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Abstract Nuclear factor 1 (NF1) proteins are encoded by at
least four genes (NF1-A, B, C, X). Although DNA-binding and
the transcription regulation domains of these proteins are well
characterized, the nuclear localization signals (NLSs) are still
unknown in all NF1s. We have identified two NLSs in NF1-A,
and both are required for full translocation to the nucleus,
although one of them itself has a partial translocation ability.
These two NLSs are conserved in all four NF1s. Interestingly,
three isoforms of NF1-A (NF1-A1, A2, A4) have two NLSs and
translocate completely to the nucleus. In contrast, NF1-A3 lacks
the second NLS and partially stays in the cytoplasm. Since NF1s
construct homodimer and heterodimer, these findings indicate the
differential regulations of the NF1 translocation. © 2000 Fed-
eration of European Biochemical Societies. Published by Else-
vier Science B.V. All rights reserved.
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1. Introduction

Nuclear factor 1 (NF1) was originally identified as a DNA-
binding protein that not only stimulates the replication of
adenovirus DNA in HeLa cells [1], but also stimulates the
transcription of many kinds of genes in mammalian cells [2].
NF1 ¢cDNAs were cloned from several species including hu-
mans [3] and rats [4], and the sequence comparison of chicken
genes led to the identification of four genes: NF1-A, NF1-B,
NF1-C, and NF1-X [5]. In addition, each subtype possesses
different isoforms generated by alternative splicing [6-8].

All NF1 proteins contain a highly conserved N-terminal
amino acid sequence required for dimerization, DNA binding
and the activation of adenovirus DNA replication [9-12]. The
NF1 recognition sequence and the DNA-binding specificity
were also characterized [8,13].

However, the C-terminal half functions as a transcriptional
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regulation domain and the sequences are less conserved. The
activation domains were identified in the C-terminal region of
NF1-B, C and X [8,14,15], whereas the repression domain was
mapped in the C-terminal region of NF1-A [16]. Thus,
although both the DNA-binding/dimerization domain and
the transcription regulation domain were relatively well char-
acterized, the nuclear localization signals (NLSs) are still un-
clear in all four NF1 subtypes. In the present study, we iden-
tified two NLSs in NF1-A using green fluorescent protein as a
reporter. These two NLSs are required for full translocation
to the nucleus, although each NLS has partial translocation
ability.

2. Materials and methods

2.1. Plasmid construction for EGFP-NFI-A fusion proteins

pEGFP-C1 (Clontech Lab. Inc., CA, USA) was used as a green
fluorescent protein expression plasmid throughout this study. NF1-
Al, A2, A3, and A4 cDNAs in pBluescript were as previously de-
scribed [7]. These plasmids were digested with EcoRI and Sall, and
the resultant fragments were subcloned into EcoRI/Sall sites in
pEGFP-C1. Almost all deletion mutants were made by PCR using
appropriate primers with the EcoRI site and Sa/l site for 5’ and 3’,
respectively. For NLS1 and NLS2 fragments, the synthesized oligo-
nucleotides were annealed. The in vitro site-directed mutagenesis was
performed using a QuikChange site-directed mutagenesis kit (Strata-
gene, CA, USA) according to the manufacturer’s instructions. In this
case, full-length NF1-A1 including exons 1-11 in pEGFP-C1 was used
for site-directed mutagenesis as a template. All sequences were con-
firmed using the automated DNA sequencers DSQ 1000 (Shimadzu
Corp., Kyoto, Japan) and ABI PRISM 310 (Perkin-Elmer, Applied
Biosystems Division, CA, USA).

2.2. Cell culture and DNA transfection

HeLa cells were cultured in minimal essential medium supple-
mented with 10% fetal bovine serum. For fluorescence microscopy,
cells were plated onto a cell disc (Sumitomo Bakelite, Co. Ltd., To-
kyo, Japan) in 60 mm dishes at a density of 2Xx10° cells/dish 24 h
before transfection. Transfection was carried out by the calcium phos-
phate co-precipitation technique [17], using 4.5 pg of the EGFP-NF1-
A fusion construct.

2.3. Fluorescence microscopy and laser scanning confocal microscopy

Forty hours after transfection, cells were washed with PBS three
times, and fixed with 4% paraformaldehyde in 3 ml of PBS for 30 min
at room temperature. After PBS washing twice, cells were stained with
2.5 pg/ml DAPI in PBS for 3 min at room temperature, and then
washed with PBS. Fluorescence microscopy and photography were
performed using BX50-34-FLA and PM30 (Olympas, Tokyo, Japan),
respectively. The samples were also observed by a confocal microsco-
py MRC-1024 (Bio-Rad, Lab., CA, USA).
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Fig. 1. Subcellular localization of NF1-A isoforms and various deletion mutants fused to EGFP. A: The structure of EGFP-NF1-A constructs
with various deletions. The numbers of exons are also shown. NF1-A2 and NF1-A3 are lacking exon 3 and exons 3-6, respectively. NF1-A4
lacks exon 10, leading to a frame shift. B: The subcellular localization of EGFP-NF1-A isoforms transfected into HeLa cells. C: The subcellu-
lar localization of various EGFP-NF1-A deletions transfected into HeLa cells. The summary of localizations in nuclear only (N) and both nu-
clear and cytoplasm (N/C) are indicated in the right panel in A. The constructs with the hatched boxes show nuclear (N) localization alone.
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Fig. 2. Subcellular localization of various EGFP-NF1-Al (exons 2, 5, 6) fusion proteins deleted from the N-terminal or the C-terminal por-
tions. A: The structure of EGFP-NFI1-A constructs with various deletions. B: The subcellular localization of various EGFP-NF1-A constructs
transfected into HeLa cells. The summary of localizations in nuclear only (N) and both nuclear and cytoplasm (N/C) are indicated in the right
panel in A. The constructs with hatched boxes show nuclear (N) localization alone.
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3. Results

3.1. NFI1-A3 is not fully translocated to nucleus

NF1-A consists of four splicing isoforms [7]. To test the
translocation ability of NF1-A, we used green fluorescent pro-
tein fused to various NF1-As. Although NF1-Al, A2, and A4
were completely translocated into the nucleus, NF1-A3 was
observed both in the nucleus and the cytosol (Fig. 1B). NF1-
A2 lacks exon 3, and NF1-A3 lacks exons 3-6. Therefore, we
next tested the subcellular localization of exons 3-6. As shown
in Fig. 1C, exons 3-6 are not sufficient for the complete trans-
location, rather exons 2-7 are required. Further deletion anal-
yses indicated that exon 2 and exon 5/6 are required for the
full activity (Fig. 1C). It is reported that the proteins up to 60
kDa are able to reach the nucleus by passive diffusion [18].
Therefore, GFP fusion proteins without NLSs seem to distrib-
ute in nucleus as well as cytoplasm as reported previously
[19,20].

3.2. Two separated regions, of exons 2 and 5/6 are required for
sufficient translocation

To map the precise NLSs, we constructed the EGFP gene
fused to exons 2, 5 and 6 of NF1-Al, and the various deletion
mutants from the 5’ and 3’ ends were also created. By com-
parison with the findings shown in Fig. 2, the minimum region
of exon 2 for full translocation was identified as 24 aa from
the 27th to the 50th aa of NF1-Al. The minimum region of
exon 5/6 was also determined as 34 aa from the 251st to the
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284th aa of NF1-Al, which includes the border of exons 5
and 6. Taken together, these findings indicate that the two
separated regions, of exon 2 and exon 5/6 are essential for
the nuclear translocation of NF1-A. These two sequences
are shown in Fig. 3A. Since both sequences are rich in basic
amino acids, the regions rich in basic amino acids were tenta-
tively named NLS1 (15 aa from the 36th to the 50th aa of
NF1-Al) and NLS2 (17 aa from the 263rd to the 279th aa of
NF1-Al) for exon 2 and exon 5/6, respectively. Interestingly,
NLS1 contained a single basic type NLS, and NLS2 con-
tained a bipartite type NLS [21]. In general, one basic type
or one bipartite type NLS is sufficient for the translocation of
the transcription factors [21]. Therefore, we next constructed
NLS1, NLS2, and NLS1/2 chimeric genes fused to EGFP.
The NLS1/2 contains additional two amino acids (Val-Asp)
between NLS1 and NLS2 due to the Sall site inserted. As
shown in Fig. 3B, each NLS itself is not sufficient, and both
NLSs are required for full translocation (Fig. 3B). A similar
case was reported for SRY and SOX9, the members of the
family of the high-mobility group (HMG) domain transcrip-
tion factors [22]. Although the reason for this difference is not
known, it is possible that the conformations of transcription
factors are different and both NLSs are needed for the nuclear
pore-targeting complex formation [21]. Interestingly, when we
used only 6 aa of RRKRLK (termed NLS2-6aa), in which
RR and KRLK were 2 aa from N-terminus and 4 aa from
C-terminus of NLS2, respectively, instead of NLS2, NLS1/
NLS2-6aa and NLS2-6aa gave similar results indicating that
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Fig. 3. Two NLSs mapped in NF1-A. A: The sequences of NLSs identified in NF1-Al. The lysine and arginine residues are boxed. The tenta-
tive NLS1 in exon 2 and NLS2 in exon 5/6 are underlined. B: The subcellular localization of NLS1 and/or NLS2 with EGFP constructs trans-

fected into HeLa cells.
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Fig. 4. Subcellular localization of double point mutations and combined double point mutations in NLS1 and NLS2 with EGFP full-length
NF1-Al constructs transfected into HeLa cells. A: The map of NF1-Al and NLS1 and NLS2. Two basic amino acids were substituted with
alanines in each construct. B: The subcellular localization of various EGFP-NF1-A constructs transfected into HeLa cells. The summary of lo-
calizations in nuclear only (N) and both nuclear and cytoplasm (N/C) are indicated in the right panel in A.

these basic amino acids have critical roles for nuclear trans- regions in NLS1 and NLS2 was used for the experiment. To
location (data not shown). identify the critical basic amino acids for nuclear translocation

of NF1-A, we next generated several double point mutations
3.3. Identification of critical basic amino acids for translocation in NLS1 and NLS2 in full-length NF1-Al. In these experi-

in NLS1 and NLS2 ments, leucine and arginine residues were substituted with
In Fig. 3, only a small portion of the basic amino acid rich alanine residues. As shown in Fig. 4, the double point muta-
(A) Single basic type (B) Bipartite basic type
NF1-A NF1-A
NF1-B NF1-B
NF1-C NF1-C
NF1-X NF1-X
SV40 large T Nucleoplasmin
c-Jun CBP80
HSP70

Fig. 5. Sequence comparison of two NLSs mapped near the DNA-binding domain in the NF1 family and of NLSs identified in various genes.
A Single basic type. B: Bipartite basic type. Lysine and arginine residues are enclosed by dark shading.
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tions in NLS1 did not affect the translocation ability,
although the partial translocation efficiency of NLSI itself
was higher than that of NLS2. However, the mutations in
NLS2, both double point mutations, m5 and m6, affected
the translocation efficiency, indicating that the basic amino
acids in NLS2 are relatively important in cooperation with
NLS1. Next, we performed combined mutations in NLSI
and NLS2. Interestingly, the combined mutants of m2 and
m5, m2 and m6, ml and m5 and ml and m6 showed less
translocation to the nucleus compared with m5 or m6. The
mutants of m3 and m6 also gave less translocation to the
nucleus compared with m6, whereas the mutants of m3 and
m5, m4 and m5 and m4 and m6 showed the same results as
m5 or m6 (Fig. 4 and data not shown).

4. Discussion

NF1s constitute a family consisting of at least four genes,
and function as activators and repressors as well as stimula-
tors for replication [1]. Whereas the DNA-binding domain
and the regulation domain for the transcription are relatively
well characterized, the NLS is not yet characterized for all
four NF1s. The process of nuclear translocation mediated
by NLS is divided into at least two steps; targeting to the
pores and translocation through the pores [21]. The first
step involves the formation of a stable complex of nuclear
protein through NLS, termed the nuclear pore-targeting com-
plex, in cytoplasm. There is no single and strict consensus
NLS, but there are some general rules for NLSs [23]. These
include: (1) they are typically short sequences, usually not
more than 8-10 amino acids; (2) they contain a high propor-
tion of positively charged amino acids (lysine and arginine);
(3) they are not located at specific sites within the protein;
(4) they are not removed following localization; and (5) they
can occur more than once in a given protein [23]. Thus, the
short sequences rich in basic amino acids seem to be candi-
dates for NLS.

We previously cloned rat NF1-A, B, C, and X and the
amino acid sequence alignment revealed that there was high
similarity in the DNA-binding domain in the N-terminal por-
tion, especially in the lysine helix region, whereas the tran-
scription regulation domain in the C-terminal portion were
less conserved [8]. Although none of the NLSs in all four
NF1s were identified, many lysine and arginine residues
were found and conserved in the four NF1s (Fig. 5). To iden-
tify the NLSs, GFP fusion protein is widely used [18-20].
Therefore, we constructed various kinds of EGFP-NF1-A
chimeric genes and mapped the NLSs. Two NLSs in NF1-A
were identified in the present study. Interestingly, these two
NLSs, NLS1 and NLS2, were similar to single basic type NLS
and bipartite basic type NLS, respectively, both NLSI1 and
NLS2 were required for the full translocation of NF1-A to
the nucleus. NLS1 and NLS2 were located near the DNA-
binding domain of NF1-A, but these two NLSs were sepa-
rated by conserved cysteine residues which were important
amino acid residues for DNA binding, and were separately
by more than 200 amino acids. In general, either the single
basic type NLS or bipartite basic type is sufficient for nuclear
targeting [23]. For example, the PKKKRKYV sequence in
SV40 large T antigen was defined as minimal NLS [24].
Two independent NLSs have been identified in some genes,
including polyoma large T antigen containing two basic se-
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quences (VSRKRPRPA and PKKARED) [25]. In this case,
these two NLSs cooperate to mediate nuclear translocation,
and the mutation of either one individually impairs but does
not eliminate the ability for nuclear entry [23,25]. In the
DNA-binding high-mobility group (HMG) domains of SRY
and SOX9, two NLSs were also present, and both are re-
quired for complete nuclear entry [22]. These two NLSs are
conserved in other HMG domain proteins, in which the bi-
partite NLS is found in the N-terminal portion and the single
basic NLS is localized in the C-terminal portion; the opposite
orientation for NF1-A1l [22]. The relationship between NLS1
and NLS2 in NF1-A is still unclear. It is possible that these
are close three-dimensionally. The three-dimensional structur-
al analyses may solve this question.

A protein may have two signals, because the interaction
with other proteins regulates the nuclear localization ability
of transcription factors. Interestingly, since NF1-A3 lacks
exons 3-6 [7], this protein has only one NLS, and does not
import completely to the nucleus (Fig. 1B). The expression
levels of NF1-A3 are relatively low compared with NF1-Al
and NF1-A4 [7]. However, NF1-A itself makes a heterodimer
within isoforms as well as a homodimer [11]. Therefore, it is
possible that NF1-A3 makes a heterodimer with other iso-
forms and inhibits the translocation of isoforms to the nu-
cleus. This possibility and the comparison of expression levels
of NF1 isoforms remain to be investigated.
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