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Identification of the nuclear export signal in the helix–loop–helix
inhibitor Id1
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Abstract Id proteins play important roles in cellular differenti-
ation and proliferation by negatively regulating basic helix–
loop–helix transcription factors. Although their intracellular
localization may change depending on the biological situation,
little is known about the molecular determinants underlying such
changes. Here we report the identification of a nuclear export
signal (NES) in Id1. The identified NES was different from that
of Id2, but had the ability to confine heterologous green fluores-
cent protein to the cytoplasm. Thus, our results indicate that the
intracellular localization of Id1 is regulated differently from that
of Id2.
� 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Id proteins are negative regulators of basic helix–loop–helix

transcription factors such as MyoD that participate in the reg-

ulation of cell differentiation, proliferation and cellular func-

tion [1,2]. Four members of the Id gene family, Id1–Id4,

have been identified in mammals and the protein products

share a similar overall structure consisting of a highly con-

served helix–loop–helix (HLH) domain and less conserved

N- and C-terminal regions [1]. Studies using gene-deficient

mice have demonstrated that Id proteins are essential for var-

ious processes including angiogenesis, tumorigenesis, neuro-

genesis, and immune cell development [2,3].

The functions of Ids are strictly regulated at the levels of

both transcription [4,5] and protein stability [6,7]. In addition,

accumulating evidence has suggested that their subcellular

localization also seems to be important in exerting their func-

tions [8–11]. For example, Wang et al. [8] demonstrated that

the translocation of Id2 from the nucleus to the cytoplasm is

observed at the onset of the differentiation of oligodendrocytes

from their precursors obtained from the optic nerve. However,

the molecular mechanisms underlying the subcellular localiza-

tion of Id proteins remain to be elucidated.
Abbreviations: DAPI, 40,6-diamidino-2-phenylindole, dihydrochloride;
GFP, green fluorescent protein; HLH, helix–loop–helix; NES, nuclear
export signal; NLS, nuclear localization signal
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Since small proteins with molecular weights of less than

40 kDa can freely pass through the nuclear pore [12,13], the

molecular weights of Id proteins, ranging from 13 to 18 kDa,

suggest that passive diffusion is involved in determining the sub-

cellular distribution of Id proteins. However, it is also possible

that their subcellular localization is under the control of intrin-

sic nuclear localization signals (NLSs) and nuclear export sig-

nals (NESs) that are recognized by specific import and export

receptors, respectively [13,14]. In fact, we recently reported that

Id2 shuttles between the nucleus and cytoplasm via its own NLS

and NES [15]. We also showed that Id1 possesses a similar NES-

like sequence in the C-terminal region but it is non-functional

[15]. This observation raised the interesting possibility that the

subcellular distributions of these structurally related proteins

are governed by distinct molecular determinants.

We report here the identification of a functional NES in Id1.

Our findings establish that distinct molecular determinants

govern the intracellular localization of Id1 and Id2. Further-

more, they suggest that Id1 and Id2 play different roles in

the regulation of cell differentiation and proliferation under

the influence of the cellular environment.
2. Materials and methods

2.1. Plasmids
The N-terminally GFP · 2-tagged Id1 was generated by inserting the

full-length mouse Id1 cDNA [16] into the HindIII–BamHI sites of the
tandem-duplicated GFP (GFP · 2) plasmid [15]. For construction of a
series of deletion and point mutants of green fluorescent protein
(GFP)-tagged Id1, fragments were amplified by PCR with appropriate
primer sets using Id1 cDNA as a template and inserted into the Hin-
dIII–BamHI sites of the tandem-duplicated GFP (GFP · 2) plasmid,
as described previously [15]. For the NES-WT (wild type) and -Mut
(mutant) constructs, annealed oligonucleotides were inserted into the
HindIII–BamHI sites of the tandem-duplicated GFP (GFP · 2) plas-
mid. All of the constructs were verified by DNA sequencing.
2.2. Cell culture and DNA transfection
Mouse NIH3T3 fibroblasts were transfected with a GFP · 2 con-

struct using the FuGENE 6 reagent (Roche Molecular Biochemicals)
as described previously [15].
2.3. Microscopic analysis
Twenty-four hours after transfection in 4-well Lab-Tek chamber

slides (Nalge Nunc International), the cells were fixed with 3% formal-
dehyde in PBS for 15 min at room temperature and subsequently
mounted with Vecta Shield reagent containing DAPI (4 0,6-diamidino-
2-phenylindole, dihydrochloride) (Molecular Probe) to stain the nuclei.
Microscopic analysis was conducted as described previously [15].
blished by Elsevier B.V. All rights reserved.
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2.4. Western blotting
Twenty micrograms of the total cell extract prepared as described

[15] were separated by 9–12% SDS–PAGE and the resolved proteins
were transferred onto a nitrocellulose filter (Amersham Pharmacia
Biotech). The filter was blotted with anti-GFP monoclonal antibody
(GF200; Nacalai) and immuno-reactive bands were visualized using
the ECL chemiluminescence system (Amersham Pharmacia Biotech)
with a LAS-3000 image analyzer (FUJIFILM).
3. Results

3.1. The region spanning the HLH and C-terminal domains of

Id1 is required for cytoplasmic localization

To study the molecular basis of the subcellular localization

of Id1, we used Id1 and Id1 mutants that were N-terminally
Fig. 1. Subcellular localization of GFP-tagged Id1 and its deletion mutants.
shown on the left. The helix–loop–helix (HLH) domain is indicated as a black
residues of Id1 protein. Representative images of NIH3T3 cells transiently tra
labeled by GFP and DAPI demonstrate the localization of the fusion prote
constructs. Protein expression in NIH3T3 cells transiently transfected with eac
tagged with GFP. The GFP tag was tandemly duplicated

(GFP · 2) to produce an appropriate molecular mass that

would reduce or prevent the passive diffusion of the proteins

to be analyzed. The subcellular localization of the proteins

was analyzed in NIH3T3 cells after transient transfection.

While GFP · 2 was uniformly distributed throughout the cells,

GFP · 2-Id1(WT) was found to be localized in the cytoplasm

(see Fig. 1A), as was the case for Id1 with a single GFP tag

[15], suggesting the presence of an NES in the Id1 protein.

To locate the region required for the cytoplasmic localization

of Id1, we constructed a series of deletion mutants of Id1 as

shown in Fig. 1A. Among them, the cytoplasmic localization

was retained in the GFP · 2-Id1(59–148), GFP · 2-Id1(1–

115) and GFP · 2-Id1(1–132) mutant constructs, showing that

amino acid residues 1–59 and 115–148 are dispensable for the
(A) A schematic representation of the GFP · 2-Id1 fusion proteins is
box. The numbers above a box indicate the positions of the amino acid

nsfected with the fusion constructs are shown in the right panels. Panels
ins and the nucleus, respectively. (B) Protein expression of the fusion
h construct was analyzed by Western blotting with anti-GFP antibody.
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cytoplasmic localization of Id1. On the other hand, GFP · 2-

Id1(1–148D59–99) and GFP · 2-Id1(1–99) were distributed

throughout the cells, demonstrating that the NES of Id1 is

present within the region encompassed by amino acid residues

59–115. As shown in Fig. 1B, Western blotting using an

anti-GFP antibody demonstrated that the fusion proteins were

produced with the appropriate molecular masses that were

expected from the respective constructs.

3.2. Identification of NES of Id1 in the junction of the HLH

region and the C-terminal domain

We previously reported that two potential NES-like motifs

are present in Id1: one at the junction of the HLH region

and the C-terminal domain, and the other in the C-terminal

domain [15]. Since mutational analysis indicated that the latter

is not active [15], we investigated the activity of the former

NES-like sequence present within the region spanning posi-

tions 91–102 (Fig. 2A). This NES-like sequence, consisting of

six hydrophobic amino acid residues at positions 91, 92, 95,

98, 100 and 102, is well conserved among the four members
Fig. 2. Effects of point mutations in the NES-like sequence on subcellular lo
shown schematically in the GFP · 2-Id1 fusion protein. The helix–loop–helix
indicate the positions of the amino acid residues of Id1 protein. (B) Asterisk
sequences in the Id protein family. Positions of amino acid residues are ind
shown at the bottom. Dashes represent unchanged amino acids. Representa
constructs are shown in the right panels. Panels labeled GFP and DAPI
respectively. (D) Protein expression of the fusion constructs.
of the Id protein family, as shown in Fig. 2B. To examine

the NES activity of the region, we first constructed six mutants

of GFP · 2-Id1 by substituting one of these six hydrophobic

amino acid residues with alanine in each mutant. However,

alanine substitution at position 95 or 98 resulted in the degra-

dation of the mutant protein for some unknown reason, which

hampered the evaluation of the NES activity of the region

(data not shown). We then constructed 6 point-mutants of

GFP · 2-Id1: V91Q, I92Q, I95Q, L98Q, L100Q and L102Q,

by substituting one of these six conserved hydrophobic resi-

dues with glutamine in each mutant, and analyzed the effect

on the subcellular localization of the GFP · 2-Id1 fusion pro-

tein (see Fig. 2C). While GFP · 2-Id1 mutants V91Q, I92Q

and L102Q were localized in the cytoplasm like GFP · 2-

Id1(WT), the other mutants I95Q, L98Q and L100Q were

found in both the cytoplasm and nucleus (see Fig. 2C). Wes-

tern blot analysis using an anti-GFP antibody demonstrated

that all of these substitution mutants produced proteins of

the expected molecular mass (see Fig. 2D). These findings sug-

gested that the hydrophobic amino acid residues present at the
calization of Id1. (A) The position of the NES-like sequence of Id1 is
(HLH) domain is indicated as a black box. The numbers above a box

s indicate conserved hydrophobic amino acid residues in the NES-like
icated. (C) Mutants containing the residues replaced by glutamine are
tive images of NIH 3T3 cells transiently transfected with the mutant
demonstrate the localization of the fusion proteins and the nucleus,
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positions from 95 to 100 are important for the cytoplasmic

localization of Id1.

3.3. A stretch of 14 amino acid residues is sufficient for active

NES

To examine the activity of the NES-like sequence spanning

positions 91–104, we generated the GFP · 2-Id1(91–104)WT

construct and evaluated the subcellular localization of the fu-

sion protein (see Fig. 3). In contrast to the distribution of

the tandem-duplicated GFP protein shown in Fig. 1, the addi-

tion of the NES-like sequence of Id1 restricted the subcellular

localization of GFP · 2 to the cytoplasm, demonstrating that

the identified NES-like sequence of Id1 is active (see

Fig. 3A). We next constructed GFP · 2-Id1(91–104)Mut in

which glutamine substitution was introduced into three hydro-

phobic amino acids at positions 95, 98 and 100 (see Fig. 3). As

a result of the glutamine substitution, the cytoplasmic localiza-

tion of the fusion protein was changed to distribution through-

out the cells (see Fig. 3). Similar results were obtained by

substituting the same hydrophobic amino acid residues with

alanine (data not shown). Western blot analysis with an anti-

GFP antibody showed the expected size of GFP · 2-Id1(91–

104)WT and GFP · 2-Id1(91–104)Mut proteins (see Fig. 3B).

These results demonstrated that Id1 has an active NES-like

sequence at the junction between the HLH and C-terminal

regions.
4. Discussion

Our previous mutational analysis identified a leucine-rich

segment in the C-terminal region of Id2, spanning positions
Fig. 3. Activity of NES-like sequence of Id1. (A) Structures of GFP · 2 pro
Positions of amino acid residues indicate the regions of Id1 used for tagging.
substituted with glutamine in GFP · 2-Id1(91–104)Mut. Dashes in GFP · 2
show representative images of NIH 3T3 cells transiently transfected with GFP
and DAPI demonstrate the localization of the tagged proteins and the nucle
106–115, as an active NES, and also showed that the leu-

cine-rich sequence at the junction of the HLH and the C-termi-

nal domains of Id2 was non-functional with respect to nuclear

export [15]. Whereas similar NES-like sequences were found in

the corresponding regions of Id1, the one present in the C-ter-

minal region did not contribute to the cytoplasmic localization

of Id1, probably due to the presence of alanine in stead of the

leucine residue at the most important fourth position of NES

[15]. These results raised the possibility that the molecular

determinants of the subcellular localization are different for

the different members of the Id protein family, even though

similar intracellular distribution is observed. This notion is

now supported by the findings presented in this report.

A leucine-rich signal that mediates nuclear export of pro-

teins was first identified in the human immunodeficiency

virus-encoded Rev protein and the protein kinase A inhibitor

[17]. The sequence of L-X(2 or 3)-[LIVFM]-X(2 or 3)-L-X-

[LI] has generally been accepted as the consensus NES

[18,19], although the comparison of the identified NESs has re-

vealed a variety of deviations from the consensus [19]. We

identified the NES sequence of Id1 in the region spanning posi-

tions 91–100, VIDYIRDLQL, which agrees with the proposed

consensus sequence, except for the first position. Furthermore,

it has been noted that an NES sequence has a tendency to con-

tain acidic amino acid residues, glutamate and aspartate, in the

spaces between conserved hydrophobic amino acid residues

[19] and this feature is also observed in the NES of Id1. The

identified NES of Id1 thus shares the structural characteristics

of NESs reported so far.

We previously demonstrated that Id1 and Id2 were localized

in the cytoplasm, while Id3 and Id4 showed nucleo-cytoplas-

mic distribution [15]. In addition, the present study shows that
teins tagged with the NES-like sequence of Id1 are shown on the left.
Asterisks in GFP · 2-Id1(91–104)WT indicate the amino acid residues
-Id1(91–104)Mut represent unchanged amino acids. The right panels
· 2-Id1(91–104)WT or GFP · 2-Id1(91–104)Mut. Panels labeled GFP

us, respectively. (B) Protein expression of the fusion constructs.
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the structurally distinct NESs of Id1 and Id2 function to local-

ize the respective proteins to the cytoplasm. Thus the molecu-

lar determinant of subcellular localization appears to be

specific to each of the Id proteins. Although the phenotypic

difference among the Id-deficient mice can be ascribed largely

to the similar but distinct expression patterns of the Id gene

family members [2,3], it has been demonstrated that the Id pro-

teins display biological activity specific to the respective pro-

teins in some cellular contexts. In human breast cancers, for

example, Id1 expression is related to the aggressive and inva-

sive phenotype of tumors, while Id2 is associated with the dif-

ferentiation state of tumor cells and the expression level

correlates with the non-invasive phenotype of tumors [20,21].

The present study reveals that the cytoplasmic localization of

Id1 is dependent on the NES sequence, not due to the lack

of NLS, and suggests that Id1 may change the subcellular

localization in response to the cellular situation. It is tempting

to speculate that the differential regulation of subcellular local-

ization underlies the biological functions of the Id proteins.

The region where the NES of Id1 is located is highly conserved

among the Id family members, implying that this region may

function as an NES in all of the Id proteins. In fact, though muta-

tions in the NES-like sequence of Id2 did not affect its cytosolic

distribution [15], the tagging of GFP with a sequence almost

equivalent to the NES region of Id2, MEILQHVIDYILDLQ-

IAL, directs the distribution of the protein to the cytoplasm

[Kurooka, unpublished observations]. Therefore, we cannot

exclude the possibility that, depending on a cellular context,

the NES-like sequence in the region play a role as a common

regulator of the subcellular localization of Id proteins.

In conclusion, we identified the NES sequence of Id1 and

demonstrated that the intracellular localization of Id1 and

Id2 is regulated via different molecular elements. Further elu-

cidation of molecular determinants of the intracellular locali-

zation of Id proteins would advance our understanding of

how Id proteins contribute to the regulation of cellular differ-

entiation and proliferation under the influence of the environ-

ment surrounding the cell.
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