 cytoplasmic proteins examined, about
half had a NLS; however, the vast majority of
these proteins were tightly associated with mem-
brane proteins such as the chicken aN-catenin,
a human tyrosine kinase, the bovine phosphati-
dylinositol 3-kinase, and the yeast GPA2 gene
product (Table IV). Other cytoplasmic proteins
found to contain a NLS were associated with
large cellular structures such as the meromyo-
sin component of contractile fibers and the rab-
bit SMHC-29. We propose that the presence of a
NLS in such cytoplasmic proteins is unable to
target them to nuclei because of their strong
commitment and association to other subcellu-
lar structures.

Other non-nuclear proteins that possess NLS-
like core hexapeptides are either integral parts
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Protein factor

Boulikas

Basic region

Myn DKRAHHNALERKRRDH
Max DKRAHHNALERKRRDH
Mad SSRSTHNEMEKNRRA
c-Myc DKRRTHNVLERQRRNE
N-Myc ERRRNHNILERQRRND
L-Myc TKRKNHNFLERKRRND
AP-4 IRREIANSNERRRMQS
TFE-3 QKKDNHNLIERRRRFN
TFE-B QKKDNHNLIERRRRFN
Myo D1 DRRKAATMRERRRLSK
Myogenin DRRRAATLREKRRLK
Lc TGTKNHVMSERKRREK
CBF-1 QRKDSHKEVERRRREN
USF KRRAQHNEVERRRRDK
da ERRQANNARERIRIRD
E12 ERRVANNARERLRVRD
E2-2 ERRMANNARERLRVR
E47 ERRMANNARERVRVR
Pho 4 DKRESHKHAEQARRN
Lyl-1 ARRVFTNSRERWRQQN
twist NQRVMANVRERQRTQS
EMC RIQRHPTHRGDGENA
ID LPALLDEQQVNVLLY

leucine zipper
LKRQNALLEQQVRALEKAR
LKRQNALLEQQVRALEKAR
LQREQRHLKRQLEKLGIER
LRKRREQLKHKLEQLRNSC

LQARQQQLLKKIEHARTC
LRCRQQQLQKRIAYLSGY

LKRFIQELSGSSPKRRRAE

LEQANRSLQLRIQELELQ

LEMTNKQLWLRIQEL

Fig. 1. Putative NLS in the basic and leucine zipper regions of Myc, Max, MyoD1, and other homologous
proteins. The alignment of sequences is from Carr and Sharp [1990]; Beckmann et al. [1990]; Gregor et al.
[1990]; Blackwood and Eisenman [1991]; Prendergast et al. [1991]; and Ferré-D’Amaré et al. [1993].
Double-underlined hexapeptides indicate, according to our proposal, NLS. The dotted-underlined motif

indicates a “weak’’ NLS motif because of the presence of E (glutamic acid).

of organelles, such as mitochondria, or are tightly
associated with a cell membrane or endomem-
brane (Table IV). We suggest that this associa-
tion makes them unavailable for nuclear import
even if the NLS-like core peptide is functional

and correctly exposed and available for binding
to transporter proteins. The signal peptide in
the N-terminus will transfer extracellular or
lysosomal proteins to the lumen of the endoplas-
mic reticulum. Similarly, the presence of trans-
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Protein Basic region

GCN4 DPAALKRARNTEAARRSRARKLQ
c-JUN IKAERKRMRNRIAASKCRKRKLE
JUNB IKVERKRLRNRLAATKCRKRKLE
v-JUN IKAERKRMRNRIAASKSRKRKLE
BP1 EKRRKFLERNRAAASRCRQKRKYV
CREB RKREVRLMKNREAARECRRKKKE
C/EBP NEYRVRRERNNIAVRKSRDKAKQ
c-FOS EKRRIRRERNKMAAAKCRNRRRE
FRA1 RRRVRRERNKLAAAKCRNRRKE
SKN-1 RKIRRRGKNKVAARTCRQRRTD
CNC RDIRRRGKNKVAAQNCRKRKLD
NF-E2 (p45) RDIRRRGKNKVAAQNCRKRKLE
BZLF1 DSELEIKRYKNRVASRKCRAKFKQ
ATF-1 KREIRLMKNREA RECRRKKKE
dJRA KLERKRQRNRVAASK CRKRKLE
dFRA KRAVRRERNKQAAAR CRKRRVD
BBF-2 KKIRRKIKNKISA QESRRKKKE
DBP EKYWSRRYKNNEAAKRSRDARRL

Fig. 2. Putative NLS in the basic domain of Fos, Jun, CREB, C/EBP, and related proteins. The alignment of
sequences is from Mueller et al. [1990], Abel et al. [1992], and Andrews et al. [1993].

membrane domains on cell membrane proteins
will direct such proteins into the cell membrane
or intracellular membranes; the NLS-like core
peptide in this case is either to the cytoplasmic
side and even though a transporter protein can
bind it, the protein will remain as an integral
part of the membrane, or the NLS is exposed on
the cell surface.

Few of the cytoplasmic proteins found to con-
tain a NLS-like peptide have one or two nega-
tively-charged amino acids within the putative
NLS hexapeptide. It is noteworthy that a similar
hexapeptide KKKDLK occurs in chicken v-Rel
oncoprotein (amino acid position 54) but does
not appear to have NLS function [Hannik and

Temin, 1989]. We suggest that hexapeptides
containing any negatively charged amino acids
are weak NLS. However, the hexapeptide core of
NLSs can be flanked by negatively charged amino
acids [Boulikas, 1993].

DISCUSSION

Is an hexapeptide with four (K + R) a core
NLS? A recent survey of the literature [Bou-
likas, 1993] led us to propose that a consensus
core NLS is composed of 4 or more arginines/
lysines within a hexapeptide motif. Assigning a
peptide as a NLS depends on the method fol-
lowed for NLS identification (gene fusion be-
tween a gene segment coding for NLS and the
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Protein species

Basic region

Position 90-97

Drosophila dorsal MDSDPAHLRRKRQKT VKKKDIEA
NF-xB p50 (KBF1) EIKDKEEVQRKRQKL VTKKKVFE
NF-xB p65 DTDDRHRIEEKRKRT VKKRDLEQ
mouse rel DEKDAYANKSKKQKT ~ VKKKEVKG
human c-rel-A DEKDTYGNKAKKQKT VKKKEVKE
turkey rel DEEDPSGNKAKRQRS VKKKDLKE
v-Rel DEEDPSGNKAKRQRS

Fig. 3. Putative NLS in the basic region of the p50 and p65 subunits of NF-«B, dorsal and rel proteins.
Sequences to the N-side of putative NLS are acidic. The alignment of homologous regions is from Kieran et

al. [1990]; Nolan et al. [1991]; and Ruben et al. [1991].

ERRRKEE hT3R-o1 (human thyroid hormone receptor-o.1)
EKRRREE hT3R-B

ERRRKEE human erbA-0.2

ERRRKEE v-erbA

VRKRRP human RAR- (retinoic acid receptor-a)
IRKRRP hRAR-B

ARRRRP hRAR-y

Fig. 4. Conservation of putative NLS in an homologous basic region of nuclear hormone receptors. The
alignment of sequences is from Forman and Samuels [1990].

gene coding for a cytoplasmic protein, cross-
linking of a peptide to a cytoplasmic protein,
mutagenesis of the NLS region of a normally
nuclear protein). NLS identification is also de-
pendent on the type of cytoplasmic protein mol-
ecule chosen to tag a NLS (pyruvate kinase,
B-galactosidase, human serum albumin, immu-
noglobulins, etc.) and method of detection of
nuclear import (microinjection of proteins into
Xenopus oocytes followed by immunostaining,
microinjection of DNA constructs, mutagenesis,
etc.). It also greatly depends on the particular
protein structure since a number of NLS are
today-known that are reconstituted by protein
folding from half or bipartite NLS [see Boulikas,
1993].

The primary structures of protein transcrip-
tion factors, predicted from cDNA cloning and
sequencing, were screened for the presence of 6
amino acid motifs with 4 or more positively
charged amino acids (K + R). Such motifs could
constitute core elements of signals for the trans-
port of protein transcription factors across the
nuclear pore complex to the nucleoplasm and
are presumably recognized by specialized trans-
porter protein molecules. This search demon-
strates that the vast majority of protein factors
examined possess such motifs often occuring in
the basic region (Figs. 1-3), but also in other
regions of nuclear proteins. Types 6600, 000x0,
00x00, and 66x6x6 of NLS-like peptides are over-
represented in this random sample (Table V).
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TABLE III. Protein Factors That Lack a Typical NLS*

NLS and flanks Features Reference

1. Group RRR
DHMRRRIETDER Human TFIIE-a (general transcription factor) Ohkuma et al. [1991]
KFDRKQLR

(but may enter
nucleus via its
tetramerization
with TFIIE-B into
an a3, complex)

DLDDFRRRG
IKNKRX5KX6KK
KEx;RKEKEEx;K
2. Group 66x6
Rx;RTRRx;Rx;R

Rx;KDKR
RLKKCFR

VRGRGRGKY
IRCKKP
LKKHIRT

TKHMKSKA

IRNEPRRIKI

VRGRGRGKY

(Does it dimerize with
AT-BP1 to enter the
nucleus?)

YKAKRE
RNQKx,;KCRD
KMSRALR

KXzRXzRX 3RX4RKX4RX6

RX5KX2RX5R
VKHIRDYK

KVPQKKVKL(D/E);;
KKSVRDTPAK

Kx,KxRSKx; KKx,Kx, K

XQK

3. Group 00x,,60
LKDRFKLSLK
YKNKDLGKI
EKKVISIKKE

RARxKRx;RIREPR
RKYARVVQK
KGFRKT

Human PRDI-BF'1 (repressor of IFN-f3 gene
expression)

RFX

HNF-4 (member of the steroid hormone
superfamily)

Human HIV-EP1 (HIV1 enhancer-binding protein
1)

Rat AT-BP2; highly acidic domain. Two zinc fingers.
Binds to the B-domain of a;-antitrypsin gene
promoter and to the NF-«B site in the MHC gene
enhancer

Drosophila yan gen product (688 aa) with an ETS
DNA-binding domain; negative regulator of
photoreceptor development. Accumulates in the
nuclei of undifferentiated cells during the early
stages of eye development

Mouse Pax-1 (Homeotic protein)

Rat B23, a highly acidic nucleolar phosphoprotein
(292 aa, 38 kD, pl = 5.1); associated with nucleolar
structure, binds single-stranded RNA and DNA,;
does not possess the 90 aa RNA-binding domain or
“RNP consensus’’ of other RNP proteins

Mouse IREBF-1 (interferon response element
binding factor-1) 95% similarity to human YB-1;
within a 79-aa range one side of the a-helical
region contains a preponderance of hydrophobic
aas and the other side contains hydrophilic aas;
this type of structure provides a strong
hydrophobic force for protein-protein interaction

Mouse TFIID

Keller and Maniatis
[1991]

Reith et al. [1990]

Sladek et al. [1990]

Maekawa et al. [1989]

Mitchelmore et al. [1991]

Lai and Rubin [1992]

Chalepakis et al. [1991]

Chang et al. [1988]

Yan and Tamm [1991]

Tamura et al. [1991]

*Protein factors that lack a typical NLS include protein transcriptional regulators which have a maximum concentration of
arginines and lysines of 3 or 2 on a stretch of 6 amino acids, 4 (K+R) over a stretch of 7 or more amino acids, or a more weak
distribution of positive charges over a longer stretch of the polypeptide. In spite of the possibility that a class of NLS are similar
to those found in yeast MAT«2 protein with only two (K+R) [see Boulikas, 1993 (Table 3)], we suggest that a fraction of these
proteins acquire a stronger concentration of a positively charged domain by protein folding and that a second fraction are
transported via their strong complexation in the cytoplasm with a protein transcription factor possessing a NLS.
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TABLE IV. NLS-Like Peptides in Non-Nuclear Proteins*

Putative NLS Protein Location Reference
a. Cytoplasmic
GKKKGRSKKA Chicken oN-catenin, a Cytoplasmic but associated Hirano et al. [1992]
DDRRKRI neural protein that with the cytoplasmic
DLRRQLRKA regulates cadherin- domain of transmembrane
mediated cell adhesion in N-cadherin and
the nervous system E-cadherin proteins
Hkrylkkl (tyk2) Human tyrosine kinase Cytoplasmic but associated Velazquez et al. [1992]
Ekrflkrl] (JAK-1) associated with the with a cell membrane
interferon /B receptor receptor
IRKKTRS Bovine Cytoplasmic but associated Hiles et al. [1992]
(position 225) phosphatidylinositol with the cell membrane
HKKKKF 3-kinase 110 kD catalytic colony-stimulating factor 1
(position 940) subunit (1068 aa); receptor
functions in signal
transducing pathways;

associated with receptor
protein kinases to form
multiprotein complexes;
involved along with
phospholipase C in
phosphoinositide
metabolism

GQRSERKKWI Yeast G protein GPA2 gene Cytoplasmic but associated Nakafuku et al. [1988]
299-308 product or guanine with a receptor molecule on

nucleotide-binding cytoplasmic membrane

regulatory (G) protein

(449aa, 50 kD); may be

involved in regulation of

cAMP levels and in signal

transduction in yeast;

possibly interacts with the

mating factor receptors

STE2 and 3.
NRRKLQRELDE Rabbit light meromyosin of Cytoplasmic; component of a Nagai et al. [1988]
445-455 smooth muscle myosin large polymeric structure

heavy chain (484 aa),

NLS is not conserved in
four related polypeptides in
rat, Dictyostelium and a

nematode
SERAKKRLESE Dictyostelium discoideum Cytoplasmic component of a Nagai et al. [1988]
EKDRKKYE skeletal muscle large polymeric structure
DRSRKRLE meromyosin of myosin
ELKEYRKKFG heavy chain
DYKRAKKE
LRIKKKLE Nematode unc-54; skeletal Cytoplasmic component of a Nagai et al. [1988]
muscle meromyosin of large polymerie structure
myosin heavy chain
E;AEsxsNRRK Rabbit SMHC-29. Smooth Cytoplasmic Nagai et al. [1988]
LQRELDE muscle myosin heavy chain

(485 aas); extremely acidic,
a-helical protein; involved
in conversion of chemical
energy into mechanical work

(Table IV continued on next page.)
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TABLE IV. NLS-Like Peptides in Non-Nuclear Proteins* (continued)

Putative NLS

Protein

Location

Reference

DKEPRKK
(this is the C-terminus)

DRRSGKKLED

HRRKKN
TKDKRRLKQ
IKVRKCKS
EKRKKN

LRRKTKED
DEEKHKKMKLKI

MEKQKGKK
(this is the C-terminus)

TkkamkkA

VKKRKQ,D

LKQHRRKE
ERNKKKQ

Rat 42A adrenal
pheochromocytoma cell
protein (101 aas) induced
by NGF (nerve growth
factor), related to calcium-
binding proteins

Human EF-1a (elongation
factor-1a) in protein chain
elongation. Induced by
vitamin A in cultured
human tracheobronchial
epithelial cells; catalyzes
the binding of aminoacyl-
tRNA to the ribosome
under hydrolysis of
GTP

Murine 2-5A-dependent
RNAase, induced by
interferon. In mRNA
degradation; it requires
2-5A unusual
oligoadenylates with 2’,
5'-phosphodiester linkages
produced from ATP by a
family of synthetases and
requiring dsRNA

Human UMP synthase (480
aas, 52,199 D) In de novo
pyrimidine biosynthesis

Human 2-5A-dependent
RNAase, induced by
interferon. In mRNA
degradation, it requires
2-5A unusual
oligoadenylates with 2,
5’-phosphodiester linkages
produced from ATP by a
family of synthetases and
requiring dsRNA

Porcine pl11 calcium
binding protein (97 aas)

Human CFa cystic fibrosis
antigen (93 aas)

Chimeric oncoprotein
product of DBL
transforming gene
recombined with an
unrelated segment of
human DNA

Human 5-lipoxygenase

Cytoplasmic

Cytoplasmic?
ER membrane?

Cytoplasmic

Cytoplasmic

Cytoplasmic

Cytoplasmic

Cytoplasmic

Equally distributed between
cytoplasmic and crude
membrane fractions

Cytoplasmic

Masiakowski and Shooter
[1988]

Ann et al. [1988]

Zhou et al. [1933]

Suttle et al. [1988]

Zhou et al. [1993]

Masiakowski and Shooter
[1988]

Masiakowski and Shooter
[1988]

Evaet al. [1988]

Dixon et al. [1988]

(Table IV continued on next page.)
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TABLE IV. NLS-Like Peptides in Non-Nuclear Proteins* (continued)

Putative NLS Protein Location Reference

b. Transmembrane

PIRRKRSIE Human PDGF A-chain Cell surface receptor, Bonthron et al. [1988]
(platelet-derived growth transmembrane tyrosine
factor) (30 kD); kinase
glycoprotein, potent
mitogen for connective
tissue cells
LKSRRFKM Human RCNC2, a subunit of Transmembrane Chen et al. [1993]
QLLRKKARRM the cyclic GMP-gated
cation channel. Component
of the retinal rod
(EEKKKKKKEK Human RCNC1, a subunit of Transmembrane Chen et al. [1993]
KSK) the retinal rod channel;
EKKKKKKDKE rods respond to light with a
(EKKKKEEKSK membrane
DKKE;) hyperpolarization by cGMP
hydrolysis and closure of a
¢GMP-gated channel that
is open in darkness
ARRHSKRL Drosophila raf protein Transmembrane Kieber et al. [1993]
kinase
DDKKKVKN Human A-Raf protein kinase Transmembrane Kieber et al. [1993]
CLKKKRDERP Human B-Raf protein kinase Transmembrane Kieber et al. [1993]
L;CRLRRLRAR Human platelet Transmembrane Lopez et al. [1988]
glycoprotein Ib B-chain
TKRKKQRSRRN Human T11 (T-cell surface Transmembrane Diamond et al. [1988]
glycoprotein)
FKRKKP Murine T11 (T-cell surface Transmembrane Diamond et al. [1988]
CKRRKRN glycoprotein)
QRDERREKW Human a-subunit of the Transmembrane Kozasa et al. [1988]
guanine nucleotide binding
protein Gs
ARLLKRKQ Plasmodium yoelii (malaria Cell membrane Burns et al. [1988]
NKEEKKKY protozoan) surface
antigen (230 kD)
CRKKRI Human IgG Fec receptor; Transmembrane Hibbs et al. [1988]
NLSisnexttoa
hydrophobic segment.
VRKKPKLKE PDGF A chain Transmembrane Bonthron et al. [1988]
GKKRKRKRLKP (platelet-derived growth
factor A chain); cell surface
receptor membrane of
transmembrane tyrosine
kinase family; mitogen for
connective tissue cells
QRSERKEKW Yeast GPA2 guanine Cell membrane Nakafuku et al. [1988}
nucleotide-binding
regulatory protein

(Table IV continued on next page.)
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TABLE IV. NLS-Like Peptides in Non-Nuclear Proteins* (continued)

(342 aas) with a 25 residue
hydrophobic leader
sequence giving rise to
FMRFNH, at the skeletal
neuromuscular junction;
released into circulation of
insects from neurohemal
organs

Putative NLS Protein Location Reference
NRYRFKKL Arabidopsis CHL1, an Transmembrane (12 Tsay et al. [1993]
(two bulky groups) electrogenic nitrate membrane-spanning
transporter; when mutated segments)
confers resistance to
herbicide chlorate and
results in decreased nitrate
uptake
TKKKKA Chicken a-subunit of the Integral membrane protein Takeyasu et al. [1988]
AKRMARKN (Nat + K*)-ATPase
SRRRKL Rat P450 f Transmembrane Nelson and Strobel [1988]
GRSRRPRL Human p450 P1 Transmembrane Nelson and Strobel [1988]
GRARRPRF Rabbit P450 6 Transmembrane Nelson and Strobel [1988]
GRERRPRL Human P450 4 Transmembrane Nelson and Strobel [1988]
GRGRRERG Bovine atrial natriuretic Membrane Fuller et al. [1988]
FRKKYRI peptide (ANP) receptor
precursor (537 aas) with
N-terminal membrane
translocation signal; ANP
is a hormone synthesized
and secreted by the atria of
the heart affecting
cardiovascular homeostasis
GRRNRKQ Xenopus IP3 receptor Cell membrane Kume et al. [1993]
QRKQKQRI (2,693 aa)
EARRRCDRDSR Tumor suppressor protein Integral plasma membrane Del Sal et al. [1992]
Gasl; Gas 1 inhibits the
serum-induced Go—S
phase transition;
expression of Gas 1 is
increased by growth arrest
. Extracellular
EFKRKKPPF Mouse T11 T-cell surface Extracellular or cell surface Diamond et al. [1988]
69-77 glycoprotein (50 kD);
ICKRRKRNDEE contains a N-terminal
233-243 leader peptide
(ITKRKKQRSR Human T11 T-cell surface Extracellular or cell surface Diamond et al. [1988]
RNDEE) glycoprotein (327aa, 50
210-224 kD); contains a N-terminal
leader peptide
GRKPRYKY Drosophila FMRFamide Extracellular Schneider and Taghert
polyprotein precursor {1988]

(Table IV continued on next page.)
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TABLE IV. NLS-Like Peptides in Non-Nuclear Proteins* (continued)

Putative NLS Protein

Location Reference

EKKKLKC Human plasma
Zn-oz-glycoprotein (276
aas); unknown function,
closely related to MHC
antigens in amino acid
sequence and domain
structure; the EKKKLKC
sequence is not conserved

among MHC antigens

MRRRRKRQ
DDRRTRGRG

Drosophila connectin, a cell
adhesion molecule
expressed on motoneurons
and the muscles they
innervate

IRTKRKRKKQ Human LACI (lipoprotein-

RVKI associated coagulation
inhibitor), a protease
inhibitor of plasma

d. Lumen of ER
EDFKAKKKELE BiP (immunoglobulin heavy
chain-binding protein);
NLS-like peptide is
surrounded by acidic
motifs

e. Nucleus-encoded mitochondrial proteins

GKPKRPRS mt TF1 (mitochondrial
LRRTIKKQRKY transcription factor 1), a
KRKAMTKKK nucleus-encoded DNA

binding protein (204 aas)
HMG-box similar to hUBF

Extracellular

Extracellular (with a 24 aa

Extracellular (blood plasma)

Lumen of ER

Nucleus-encoded

Araki et al. [1988]

Nose et al. [1992]
signal peptide)

Wun et al. [1988]

Haas and Meo [1988]

Parisi and Clayton [1991]
mitochondrial protein

*Non-nuclear proteins with NLS-like peptides. These are classified into cytoplasmic, transmembrane embedded into the cell
membrane, extracellular exported via the lumen of the endosplasmic reticulum, lumen of the endoplasmic reticulum, and

nucleus-encoded mitochondrial proteins.

This finding makes the prediction that NLS-
receptor molecules might possess the aaaa,
acoxa, aoxao, and aexaxa motifs where a is D,
E, or phosphoserine [Meier and Blober, 1992].
More specifically, E or phosphoserine might
complement K, and D might complement R. For
example, the ERKKRRRE motif of human
ATF-3 (Table I) may need the KDEEDDDK or
the phosphorylated form of the KDSSDDDK
motif on the receptor-transporter molecule. A
detailed analysis of the type of acidic motifs in
NLS-receptor molecules and their match to the
putative NLS described here is in progress.

It is proposed here that most protein factors
listed on Table 1II lacking a putative typical
“core NLS” are imported to the nucleus via
their strong crosscomplexation with other tran-
scription factors. Indeed, Tsuneoka and co-

workers [1986] have shown that a monoclonal
antibody against HMG1 co-migrates with HMG1
into the nucleus.

Fusion of the peptide PAAKRVKLD contain-
ing only 3 positively charged amino acids to pyru-
vate kinase at the gene level induced complete
nuclear localization [Dang and Lee, 1988]. Simi-
larly, fusion of KIPIK, containing only two posi-
tively charged residues, to B-galactosidase speci-
fied nuclear import [Hall et al., 1984]. We suggest
that either positively charged residues of pyru-
vate kinase or B-galactosidase are juxtaposed to
these peptides to reconstitute a completely func-
tional NLS or that acidic domains on these cyto-
plasmic proteins participate in anchoring them
to a nuclear transporter protein. Thus, cytoplas-
mic proteins may contain potential elements for
their anchoring to NLS-receptor proteins.
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Location of NLS on Protein Transcription Factors

NLS may be unavailable for binding to trans-
porter proteins; the SV40 large T protein NLS is
nonfunctional when it is located in a region of
pyruvate kinase predicted not to be exposed on
the surface [Roberts et al., 1987]. Thus, the NLS
needs to be exposed on the surface of the protein
and to be available for binding to the nuclear
transporter protein molecules. Indeed, the FKQ-
RRIKL peptide motif on the DNA-binding POU-
specific domain of Oct-1 predicted from this
study to be a core NLS lies at the C-terminus of
helix I just before a turn of 3 amino acids and
helix I1 [Dekker et al., 1993]. In addition, nuclear

TABLE V. Occurrence of Various Types of
NLS Among a Random Sample of Protein
Transcription Factors*

Putative

NLS type Frequency %
09 1 0.4
0g 0 0.0
07 2 0.7
06 6 2.2
05 15 5.5
6060 68 25.1
066x60 13 4.8
0006x6 45 16.6
086x66 38 14.0
0x60x6 21 7.8
00x0x6 37 13.6
000xx66 3 1.1
006xx0 14 5.2
00xx00 8 3.0
Total 271 100.0

*Types of putative NLS among a sample of protein transcrip-
tion factors. Out of the 117 proteins examined, the 106 of
Tables I and II that were found to contain one or more
NLS-like peptides (total 208 peptides) and those shown in
Figures 1-4 (total 63 peptides) were used for Table V. Each
NLS-like peptide (total 271) was scored for the type of
distribution of K and R among the 14 groups shown.

proteins have been identified that are synthe-
sized in the form of precursor molecules and
that remain in the cytoplasm presumably be-
cause their NLS is hidden. Cleavage of such
proteins by specific proteases to mature mol-
ecules exposes their NLS, and they are then
rapidly transported to the nucleus. An example
of this kind is the p50 subunit of the transcrip-
tion factor NF-«kB (50 kD) which is synthesized
in the form of a 110 kD precursor with the NLS
buried in the protein; proteolytic cleavage giving
the 50 kD transcription factor exposes the NLS
[Henkel et al., 1992].

Nuclear translocation of factors, presumably
by exposure of their hidden NLS or by reconsti-
tution of a functional NLS from two remote half
NLS can be triggered by dephosphorylation [Moll
et al., 1991], subunit association [Levy et al.,
1989], or subunit dissociation [Baeuerle and
Baltimore, 1988a,b]. In other cases, binding of
hormone to a cytoplasmic protein such as gluco-
corticoid receptor induces a conformational
change that exposes the NLS, or reconstitutes a
functional NLS from remote half NLSs and the
protein is rapidly transported to the nucleus
[Picard and Yamamoto, 1987].

A fraction of the putative NLS peptides identi-
fied in transcription factors in this study might
be masked by the interaction of the transcrip-
tion factor with inhibitory polypeptides prohibit-
ing the binding of the transporter protein mol-
ecule to the NLS.

We propose here that NLS have two different
functions: 1) one in the cytoplasm for the identi-
fication of the protein by transporter cytoplas-
mic or pore proteins and its transportation to
the nucleoplasm; 2) another in the nucleus in
the sequence-specific binding to DNA or in pro-
tein-protein interaction on the regulatory re-
gions of genes.

Loose evolutionary constraints with regard to
the position of the NLS in the protein structure

TABLE V1. NLS-Like Peptides in Non-Nuclear Proteins*

Subcellular localization Without NLS With NLS Total % with NLS
Cytoplasmic 15 17 32 53
Endomembrane, cell membrane 18 23 41 56
Extracellular 10 6 16 37
Mitochondrial or chloroplast 7 1 8 12
Lysosomal 3 0 3 —
Lumen of ER 0 1 1 —
Total 53 48 101 47.5

*Distribution of NLS-like peptides among classes of non-nuclear proteins.
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are expected to be imposed if the proposed dual
function model for NLS is correct. Thus as Fig-
ures 1-4 indicate, putative core NLS peptides
may or may not occur on homologous positions
in proteins. This loose evolutionary conserva-
tion of the position of the core NLS within the
polypeptide chain will serve the second function
of NLS proposed here, i.e., in DNA binding or in
the interaction with other regulatory proteins of
the transcription apparatus. One argument in
favor of the dual role of NLS is that, whereas the
N terminal hydrophobic signal peptide of endo-
plasmic reticulum trafficking has one single func-
tion and is lost after protein is inserted into the
lumen of ER, the NLS is retained.

NLS-Binding Proteins

Two proteins of about 60 and 70 kD from rat
liver, distributed mainly in the cytoplasm but
also in the nuclear interior and nuclear enve-
lope, were shown to interact with the NLS of
SV40 large T protein by chemical cross-linking
[Adam et al., 1989]. Yoneda et al. [1988] have
raised antibodies against the peptide DDDED
supposed to be present in nuclear pore or cyto-
plasmic receptor (transporter) protein mol-
ecules that would interact electrostatically with
the NLS KKKRK of SV40 large T protein. Affin-
ity chromatography with anti-DDDED antibody
or nucleoplasmin NLS has further identified a
69 kD protein in rat liver nuclear pore fraction
as a candidate for a nuclear pore receptor-
transporter [Imamoto-Sonobe et al., 1990].

Lee and coworkers [1991] have determined
the primary structure from ¢cDNA cloning of a
yeast protein, NSR1 (nuclear signal receptor) of
384 amino acids, located at the nuclear periph-
ery and involved in the specific recognition of
nuclear localization signals. Meier and Blobel
[1992] have determined the structure of
Noppl140 from rat cells, also a NLS-receptor
phosphoprotein that shuttles between the
nucleolus and the cytoplasm. Both proteins are
characterized by a number of acidic motifs in
their sequence representing NLS-binding sites.
In addition, positively charged domains in NSR1
and Noppl40 might interact with acidic do-
mains on transcription factors for their nuclear
import. Yeast NSR1 has two extensive RNA
binding domains [Lee et al., 1991]. One exciting
suggestion is that NSR1 might bind RNA and
thus the same molecule might be involved in
importing nuclear proteins to the nucleus and
exporting RNA to the cytoplasm [Lee et al.,

1991] thus regulating bidirectional traffic of both
proteins and RNA though the pore.

Several other polypeptides have been identi-
fied in diverse species from their ability to bind
to the NLS of SV40 large T, yeast histone H2B,
yeast MAT«2, and Xenopus nucleoplasmin. Some
of these proteins appear to be cytoplasmic, oth-
ers loosely bound to the pores and others nucleo-
lar or nucleoplasmic [reviewed by Boulikas,
1993]. One evolutionarily conserved NLS-bind-
ing protein, immunologically indistinguishable,
with a molecular weight of 70 kD was present in
yeast, Drosophila, Z. mays, and human cells
[Stochaj and Silver, 1992]. Some of these pro-
teins have the ahility to recognize heterologous
core NLS such as the PKKKRKV (SV40 large
T), the AKKKKLD (Xenopus nucleoplasmin),
the GKKRSKA (yeast histone H2B), and the
CRLKKLKC (yeast GAL4) [Silver et al., 1989].
It remains to be shown how many NLS-receptor
proteins are present in a single cell, and what
their specificity is for the heterologous classes of
NLS suggested here or found before. Prelimi-
nary studies by Finlay and Forbes [1990] sug-
gest the presence of 8-10 different possible NLS-
receptor molecules associated with the nuclear
pore. NLS-binding polypeptides, shuttling be-
tween the cytoplasm and the nucleoplasm or the
nucleolus, may be present in addition to those
associated with the pore [Borer et al., 1989;
Yamasaki et al., 1989; Adam et al., 1989; Meier
and Blobel, 1990, 1992; Lee et al., 1991; Liet al.,
1992].

NLS in Non-Nuclear Proteins

An important finding of this sample-search
for clusters of basic amino acids among proteins
is that, whereas virtually all nuclear proteins
have one to three or more such putative NLS
motifs, about half of cytoplasmic proteins com-
piled also have such motifs. These cytoplasmic
proteins containing a NLS are engaged in their
cellular functions in association with membrane
proteins or large cytoplasmic structures and are
therefore unavailable for nuclear import. A pre-
vious attempt by Smith and coworkers [1985]
revealed NLS-like peptides in non-nuclear pro-
teins and led them to the conclusion that it is
exceedingly difficult to predict a priori a func-
tional nuclear localization signal by simple pri-
mary structure inspection.

A higher number of transmembrane, lumen
of endoplasmic reticulum, and extracellular pro-
teins were found to have typical NLS-like hexa-
peptides; we suggest that the N-terminal hydro-
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phobic peptide of proteins transported through
the endoplasmic reticulum [reviewed by Silver
and Goodson, 1989] will direct them away from
the nuclear and cytoplasmic compartment re-
gardless of their possession of an NLS-like oligo-
peptide.

An unusual behavior of the secreted hepatitis
B virus (HBV) precore P22 protein has been
noted by Ou and coworkers [1989]: although
this protein possesses a 19 aa signal sequence
that directs it to the ER, upon cleavage of this
segment by signal peptidase only 30% of P22 is
secreted via the Golgi apparatus; 70% of this
protein is released back into the cytoplasm, fol-
lowed by its translocation to the nucleus. This
nuclear targeting of P22 is due to the presence
of a NLS. The sequence CLGWLWG was identi-
fied as an important constituent of the NLS.
Similarly, Lee and coworkers [1987] have deter-
mined that the introduction of a charged amino
acid within the hydrophobic N-terminal signal
peptide of the simian sarcoma virus v-sis gene
product aborted its normal transport across the
lumen of the ER because of the destruction of its
signal peptide and resulted in nuclear import of
the mutated protein due to the presence of a
NLS at a different region of the molecule. These
studies support a major conclusion of this study,
i.e., that many transmembrane proteins or pro-
teins to be secreted may indeed possess func-
tional NLS-like peptides but the hydrophobic
signal N-terminal peptides or transmembrane
domains are stronger determinants for their
subcellular localization.

Is there a difference between putative core
NLS peptides on transcription factors on one
hand and NLS-like peptides on non-nuclear pro-
teins on the other? Some NLS-like peptides in
non-nuclear proteins contain two bulky amino
acids in the hexapeptide such as tyrosine and
phenylalanine in the RYRFKK motif of the Ara-
bidopsis nitrate transporter CHL1 transmem-
brane protein [Tsay et al., 1993; Table IV]. None
of the hexanucleotide motifs in nuclear putative
NLS examined contain two bulky amino acids
such as Y, F, W [Tables I-III]. Many other
non-nuclear protein NLS-like peptides seem to
possess one or two aspartic/glutamic acid resi-
dues within the hexapeptide (Table IV), some-
thing not favored in functional NLS from experi-
mental data [Boulikas, 1993].

In future studies human disorders may be
discovered which are caused by mutations lead-
ing to amino acid substitution at the core NLS
site of nuclear protein factors, resulting in fail-

ure for nuclear localization of a particular
nuclear protein.
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