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Mitogaligin, a protein encoded by galig, an internal cytotoxic gene of the galectin-3 locus, is mostly a
mitochondrial protein. Mitochondrial targeting is due to an already identified mitochondrial localization
signal. Interaction of mitogaligin with mitochondria leads to cytochrome c cytosolic leakage and ulti-
mately to cell death. We have previously pointed out that mitogaligin can also be directed to the nucleus
when the mitochondrial addressing signal is inactivated, indicating a possible dual intracellular localiza-
tion of the protein. When expressed in the nucleus, mitogaligin exhibits also apoptotic properties leading
to cell death. In this report, we show that nuclear addressing of mitogaligin depends on a sequence dif-

fering from classical signals containing basic, lysine or proline-tyrosine rich residues. The signal consists
of a long sequence of amino acids residues based on a series of a short repetitive degenerated sequence.

© 2010 Elsevier Inc. All rights reserved.

Introduction

We have previously identified a cell death inducer gene, galig,
located within the human galectin-3 locus [1,2]. The gene produces
two unrelated proteins encoded from two overlapping open read-
ing frames. Expression of this gene causes cell shrinkage, cyto-
plasm vacuolization, nuclei condensation, and eventually cell
death. These alterations are associated with extramitochondrial
release of cytochrome c and aggregation of mitochondria [2]. Mito-
galigin, one of the two proteins produced by galig, is a 96 amino
acid protein highly cationic and exceptionally rich in tryptophan
residues [1]. This protein is mainly localized in mitochondria,
destabilizing its membrane by an unknown process which involves
interaction with cardiolipin [3], a specific phospholipid of mito-
chondria [4]. The mitochondrial addressing of mitogaligin relies
on the already described internal sequence (residues 31-47) [2,3].

Fluorescent microscopy observations regularly indicate that a
minor fraction of mitogaligin is specifically targeted to the nucleus
[5]. This uneven distribution, or eclipsed distribution, is commonly
associated with proteins targeted to different cellular compart-
ments [6]. In addition, we have shown that neutralization of the
mitochondrial localization signal, unmasks specific addressing to
nucleus. Interestingly, nuclear mitogaligin also induced cell death
through a pathway exhibiting typical properties of apoptosis at
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the morphological level (cell shrinkage, cytoplasm vacuolization,
and nuclei condensation) and at the molecular level (caspase acti-
vation, DNA fragmentation, translocation of Bax from cytosol to
mitochondria) [5]. These observations indicated that mitogaligin
might express cytotoxic properties not only when addressed to
mitochondria but also when targeted to the nucleus.

These results suggested that mitogaligin contains two localiza-
tion signals, a major mitochondrial one and a minor nuclear one,
actives when the mitochondrial localization signal is invalidated.
This is not unusual because mitochondrial signals are generally
recognized during translation and before appearance of other tar-
geting peptides [7]. Thus, moving a mitochondrial targeting se-
quence away from the N-terminus frequently weakens its
recognition [8,9]. This phenomenon has also been observed for
mitogaligin, and we have shown that the mitochondrial targeting
sequence of the peptide, i.e. amino acid (31-47), is invalidated
when EGFP is fused to the N-terminal part of mitogaligin. In these
conditions, the nuclear signal predominates and mitogaligin accu-
mulates in the nucleus [5].

In this paper, we have undertaken to delineate such a signal se-
quence using truncated forms of mitogaligin. Our data point out
that mitogaligin targeting to the nucleus results from a non-con-
ventional signal, unrelated to already known nuclear localization
signal (NLS) and associated to a repetitive domain of mitogaligin.

Materials and methods

Cell line and transfections. HeLa cells (ATCC, CCL-2) were cultured
in E-MEM medium (Invitrogen) plus 10% fetal calf serum (Invitro-
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gen). Transfections were performed using DNA-polyethylenimine
complexes [10], as described [1]. Twenty-four or 48 h after transfec-
tion, HeLa cells were fixed in 4% paraformaldehyde and analyzed by
confocal fluorescence microscopy (LSM510, Carl Zeiss S.A.S.) using
fluorescein filters (excitation at 488 nm and detection at 520 nm).

Expression vectors. Construction of the plasmid pEGFP-MG, used
as a reference in this work, has previously been described [5]. This
vector produces EGFP fused to the N-terminus of mitogaligin
(EGFP-mitogaligin). pEGFP-MG was used as a template for PCRs
to generate plasmids encoding truncated from of EGFP-mitogali-
gin. The resulting plasmids were designed according to the remain-
ing residues of mitogaligin. For example pEGFP-MG(18-60)
indicates that the plasmid produces the chimeric protein contain-
ing EGFP and residues 18-60 of mitogaligin.

Results
The repetitive domain of mitogaligin is a non-conventional NLS

Conventional NLS sequences consist of short sequences rich in
positive charges and the signals may have mono- or bipartite orga-
nizations [11-16]. Analysis of the mitogaligin primary structure
with different software dedicated to prediction of cellular localiza-
tion revealed no apparent classical NLS. Although mitogaligin is
highly positively charged due to 12 arginine residues, these
charges are not clustered but rather regularly distributed along
the protein (Fig. 1A). Mitogaligin is encoded by the third exon of
the galectin-3 gene, in an alternative reading frame of galectin-3.
This exon is essentially composed of repetitive DNA which gener-
ates a repetitive domain made of 8 U containing nine amino acid
residues [17-19]. In mitogaligin, this domain corresponds to resi-
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Fig. 1. Repetitive domains in mitogaligin sequence and subcellular localization of
full mitogaligin. (A) Eight repetitive units (numbered I-VIII) are evidenced in the
mitogaligin amino acid sequence. DNA repetitive domain encodes amino acid
sequence from R13 to L86. The eight repetitive units are arranged according to the
best alignment. Highlighted letters represent conserved amino acid residues. Circles
surround positively charged amino acids. The consensus sequence deduced from
this repetitive domain is: Rsox/Wsox-Gsox/S37,5%-L100%-P75%S25%-Rsos/Wasy-X-X-Tzs%-
X. (B) HelLa cells were transfected with plasmids encoding EGFP-MG(13-86), EGFP-
MG and EGFP and analyzed under confocal microscopy.

dues 13-86 (Fig. 1A). All units contain one or two positive charges
thus explaining why they are somewhat regularly spaced.

We wondered whether the nuclear accumulation of EGFP-mito-
galigin was related to this particular primary structure of mitogal-
igin. To test this hypothesis, the plasmid pEGFP-mitogaligin-(13-
86) encoding EGFP fused to the repetitive domain of mitogaligin,
was constructed. This recombinant protein does not contain the
12 N-terminus and 11 C-terminus amino acid residues of mitogal-
igin. Upon transfection of Hela cells, green fluorescence was re-
stricted to the nucleus as observed for the parental protein
(Fig. 1B). The nuclear fluorescence was not due to an artifact such
as EGFP cleavage because the dual labeling obtained using an anti-
mitogaligin antibody, tagged the nucleus as well (data not shown).
This observation firstly indicates that the nuclear targeting of mito-
galigin does not involve the 12 first and 11 last amino acid residues
and secondly that the repetitive domain of the protein is sufficient
to function as a nuclear transportation signal.

Serial deletions of C-terminal and N-terminal residues of mitogaligin

To further localize the boundaries of the nuclear targeting se-
quence, we applied the conventional strategy which consists in se-
rial deletions starting from the C-terminal or the N-terminal ends
of mitogaligin. Both categories of deletions were generated from
the plasmid pEGFP-MG encoding the chimeric EGFP-mitogaligin
(Fig. 1B). These plasmids were transfected into HeLa cells and ob-
served under fluorescence microscopy. No difference of localiza-
tion between mutants and the full protein was noted when the
first 60 residues of mitogaligin were conserved (Fig. 2A, EGFP-
MG(01-74), EGFP-MG(01-60)). In contrast, nuclear accumulation
was abolished with plasmids encoding shorter forms of mitogaligin
(Fig. 2A, EGFP-MG(01-46), EGFP-MG(01-38), EGFP-MG(01-30)).

In parallel, serial deletions from the N-terminus of mitogaligin
were also generated from the same parental plasmid. Nuclear local-
ization was not affected upon withdrawal of the 30 first residues of
mitogaligin (Fig. 2B, EGFP-MG(31-97)). Shorter forms of mitogaligin
were clearly delocalized into cytosol (Fig. 2B, EGFP-MG(38-97,
EGFP-MG(42-97), EGFP-MG(48-97), EGFP-MG(74-97)). These re-
sults do not help to delineate very precisely the mitogaligin nuclear
addressing sequence. However, they suggest that it lies within the
core region of mitogaligin, between residues 31 and 60.

The central region of mitogaligin is not sufficient for nuclear
accumulation

Considering these results, it was expected that transfection of a
plasmid encoding a chimeric protein containing EGFP fused to resi-
dues (31-60) of mitogaligin would produce a nuclear protein. Se-
quence was not enough to function as such as a nuclear location
signal.

These astonishing results suggested that additional sequences
were necessary to get a functional addressing signal. Therefore, we
have performed extensions of the central region (31-60) of mitogal-
igin downstream and upstream (Fig. 3B and C). Extension of the (31-
60) sequence to (31-79) restored nuclear targeting. Likewise, nucle-
ar targeting was also observed when the sequence (31-60) was ex-
tended from its N-terminal end. While sequence (18-60) was not
sufficient for nuclear localization, sequence (13-60) induced a net
recovering of nuclear targeting (Fig. 3C). In summary, only one of
these two additional sequences located on each sides of (31-60) is
necessary torestore nuclear addressing in conjunction with (31-60).

At this stage, the central region of mitogaligin seemed impera-
tive for nuclear localization, and it was expected that deletion of
the (31-46) region of mitogaligin in EGFP-mitogaligin would gen-
erate a cytosolic protein. Surprisingly, such a protein was clearly
localized into the nucleus (Fig. 4A). Consequently, the structure
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Fig. 2. Subcellular localization of EGFP-mitogaligin mutants. Plasmids encoding
truncated forms of EGFP-mitogaligin were constructed and transfected in HelLa
cells. Twenty-four hours after transfection, cells were fixed and observed under
confocal microscopy. (A) Deletions from the C-terminal end of mitogaligin in EGFP-
mitogaligin. Plasmids encode full mitogaligin (MG), MG(01-74), MG(01-60),
MG(01-46), MG(01-38) or MG(01-30), all fused to EGFP. (B) Deletions from the
N-terminal part of mitogaligin in EGFP-mitogaligin. Plasmids encode MG(31-97),
MG(38-97), MG(42-97), MG(48-97) or MG(74-97). For each construct, the number
of repetitive units (RU) is indicated.

of the nuclear signal of mitogaligin is more complex that can be
anticipated for a conventional NLS [13].

The nuclear localization of mitogaligin is related to the number of
repetitive units

The data generated above displayed apparent contradictory re-
sults. From deletion experiments in Fig. 2, the sequence (31-60)
appeared important for nuclear targeting function. However, the
sequence by itself was not sufficient for accurate addressing and
one additional sequence belonging to mitogaligin-(01-30) or mito-
galigin-(60-79) needed to be present for nuclear localization. Fur-
thermore, deletion of the sole sequence (31-46) of mitogaligin in
EGFP-mitogaligin did not prevent nuclear distribution. To resolve
these apparent contradictions, we reasoned that each repetitive
unit displays a weak nuclear targeting signal not active enough
by itself for nuclear addressing. As mitogaligin is essentially trans-
lated from repetitive DNA, the signal would be the result of the
accumulation of the corresponding repetitive units that combina-
torially contributes to overall nuclear localization. Table 1 reports

A EGFP-MG(31-60)
35RU

EGFP-MG
8 RU

B EGFP-MG(31-74)

EGFP-MG(31-77)
5RU 5RU

EGFP-MG(31-79)
5.5 RU

EGFP-MG(31-81) EGFP-MG(31-86)

C EGFP-MG(18-60)
4.5RU

EGFP-MG(13-60)
55RU

EGFP-MG(01-60)
55RU

Fig. 3. The nuclear localization of mitogaligin is not related to a single short NLS.
Plasmids encoding modified forms of EGFP-mitogaligin were transfected in HelLa
cells. Expression was analyzed under confocal microscopy. (A) Transfection of a
plasmid encoding the core region of mitogaligin (31-60) is not sufficient for nuclear
localization. (B) Extension of the C-terminus of sequence (31-60) restores nuclear
targeting. Transfected plasmids encode MG(31-74), MG(31-77), MG(31-79),
MG(31-81), and MG(31-86) fused to EGFP. (C) Extension of the N-terminus of
sequence (31-60) also restores nuclear targeting of mitogaligin. Plasmids encode
MG(01-60), MG(13-60), and MG(18-60). For each construct, the number of
repetitive units (RU) is indicated.

the repeated unit composition of mitogaligin in all the vectors used
above. Indeed, the significant difference between these vectors was
the number of repetitive units. In fact, all truncated forms of mito-
galigin with five complete repetitive units or less exhibited cyto-
solic distribution while mutated mitogaligins containing more
than five integral units had a nuclear localization.

To test whether the number of repetitive units was indeed more
critical than the actual sequence for the nuclear addressing func-
tion, a vector containing a duplication of the sequence (31-60)
has been constructed. This plasmid produces a recombinant pro-
tein with seven full repetitive units versus 3.5 for the vector con-
taining a single copy of the sequence (31-60) and eight for the
plasmid expressing the whole nuclear mitogaligin. Transfection
experiments indicated that the protein constituted by the two
linked sequences (31-60) was nuclear (Fig. 4B, right) while the
vector with no duplication produced a cytosolic protein (Fig. 4B,
left). Thus, increasing the number of repetitive units is sufficient
to enhance the nuclear targeting function.
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Fig. 4. (A) Deletion of the region (31-46) of mitogaligin in the plasmid pEGFP-MG
does not modify nuclear localization. Cells were transfected with pEGFP-MG A(31-
46), a vector encoding mitogaligin devoid of the sequence 31-46 (left panel) or
PEGFP-MG, a vector encoding EGFP-mitogaligin (right panel). Twenty-four hours
after transfection, cells were observed under confocal microscopy. Numbers of
repetitive units (RU) are indicated. (B) Nuclear localization of mitogaligin depends
on the number of repetitive units. Left panel: plasmid pEGFP-MG(31-60) encodes
sequence 31-60 of mitogaligin fused to EGFP and contains about 3.5U of the
repetitive sequence (see text). Right panel: plasmid pEGFP-MG(31-60) x 2 contains
a duplication of the same sequence also fused to EGFP and includes seven complete
repetitive units. Twenty-four hours after transfection, cells were analyzed with
confocal microscopy.

Discussion

The experiments presented in this report lead to the conclusion
that the nuclear targeting sequence of mitogaligin constitutes a
new class of nuclear addressing signal. This result is really not sur-
prising considering, as mentioned above, that the primary struc-
ture of mitogaligin reveals no predictable NLS. Although the
primary structure of mitogaligin contains an abundance of basic
residues, these residues are not clustered as it has been described
for a numerous of mono-, bi- or tripartite signals [20].

We used the classical experimental approach to delineate the
targeting signal, based on transfection of plasmids encoding trun-
cated forms of mitogaligin fused to the C-terminal end of EGFP. A
first set of experiments indicated that the mitogaligin nuclear
addressing sequence was related to the (13-86) repetitive domain
of the protein (Fig. 1). This made a first difference with other
known NLS which do not exhibit such a repetitive structure even
for non-conventional sequences [21].

Serial deletions, used to delineate more precisely the mitogaligin
addressing sequence boundaries, generated unexpected and appar-
ent contradictory results. Fig. 2 revealed the importance of residues
between 31 and 60. The role of this sequence in the nuclear targeting
of mitogaligin was reinforced by the fact that replacement of an argi-
nine doublet (R4oR41) with glutamate residues in mitogaligin-(01-

Table 1

Numbers of repetitive units (RU) and cellular localization of the modified mitogal-
igins. All mutant mitogaligins are in fusion with EGFP at their N-terminus. N/C stands
for nucleus/cytosol. Localizations were determined under confocal microscopy. MG
(first lane) is the complete mitogaligin. The repetitive units (RU) were numbered
according to Fig. 1A nomenclature.

Proteins Fig. Numbers of Additional Localization
complete RU residues from
incomplete RU
MG 1-4A 8 (I-VIII) 0 N
MG(13-86) 1B 8 (I-VIII) 0 N
MG(01-74) 2A 7 (I-vI) 0 N
MG(31-60) x 2 4B 2 x 3 (llI-V) 2 x 5 (VI) N
M (31-97) 2B 6 (I1-VIII) 0 N
MG(31-86) 3B 6 (I1-VIII) 0 N
MG A(31-46) 4A 6 (I-1I, V-VIII) 0 N
MG(01-60) 2A,3C  5(I-V) 5 (VI) N
MG(13-60) 3C 5 (I-V) 5 (VI) N
MG(31-81) 3B 5 (II-VII) 4 (VII) N
MG(31-79) 3B 5 (I1-VII) 2 (VII) N
MG(38-97) 2B 5 (IV=VIII) 1 (1) C
MG(31-74) 3B 5 (II-VII) 0 C
MG(31-77) 3B 5 (II-VII) 0 C
MG(18-60) 3C 4 (II-V) 3()+5 (VD) C
MG(42-97) 2B 4 (V-VIII) 5 (IV) C
MG(01-46) 2A 4 (I-1V) 0 C
MG(48-97) 2B 3 (VI-VIII) 7 (V) C
MG(31-60) 3A,4B 3 (II-V) 5 (VI) C
MG(01-38) 2A 2 (I-11) 8 (III) C
MG(01-30) 2A 2 0 C
MG(74-97) 2B 1 (vIID) 0 C

60) or mitogaligin-(31-97) diminishes considerably the nuclear
localization (data not shown). However, peptide (31-60) was clearly
insufficient to independently function as a nuclear targeting signal
(Fig. 3A). Recovering of the nuclear addressing function required
an extension of sequences located upstream or downstream to the
(31-60) peptide (Fig. 3B and C). Surprisingly, removal of mitogaligin
region (31-46) did not prevent nuclear addressing indicating that
this sequence was not essential (Fig. 4A).

The simplest interpretation for these contradictory observations
is to consider the mitogaligin nuclear transportation sequence as a
modular structure: each repetitive unit in mitogaligin constitutes a
weak functional addressing signal and the efficient nuclear locali-
zation results from the cooperation between these repetitive units.
Nuclear localization is always observed when the recombinant
mitogaligin contains more than five complete units of the repeti-
tive sequence while a cytosolic localization is constantly detected
when five or less repetitive units are present (Table 1). In other
words, in mitogaligin, each repetitive unit independently exhibits
a low affinity for its carrier and synergy, achieved by more than
5 U, generates sufficient avidity to constitute a functional targeting
signal. Consequently, in order to get efficient addressing of mito-
galigin to nucleus, the number of repetitive units is more critical
that the sequence per se. This can explain the fact that the mitogal-
igin nuclear addressing signal is exceptionally long when com-
pared to a classical NLS [20]. The mutant EGFP-mitogaligin-(31-
60) illustrates this modular structure. This mutant contains about
3.5 repetitive units and appears diffused in the cytoplasm confirm-
ing that this sequence is not sufficient to display addressing func-
tion. However, duplication of the same sequence, (31-60), induces
nuclear targeting (Fig. 4B).

The following degenerate consensus sequence of the repetitive
unit can be established: [W/R]-[G/S]-L-[P/S]-[R/W]-X-X-T-X. The
first five residues of the repetitive units are much more conserved
than the C-terminal end for each unit. As compared to the different
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classes of classical NLS which harbor clusters of basic amino acid
residues, the repetitive units contain one or two positively charged
residues. This constitutes another major difference. Accumulation
of more or less regularly spaced basic residues, due to addition of
the repetitive units could be the key to generate an efficient signal.

The sequence of mitogaligin required for nuclear targeting is
particularly long as compared to classical NLS. However, this is
not a unique case. An increasing number of cellular or viral pro-
teins have been found to utilize non-classical NLS for nuclear local-
ization [22-28]. For example, the nuclear localization sequence of
VP22, a viral protein from bovine herpesvirus 1, is a 103 amino acid
sequence [28]. However, a major difference with mitogaligin is
that no repetitive domain is found within the sequence. Interest-
ingly, like mitogaligin, VP22 also contains a mitochondrial address-
ing signal which overlaps the nuclear localization signal [28]. It is
thought that these long NLS are more related to their structure
rather than to their linear sequence. The deletion experiments sup-
port the hypothesis that it can be the same for mitogaligin. The
structure of mitogaligin has yet to be characterized. Because mito-
galigin does not present structural homology with other known
proteins, such a structure will have to be elucidated through exper-
imental procedures.

In summary, we have characterized a new type of nuclear
importation signal. This sequence does not match a minimal con-
sensus for other known classical NLS. The mitogaligin nuclear
addressing signal presents a modular organization based on addi-
tion of eight repetitive units of nine amino acid residues indicating
that the sequence is much longer than classical NLS. However, the
mitogaligin targeting sequence can be shortened but should con-
tain at least five complete units to be functional. This structure
can explain the fact that the mitochondrial localization signal
(MLS) is dominant over the nuclear signal. It is known that MLS
are recognized during translation [7]. Consequently, the mitogali-
gin MLS could be recognized before translation of the whole long
nuclear addressing domain occurred. The mechanism of importa-
tion of this new type of NLS remains to be elucidated.
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