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Human Muscleblind-like proteins are alternative splicing 
regulators that are functionally altered in the RNA-media-
ted disease myotonic dystrophy. There are different Mus-
cleblind protein isoforms in Drosophila and we previously 
determined that these have different subcellular localiza-
tions in the COS-M6 cell line. Here, we describe the con-
servation of the sequence motif KRAEK in isoforms C and 
E and propose a specific function for this motif. Different 
Muscleblind isoforms localize to the peri-plasma mem-
brane (MblA), cytoplasm (MblB), or show no preference for 
the nuclear or cytoplasmic compartment (MblC and MblD) 
in Drosophila S2 cells transiently transfected with Muscle-
bind expression plasmids. Mutation of the KRAEK motif 
reduces MblC nuclear localization, whereas fusion of a 
single KRAEK motif to the heterologous protein β-galac-
tosidase is sufficient to target the reporter protein to the 
nucleus of S2 cells. This motif is not exclusive to Muscle-
blind proteins and is detected in several other protein 
types. Taken together, these results suggest that the 
KRAEK motif regulates nuclear translocation of Muscle-
blind and may constitute a new class of nuclear localiza-
tion signal.  
 
 
INTRODUCTION 
 
Muscleblind proteins are tissue-specific splicing factors that 
participate in generating differential developmentally-regulated 
splice patterns in skeletal muscle, nervous system and cardiac 
muscle transcripts (Kalsotra et al., 2008; Kanadia et al., 2003; 
Lin et al., 2006). Muscleblind proteins recognize and bind di-
rectly to target transcripts using conserved CCCH motifs. The 
three-dimensional structure of these motifs has been recently 
determined (Teplova and Patel, 2008; Warf and Berglund, 
2007; Yuan et al., 2007). Drosophila Muscleblind zinc fingers 
bind human Muscleblind-like 1 (MBNL1) targets (Goers et al., 
2008), and also regulate the splicing of mouse cardiac troponin 
T and fast skeletal muscle troponin T in alternative splicing 
minigene assays (Kanadia et al., 2003; Vicente-Crespo et al., 
2008). This indicates that the target recognition mechanisms 
are highly conserved. Moreover, human MBNL1 partially res-
cues the lethality of Drosophila muscleblind mutant embryos 
(Monferrer and Artero, 2006).  

  Invertebrate genomes contain a single muscleblind gene, 
whereas three paralogs are commonly found in vertebrate spe-
cies except for Takifugus rubripes which contains five paralogs 
(Fernandes et al., 2007; Pascual et al., 2006). Although human 
MBNL1, 2 and 3 proteins are all able to regulate exon usage in 
alternative splicing minigene assays (Ho et al., 2004), additional 
experimental data suggests that these proteins show functional 
specializations. In particular, MBNL2 exhibits microtubule-de-
pendent localization near phospho-focal adhesion kinase (pFAK) 
that is necessary for integrin α3 mRNA localization in focal 
adhesion plaques (Adereth et al., 2005).  

Human MBNL proteins are associated with the pathogenesis 
of certain RNA-mediated diseases including Myotonic Dystro-
phy type 1 (DM1). DM1 originates from an expansion of a non-
coding CTG trinucleotide in the DMPK gene and is character-
ized by misregulated alternative splicing of specific pre-RNAs. 
MBNL proteins aberrantly bind to these mutant CUG expan-
sions leading to the current model of DM1 etiology involving an 
induced loss of MBNL1 function through sequestration of the 
protein at the CUG expansion sites. Indeed, a significant frac-
tion of the splice events that are altered in DM1 are also mis-
regulated in Mbnl1 knockout mice (Kanadia et al., 2003; Lin et 
al., 2006). Furthermore, overexpression of MBNL1 in a mouse 
model of DM1 restores splicing events that are altered in DM1 
muscle (Kanadia et al., 2006). MBNL proteins have also been 
involved in Huntington’s disease-like 2 (HDL2) and spinocere-
bellar ataxias type 3 and type 8 (SCA3 and SCA8) (Li et al., 
2008; Mutsuddi et al., 2004; Rudnicki et al., 2007).  

Transcripts of muscleblind undergo extensive alternative 
splicing both in vertebrate and invertebrate species giving rise 
to protein isoforms with a variable number of CCCH motifs as 
well as isoform-specific C-terminal domains. It has been as-
sumed that protostomal proteins contain only two CCCH motifs, 
versus the four CCCH motifs found in deuterostome homologs 
(Pascual et al., 2006). Release 5.1 of the Drosophila melanoga-
ster genome annotation identifies Muscleblind protein isoforms 
containing four zinc fingers (Fig. 2A). Different Drosophila Mus-
cleblind isoforms have been hypothesized to have different 
molecular roles. MblC shows splicing activity in alpha-actinin 
minigene splice assays while MblA, MblB and MblD isoforms 
show little or no activity. In spite of this, MblA, B and C are all able 
to efficiently splice out the fetal exon from murine TnnT3 minigene 
transcripts in HEK293T cells (Vicente-Crespo et al., 2008). 
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Bioinformatic analyses of isoform-specific sequences identi-
fied a number of motifs including the KRAEK motif, present in 
MblC and MblE protein isoforms (Figs. 2A and 2B). The KRAEK 
motif is referred to as the FKRP motif by Vicente-Crespo et al. 
(2008) based on bioinformatics predictions that identified the 
motif as a potential sumoylation site. We have previously 
shown that site-directed mutagenesis of KRAEK results in a 
reduction in nuclear localization of GFP-tagged MblC compared 
to wild-type MblC in the mammalian COSM6 cell line (Vicente-
Crespo et al., 2008). Here, we have examined the subcellular 
localization of Muscleblind proteins in their natural cellular con-
text using the Drosophila S2 cell line. We report the preferential 
localization of MblA-D protein isoforms in S2 cells and confirm 
that KRAEK is also necessary for the nuclear localization of 
MblC in Drosophila. The fusion of KRAEK to a heterologous 
cytoplasmic protein is sufficient to target this protein to the nu-
cleus. Therefore, we have demonstrated that this highly con-
served motif controls subcellular localization of the Drosophila 
MblC protein and identifies the first functional motif other than 
CCCH zinc fingers in Muscleblind proteins. 
 
MATERIALS AND METHODS 

 
Constructs 
Muscleblind isoforms MblA, B, C and D as well as the mutant 
protein MblCK202I, were cloned into the pIE vector as described 
previously (Vicente-Crespo et al., 2008). The coding region of 
LacZ was amplified from pIE-LacZ (Zhou et al., 2005) using 
Pwo polymerase (Roche Diagnostics, Germany) and primers 
containing cohesive ends for the restriction sites NotI (5′-
GCGGCCGCATGAGCGAAAAATACATCG-3′) and BamHI (5′-
GGATCCTTATTACGTCGACCCTTTTTGACACCAGACCAAC 
-3′ and including a SalI restriction site). The resulting PCR prod-
uct was cloned into the NotI and BamHI sites in pIE. The SV40 
t-antigen NLS (PKKKRKV) was generated in vitro by hybridiza-
tion of the complementary oligos 5′-ATGCCTAAGAAGAAA 
CGTAAGGTAG-3′ and 5′-GGCCCTACCTTACGTTTCTTCTTA 
GGCATGC-3′. This synthetic NLS was cloned upstream of 
LacZ using the KspI and NotI sites. A synthetic KRAEK motif 
was generated by annealing complementary oligonucleo-tides 
coding for GMVPFKRPAAEKSG: 5′-TCGACGGGCATGGTA 
CCGTTCAAACGTCCAGCTGCCGAAAAGTCTGGCTAATAAG 
-3′ and 5′-GATCCTTATTAGCCAGACTTTTCGGCAGCTGGA 
CGTTTGAACGGTACCATGCCCG-3′. This synthetic KRAEK- 
coding motif was inserted downstream of LacZ into SalI and 
BamHI sites to generate a β-galactosidase-KRAEK fusion con-
struct. All constructs in the pIE vector were confirmed by DNA 
sequencing. 

Cell culture and transfection 
Drosophila melanogaster Schneider 2 cells (S2) were grown at 
27°C in Schneider´s medium (Gibco, UK) supplemented with 
10% Fetal Bovine Serum and 1% penicillin/streptomycin. For 
subcellular localization assays, 1 × 106 cells/ml were seeded 
onto coverslips in 24-well plates. After 24 h cells were trans-
fected with 0.5 μg of DNA for 5 h using 6 μl of Cellfectin reagent 
(Invitrogen, USA).  
  
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Subcellular localization of Muscleblind protein isoforms A to 

D. Confocal micrographs of transiently transfected Drosophila S2 

cells. Muscleblind proteins were immunostained with an anti-

Muscleblind antibody and were detected with a fluorescent-tagged 

secondary antibody using the green channel in the confocal micro-

scope. Cell nuclei were counterstained with DAPI (blue channel) 

and the resulting overlap is shown on the right. MblA is preferen-

tially detected in the cytoplasm close to the plasma membrane 

(arrows). MblB is found in both cellular compartments although the 

cytoplasmic signal is stronger than the nuclear signal. MblB perinu-

clear aggregates were frequently observed (arrowheads). Protein 

isoforms MblC and MblD are detected in both cellular compart-

ments at similar intensities. Scale bar, 20 µm. 
 
 
Bank, University of Iowa). Secondary antibodies used were: 
anti-sheep-FITC (1:200; Sigma, USA), anti-rabbit-FITC (1:200; 
Calbiochem, Merck KGaA, Germany) and a biotinylated anti-
mouse (1:200; Pierce Biotechnologies, USA), which was used in 
combination with streptavidin-Texas Red (1:200) (Vector Labo-
ratories, USA). Inmunostained cells on coverslips, were 
mounted in VECTASHIELD with DAPI (Vector Laboratories, 
USA). Western blots were performed according to Vicente-
Crespo et al. (2008). Primary and secondary antibodies were 
used at a 1:5000 dilution. 
 
Quantitative analysis of nuclear localization 
Images of cells were recorded using a Leica SP2 laser confocal 
microscope using the same acquisition parameters when com-
paring two conditions. At least 40 cells were examined per 
construct from quadruplicate experiments. Image analysis was 
performed with ImageJ (Image processing and analysis in Java, 
http://rsb.info.nih.gov/ij/) as described in Carmona et al. (2007). 
The levels of grey obtained with this method represent an 
evaluation of nuclear localization. Significance analysis was 
performed using a two-tailed Mann-Whitney test. 

Immunochemistry 
Cells were fixed 24 h after transfection in 4% paraformaldehyde
(0.1 M phosphate buffer pH 7.3) and blocked with 1% donkey
serum in PBS. Primary antibodies used were: sheep anti-Mbl
(1:5000) (Houseley et al., 2005), rabbit anti-β-Gal (anti-β-
galactosidase) (1:5000) (Cappel, France) and mouse mono-
clonal anti-Lamin (1:200) (Developmental Studies Hybridoma
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Fig. 2. The KRAEK motif is found in vertebrate and invertebrate proteins including Muscleblind family members. Sequence motifs detected in 

Drosophila Muscleblind protein isoforms A to G (A; representation to scale). Rectangles shaded in grey indicate identical sequences between 

isoforms whereas empty rectangles are isoform-specific regions. Black, stippled and red bars denote zinc finger (CCCH), repetitive, or KRAEK 

motifs, respectively. Multiple alignment showing the conservation of KRAEK motif in Muscleblind family members (B; dme: Drosophila 

melanogaster; aga: Anopheles gambiae; dre: Danio rerio; gga: Gallus gallus; hsa: Homo sapiens). GLAM2 output for invertebrate (C) and 

vertebrate (D) proteins containing the KRAEK motif. Note strong conservation of K and D amino acids C-terminal to KRAEK in vertebrate 

proteins. 

 
 
Database and motif searches  
The GENPEPT database (invertebrate and vertebrate sections; 
GenBank) was searched with the KRXA$EK string (where X = 
any amino acid and $ = uncharged amino acid) using the Scan-
site program (http://scansite.mit.edu; Quick matrix method). The 
GLAM2 program from the MEME suite (http://meme.nbcr. net) 
provided a pictogram of conserved amino acids around KRAEK 
(number of alignments = 100).  
 
RESULTS AND DISCUSSION 

 
Subcellular distribution of MblA-D in Drosophila S2 cells 
Drosophila Muscleblind isoforms MblA-D were transiently trans-
fected into Drosophila S2 cells and were detected immuno-
chemically using an anti-Muscleblind antibody, which is capable 
of recognizing all four proteins (Houseley et al., 2005). The 
isoforms were observed to preferentially localize to different 
subcellular compartments (Fig. 1). MblA is exclusively cyto-
plasmic and accumulates closely apposed to the plasma mem-
brane. MblB localizes in both cellular compartments, nucleus 
and cytoplasm, but accumulates in the cytoplasm to form peri-
nuclear aggregates. Although these aggregates might form 
under normal conditions, the hydrophobic alanine and phenyla-
lanine-rich regions present in MblB could mediate self-inter-
actions when the protein is overexpressed. MblC and MblD are 
distributed uniformly in both the nuclear and cytoplasmic com-
partments. 

The distribution of Muscleblind isoforms in Drosophila S2 
cells is consistent with previous studies that expressed Green 
Fluorescent Protein (GFP)-tagged isoforms MblA-D in a mam-
malian cell line (COS-M6) (Vicente et al., 2007), although some 
differences are evident. MblA preferentially localizes to the 
cytoplasm and forms perinuclear aggregates in COS-M6, but 
accumulates in the plasma membrane in S2 cells. MblB and 

MblC preferentially localize to the nucleus in COS-M6 cells but, 
in S2, MblB occurs predominantly in the cytoplasm while MblC 
shows no clear preference for a cellular compartment. The 
preferential sub-cellular distribution of Muscleblind isoforms 
clearly points to specialized molecular roles, which we propose 
might correspond to the activities described for human MBNL 
proteins. The nuclear localization of MblC as well as its ability to 
regulate both the alpha-actinin and murine TnnT3 minigenes 
suggests that MblC is specialized in alternative splicing regula-
tion. However, the peri-cytoplasmic localization of MblA sug-
gests that it might be the counterpart for human MBNL2 that 
targets focal adhesion components including the integrin 
mRNAs. Despite the detection of MblD in the nucleus when it is 
overexpressed, it did not work in splicing assays (Vicente et al., 
2007; Vicente-Crespo et al., 2008). The presence of a single 
CCCH motif in MblD (as well as in MblG) suggests that it might 
have a regulatory role, such as binding pre-mRNA targets in an 
unproductive manner. 
 
The KRAEK motif is necessary for MblC nuclear  
localization 
Unlike the CCCH motifs, KRAEK motifs are not encoded in all 
Muscleblind splice variants. In Drosophila, MblC and MblE have 
a KRAEK motif whereas other isoforms do not (Fig. 2A). To 
assess the functional relevance of the KRAEK motif we used a 
previously described mutant MblC construct, in which lysine-
202 is changed to isoleucine (MblCK202I) (Vicente-Crespo et al., 
2008) in subcellular localization assays. Confocal microscopy 
analysis revealed that MblCK202I, in contrast to the wild type 
protein, preferentially localized to the cytoplasm (Fig. 3A). In 
order to quantify the nuclear distribution of MblC and MblCK202I, 
confocal images were processed with ImageJ software for co-
localization with the nucleic acid stain DAPI as described 
(Carmona et al., 2007). In this analysis, lower mean grey values
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Fig. 3. The KRAEK motif is necessary for MblC nuclear localization. Confocal fluorescence micrographs of Drosophila S2 cells transiently 

transfected with wild type MblC and KRAEK-mutated MblC
K202I

 cDNAs (A). Muscleblind was detected with an anti-Mbl antibody in the green 

channel and nuclei were stained with DAPI. MblC protein distributes to both compartments whereas mutant MblC
K202I

 protein is preferentially 

cytoplasmic. Scale bar, 5 µm. (B) Western blot of protein extracts from S2 cells transfected as in (A) and detected with an anti-Muscleblind 

antibody. MblC migrated at the molecular weight predicted for the wild type protein (27 kDa). The empty vector was used as negative control. 

Quantification of MblC and MblC
K202I

 nuclear localization (C). The overlap between green (detecting Mbl) and DAPI (detecting the nucleus) 

fluorescence signals was transformed into values of grey (the lower the grey the higher the overlap). Mean grey values are plotted for at least 

40 representative cells per condition. Grey values for MblC transfections are significantly lower than for mutant MblC
K202I

 in a two-tailed Mann-

Whitney test. 
 
 
indicate higher overlap between the MblC and DAPI fluores-
cence signals (Figs. 3A and 3C, green and blue channels, re-
spectively). Correct expression and lack of degradation of both 
proteins was confirmed by Western blotting (Fig. 3A). The dis-
tribution of mean grey values per nucleus was found to be sig-
nificantly lower for wild type MblC than for MblCK202I. This indi-
cates that the KRAEK motif is necessary for wild type MblC 
nuclear localization. Interestingly, nuclear localization signal 
(NLS) prediction programs do not identify KRAEK as a de-
scribed NLS (not shown) thus suggesting that it constitutes a 
new class of NLS motif. 
 
The KRAEK motif is sufficient for nuclear localization of  
a heterologous reporter 
Other sequence motifs or structural features in addition to the 
KRAEK motif may be necessary for nuclear localization of MblC. 
To test this possibility we generated a protein expression con-
struct that fused a single KRAEK motif (14 amino acids, as 
shown in Fig. 2B) to a heterologous protein. Although the GFP 
reporter protein is widely used in cell culture experiments, it is 
not useful for nuclear-import assays because it shows restricted 
responsiveness to fused NLS in Drosophila (Chan et al., 2007). 
For this reason, we used β-galactosidase as the reporter pro-
tein in our experimental design. Firstly, we transiently trans-
fected S2 cells with the pIE-LacZ vector and immunostained 
them with an anti-β-galactosidase antibody. This confirmed that 
β-galactosidase is localized to the cytoplasm in S2 cells. As a 
result, we proceeded to generate a construct that fused the β-
galactosidase open reading frame to the KRAEK coding se-

quence. As a control for nuclear import, we also generated a 
construct that fused β-galactosidase to the SV40 virus t-antigen 
NLS, which has been shown to target proteins to the cell nu-
cleus in vivo in Drosophila (Sisson et al., 2006). Only a small 
fraction of S2 cells targeted the control β-galactosidase-NLS to 
the nucleus in transiently transfected S2 cells. In S2 cells simi-
larly transfected with the β-galactosidase-KRAEK construct, the 
protein distributed to both the cell nucleus and the cytoplasm, 
showing the same localization as wild type MblC (Figs. 4A and 
4B). Consistent with this qualitative analysis, quantification of 
the nuclear signal from confocal microscope images revealed 
significantly lower mean grey values for β-galactosidase-KRAEK 
compared to wild type β-galactosidase (Fig. 4C). Thus, the 
KRAEK motif controls nuclear localization of Muscleblind pro-
tein isoform C in the S2 cell line.  
 
Conservation of the KRAEK motif 
We performed GENPEPT database searches with the SCANSITE 
software to assess whether proteins other than Muscleblind 
have KRAEK motifs (Obenauer et al., 2003). A total of 162 
proteins contain the KRAEK motif, of which 45 were from inver-
tebrates and 123 were from vertebrates. The Drosophila pro-
teome included 16 KRAEK-containing proteins arising from 
seven genes. These included three novel genes (CG34404, 
CG5626 and CG12584) and four known genes (Topoisom-

erase 1, Minichromosome maintenance 2, nervous wreck and 
muscleblind). The KRAEK motif in these proteins may control 
nuclear localization of topoisomerase 1 or Minichromosome 
maintenance 2. The presence of a KRAEK motif is not predic-
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transfection was used as negative control. The molecular weights of β-galactosidase and β-galactosidase-KRAEK (123 kDa) confirmed that 

both proteins were full length. (C) Quantification of β-galactosidase and β-galactosidase-KRAEK fusion proteins in the nuclear cell compart-

ment was performed as in Fig. 3. Grey values for β-galactosidase-KRAEK are significantly lower than for wild type β-galactosidase in a two-

tailed Mann-Whitney test. 
 

 
tive of nuclear localization because Nervous wreck is a protein 
with SH3/SH2 adaptor activity that participates in the negative 
regulation of synaptic growth at neuromuscular junction and is 
cytoplasmic in localization. Our results demonstrate that the 
KRAEK motif is sufficient to target a heterologous protein to the 
nucleus of Drosophila cells but in other organisms additional 
regions may be necessary. The GLAM2 program from the 
MEME suite (Frith et al., 2008) was used to identify conserved 
amino acids surrounding the KRAEK motif in both invertebrate 
and vertebrate proteins (Figs. 2C and 2D). Apart from KRAEK 
we found no additional amino acid residues conserved in inver-
tebrate proteins but analysis of vertebrate proteins with GLAM2 
detected an additional lysine and aspartate on the C-terminal 
side of the KRAEK core sequence. The physicochemical prop-
erties of these amino acids are similar to residues conserved in 
KRAEK suggesting that they may indeed be part of the motif in 
vertebrates. 
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