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ABSTRACT

The predominant 18.5-kDa classic myelin basic protein (MBP) is mainly responsible for compaction of the
myelin sheath in the central nervous system, but is multifunctional, having numerous interactions with
Ca?*-calmodulin, actin, tubulin, and SH3-domains, and can tether these proteins to a lipid membrane
in vitro. The full-length 21.5-kDa MBP isoform has an additional 26 residues encoded by exon-II of the
classic gene, which causes it to be trafficked to the nucleus of oligodendrocytes (OLGs). We have per-
formed site-directed mutagenesis of selected residues within this segment in red fluorescent protein
(RFP)-tagged constructs, which were then transfected into the immortalized N19-OLG cell line to view
protein localization using epifluorescence microscopy. We found that 21.5-kDa MBP contains two non-
traditional PY-nuclear-localization signals, and that arginine and lysine residues within these motifs were
involved in subcellular trafficking of this protein to the nucleus, where it may have functional roles dur-

ing myelinogenesis.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Oligodendrocytes (OLGs) are glial cells in the brain and spinal
cord (CNS - central nervous system), which are essential for the
production of myelin, a lipid-rich structure behaving as an electrical
insulator that facilitates saltatory conduction of neuronal action
potentials [1,2]. One of the major families of proteins of CNS myelin
arises from the Golli (Gene of Oligodendrocyte Lineage) complex,
which is responsible for the developmentally-regulated production
of early developmental Golli proteins, and classic myelin basic pro-
teins (MBPs) [3-5]. The classic MBP isoforms arise from transcrip-
tion start site 3 of Golli and are nominally 14-kDa, 17.22/17.24-
kDa, 18.5-kDa, and 21.5-kDa in mammals [6,7], and are essential
for the formation of compact CNS myelin by OLGs [8,9]. The 18.5-
kDa isoform predominates in adult human myelin and has been
the most studied. Its main purpose is adhesion of the cytoplasmic
leaflets of OLG membranes [8] to form a ‘“molecular sieve”
[10,11]. However, this protein is multifunctional and interacts with
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numerous other proteins including actin, tubulin, Ca®*-activated
calmodulin, and SH3-domain proteins (reviewed in [12-19]).

Our group has recently shown that unmodified and charge vari-
ants of the classic 18.5-kDa MBP isoform (Fig. 1A) significantly de-
crease calcium influx, via voltage operated calcium channels into
primary OLGs and immortalized N19-OLG cells, in contrast to Golli
isoforms [20], and that stimulation with a phorbol ester (phorbol-
12-myristate-13-acetate), and with IGF-1 (insulin-like growth fac-
tor-1), spatially redistributes MBP to distinct membrane ‘ruffled’ re-
gions at the cell cortex, where it associates with B- and y-actin,
cortactin, and o-tubulin [21]. Additionally, we have shown that
the expression of classic 18.5-kDa MBP with the constitutively-ac-
tive form of Fyn-kinase causes extensive membrane elaboration,
and branching complexity at the forefront of extending N19-OLG
membrane processes, a phenomenon that is abolished by substitut-
ing either proline residue within its PXXP SH3-ligand consensus
motif [22]. These results demonstrate that 18.5-kDa MBP partici-
pates in and/or mediates cytoskeletal protein-protein interactions
at the cytoplasmic leaflet during membrane remodeling in develop-
ing OLGs, and that several of these interactions may be facilitated
by SH3-ligand domain binding of MBP with other proteins. In all
of these in cellulo experiments, the constructs had a fluorescent pro-
tein fused to the amino terminus, and a 21-nucleotide untranslated
region (UTR) was added to the 3’-end of the gene to ensure proper
trafficking of the 18.5-kDa isoforms to the cell periphery [20-24].

Classic MBP occurs as several other size isoforms in addition to
the 18.5-kDa form due to alternative splicing of a single mRNA
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Fig. 1. (A) Amino acid sequence and exon arrangement of the classic 18.5-kDa MBP from the mouse. The exons are delimited by alternating solid or dashed lines. Basic
residues are colored blue and acidic residues are colored red. The amino acid numbering omits the N-terminal methionyl residue which is cleaved post-translationally, and
follows our standard convention [15-17]. (B) ClustalW2 alignment of the conserved regions encoded by exon-II of 21.5-kDa MBP in various species. Here, the residue
numbers are primed to distinguish them from the 18.5-kDa numbering in panel (A) for which we have established a convention. Two putative PY-NLS motifs are identified
with the pattern of ZX,_sPB, where “Z” is a basic residue, “X” is any residue, and “B” is a hydrophobic residue. The amino acid residues which were subjected to substitution
are highlighted in red. These residues are highly conserved among these species, with the exception of the histidine residue found in the second putative motif in the rabbit
genome. The 21-nucleotide 3’-untranslated region (UTR) is the minimal sequence responsible for transport and localization of MBP mRNA within OLGs, including the
transfected N19-cells used here [20-22]. (For interpretation of references to color in this figure legend, the reader is referred to the web version of this article.)

transcript. This process results in two minor MBP transcripts, 21.5-
kDa MBP and 17.22-kDa MBP in the mouse, and 21.5-kDa and 20.2-
kDa MBP in the human, containing 26 amino acids encoded by
exon-II of the classic MBP gene (called exon-6 in Golli numbering,
Fig. 1B). Their expression is enriched during active early myelina-
tion in the human and mouse, and in immature OLGs in culture
[5-7]. These minor MBP isoforms have been observed in the nu-
cleus of primary OLG cultures and OLGs in the mouse brain [25-
27] and are also enriched in the radial component of compact mye-
lin [28,29]. We have found that full-length 21.5-kDa MBP was still
localized primarily to the nucleus despite the presence of the 3'UTR
[20-22]. The minor isoforms have been speculated to play key
developmental roles that may regulate myelinogenesis
[25,27,30-32].

The exon-Il-encoded sequence likely contains a nuclear-locali-
zation signal (NLS), but no traditional NLS containing stretches of
two or more basic residues is present (Fig. 1B). It has been shown
that Golli proteins, which arise from transcription start site 1 of the
same gene complex as MBP, but are expressed earlier in develop-
ment, have a non-traditional nuclear-localization signal (NLS) con-
tained within amino acids 1-36 of the classic MBP portion (Fig. 1A)
[33]. However, this non-traditional NLS encoded within exon-I of
classic MBP does not cause 18.5-kDa MBP to be localized in the nu-
cleus, and presumably is also not responsible for the localization of
21.5-kDa MBP in the nucleus. In this current study, we have exam-
ined and identified a non-traditional NLS contained within the seg-
ment encoded by exon-II of classic 21.5-kDa MBP.

2. Materials and methods
2.1. Plasmids

Previously described plasmids coding for RFP-tagged versions of
21.5-kDa MBPs possessing a 21-nt 3’'UTR were used throughout
these investigations, and site-directed mutagenesis was performed
as previously described [20-22]. The resulting constructs were
confirmed by sequencing (Laboratory Services Division, University
of Guelph, ON) and are shown in Table 1.

2.2. N19-0OLG cell culture and transfection

The N19-OLG cell lines, cell culture, and transfection were per-
formed as previously described [20]. Tissue culture reagents were
purchased from either Gibco/Invitrogen (Invitrogen Life Technolo-
gies, Burlington, ON) or Sigma-Aldrich (Oakville, ON) unless other-
wise stated. For transfection experiments, DNA was purified using
the PureLink HiPure Plasmid Purification kit (Invitrogen Life Tech-
nologies, Burlington, ON). The FuGene HD transfection reagent was
purchased from Roche Diagnostics (Indianapolis, IN). The immor-
talized N19-OLG cell lines [34-36] were grown in DMEM high-glu-
cose media supplemented with 10% FBS (fetal bovine serum) and
1% penicillin/streptomycin, and cultured in 10 cm plates at 34 °C/
5% CO,. At 70-80% confluency (4-7 days), cells were detached
using 0.25% trypsin for 5 min. Using a haemocytometer, live cells
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Table 1

Constructs of RFP-tagged murine 21.5-kDa MBP, containing a 3'UTR, with point substitutions in the exon-II-encoded segment hypothesized to comprise the NLS. Site-directed
mutagenesis was performed using the polymerase chain reaction. Here, “F” denotes forward primer and “R” denotes reverse primer. All primers were ordered from the University
of Guelph Laboratory Services Division. Amino acids within the putative PY-NLS motifs in exon-II of 21.5-kDa MBP were substituted singularly, and in tandem, with glycine or
glutamic acid. Single substitution with glycine residues had no significant effect on nuclear-localization in some instances (indicated with a +). Other substitutions, single and
tandem, resulted in a decrease in nuclear-localization (indicated with a +/—). The greatest degree of exclusion of 21.5-kDa MBP from the nucleus was seen with a tandem

substitution of two positively-charged residues (indicated with a —).

Name of construct Primers used Residue mutation Nuclear-
localization
PERFP-C1-RFP-MBP-21.5-UTR AP67'G F: 5’cagagccggageggtctgecctctcatgee 3' R: 5'ggeatgagagggcagaccgetcecggetetg 3’ P67’ >G67’ +
PERFP-C1-RFP-MBP-21.5-UTR AP76'G F: 5’cagagccggageggtctgecctctcatgee 3’ R: 5'ggeatgagagggcagaccgetecggetetg 3’ P76’ G767 +
F: 5'gcccgeagecgtggtggactgtgecac 3/ R: 5'gtggeacagtccaccacggetgeggge 3/
PERFP-C1-RFP-MBP-21.5-UTR F: 5'gcccgeagecgtggtggactgtgecac 3/ R: 5/gtggeacagtccaccacggetgeggge 3/ P67'->G67, +—
AP67'AP76'G P76’ >G76’
PERFP-C1-RFP-MBP-21.5-UTR AK62'G F: 5' gtaccctggctagggcagagecggage 3’ R: 5 getceggetctgecctagecagggtac 3/ K62'-G62' +/—
PERFP-C1-RFP-MBP-21.5-UTR AR73'G F: 5 ccctctcatgecggeagecgtectggactg 3/ R: 5 cagtccaggacggetgecggeatgagaggg 3 R73' G737 +
PERFP-C1-RFP-MBP-21.5-UTR AK62'E F: 5’ gtaccctggctagagcagagecggage 3’ R: 5’ getccggetctgetctagecagggtac 3/ K62'-E62' +/—
PERFP-C1-RFP-MBP-21.5-UTR AR73’E F: 5’ ccctetcatgecgagagecgtectggactg 3’ R: 57 cagtccaggacggcetctcggeatgagaggg 3 R73'-E73/ +/—
PERFP-C1-RFP-MBP-21.5-UTR F: 5’ gtaccctggctagagcagagecggage 3’ R: 5’ getecggetetgetctagecagggtac 3 K62'—-E62’, -
AKG62'EAR73'E F: 5’ ccctetcatgecgagagecgtectggactg 3/ R: 57 cagtccaggacggetctcggeatgagaggg 3 R73'—»E73’

were counted, plated at a density of 0.5 x 10° cells/mL, and grown
overnight in preparation for transfection experiments. The follow-
ing day, the cells were transfected using 100 pL serum-free media,
2.0 pg of plasmid DNA, and 4 pL of FuGene HD (Roche Diagnostics).
The DNA was allowed to complex for 5 min at room temperature,
and was directly added to cells following incubation. Cells were
cultured for an additional 72 h at 34°C prior to fixation, or
immunoprocessing.

2.3. Immunofluorescence microscopy and image analyses

Following protein expression, untreated cells were directly
fixed using 4% formaldehyde solution in phosphate-buffered saline
solution (PBS) solution for 15 min with gentle rocking. The slides
were then washed two times with 1 mL PBS, and were mounted
on glass slides using ProLong™ Gold AntiFade reagent containing
DAPI (4',6-diamidino-2-phenylindole, Invitrogen). After incubating
for 30 min, slides were viewed using a Leica epifluorescence micro-
scope (DMRA2). Images were processed using Image] software
(National Institutes of Health (http://rsb.info.nih.gov/ij/)), and
were compiled using Adobe Photoshop CS3.

3. Results and discussion

Most nucleocytoplasmic transport of proteins in the cell is car-
ried out by the Karyopherin-p (Kapp) family of nuclear transport
proteins, which recognize nuclear-localization signals (NLS) and
nuclear-export signals (NES) on other proteins to carry out such
transport [37-39]. Pedraza et al. (1997) showed that not only is
21.5-kDa MBP located in the nucleus of OLGs, it is actively trans-
ported there, in an energy- as well as temperature-dependent pro-
cess [31,32]. Our goal here was to elucidate the NLS in this isoform.
The conditionally-immortalized N19 oligodendroglial line was
chosen as a relevant stage-specific cell line to examine the translo-
cation of this MBP isoform in tissue culture [36]. This cell line
stains positive for both the NG2 and A2B5 antigens, which are
markers for oligodendroglial progenitor cells (OPCs), and lacks
expression of classic MBP and proteolipid protein mRNAs [35].
The N19-OLG line has been successfully employed in other studies,
including specifically examining the effect of Golli and classic 18.5-
kDa MBP over-expression on calcium homeostasis [13,20,40,41],
and on the co-localization of 18.5-kDa MBP with cytoskeletal pro-
teins and SH3-domain-containing proteins [21,22].

There are two types of well-established NLSs, although there
may be more that are as yet undiscovered. The first classical NLS
is composed of 1 or 2 stretches of positively-charged amino acids,
often lysine-rich [39,42]. Another type is the bipartite NLS, which
consists of two basic residues, a spacer consisting of 10 residues,
and another basic region consisting of at least three basic residues
out of five [43]. Recently, a new diverse class of NLS motifs has
been elucidated, termed the PY-NLS. This motif is defined by an
N-terminal hydrophobic or basic motif, and a C-terminal RX;_sPY
motif, where Y can also be other hydrophobic amino acids or gly-
cine [39]. Sequence alignments from the exon-Il-encoded region
of 21.5-kDa MBP are shown in Fig. 1B. Although there are no
stretches of 2 or more basic residues characteristic of the classical
or bipartite NLS, it can be seen that this segment contains two
putative PY-NLS motifs with L or G instead of Y. It has been ob-
served that hydrophobic amino acids are well-tolerated in place
of the tyrosine in the RX;sPY motif, e.g., the PY-motif cargos
Nab2 and HuR that have PL- and PG-dipeptides, respectively
[37,38]. Here, in 21.5-kDa MBP, the 10 amino acids preceding the
exon-II-encoded segment contain four basic residues, thus com-
pleting the required characteristics of a PY motif (see Fig. 1A).

To determine whether these putative PY-NLS motifs in the
exon-II-encoded region were responsible for trafficking 21.5-kDa
MBP to the cell nucleus, we constructed a number of amino acid
residue substitutions within these segments in RFP-tagged
constructs that targeted key residues that could be involved in
nuclear transport (Table 1). By using site-directed mutagenesis,
we substituted these amino acid residues with either glycine
(AP—G neutral), or in some instances to glutamic acid (AK/R—E
negatively-charged) to reverse the positively-charged residues
that may be directly involved in Karyopherin-f binding. These
constructs were then transfected into the immortalized N19-OLG
cell line to view protein localization using epifluorescence
microscopy. Single glycine substitutions at sites AP67'G and
AP76'G did not cause any noticeable differences in the trafficking
of 21.5-kDa MBP to the nucleus compared to the unmodified
control (Fig. 2A-C). The tandem mutation AP67'GAP76'G, however,
did show a diminution of nuclear-localization (Fig. 2D). Single
glycine substitutes targeting the positively-charged residues with
the putative PY-NLS at position AK62'G and AR73'G decreased
the efficiency of 21.5-kDa MBP trafficking to the nucleus in the
former but not the latter case (Fig. 2E and F).

We chose next to explore further the role of these positively-
charged residues. When they were altered to glutamic acid (AK62'E
and AR73’E), there was a noticeable increase of 21.5-kDa MBP
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Fig. 2. Fluorescence intensity trace analysis of nucleocytoplasmic distribution of 21.5-kDa MBP in the N19-OLG cell line. All cells were transfected with 2.0 pg of RFP-tagged
plasmid DNA and a nuclear stain, DAPI, seen in blue. Only the merged images are shown. Each trace indicates fluorescence intensity in arbitrary units, versus distance in
pixels. The blue line represents DAPI staining, and the red line represents MBP. Each cell is representative of the predominant protein localization phenotype observed in all of
the transfected cells observed. Transfection with RFP-tagged 21.5-kDa MBP (panel A) shows little cytosolic presence of 21.5-kDa MBP, indicating its transport to the nucleus,
as previously observed [20-22]. The same pattern can be seen in cells transfected with RFP-tagged 21.5-kDa MBP constructs containing the single substitutions AP67'G,
AP76'G, and AR73'G (panels B, C, and F, respectively). Cells transfected with constructs containing tandem AP67'G and AP76’'G substitutions, or a single AK62’G substitution,
(panels D and E, respectively), show a slight shift from nuclear to cytoplasmic presence of 21.5-kDa MBP. Scale bar = 40 um. (For interpretation of references to color in this
figure legend, the reader is referred to the web version of this article.)

localization within the cytoplasm and plasma membrane when nucleus in all transfected cells in culture (Fig. 3C), suggesting that
expressed in N19-OLGs, compared to unmodified 21.5-kDa MBP these charged residues encoded by exon-II are important for this
(Fig. 3A and B). The tandem mutation AK62'EAR73E resulted in trafficking. These results indicate that 21.5-kDa MBP may contain
apparently complete loss of trafficking of 21.5-kDa MBP to the two PY-NLSs that regulate its subcellular localization.
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Fig. 3. Fluorescence micrographs and intensity trace analysis of nucleocytoplasmic distribution of 21.5-kDa MBP in the N19-OLG cell line. All cells were transfected with
2.0 ng of RFP-tagged plasmid DNA and a nuclear stain, DAPI, seen in blue. Each trace indicates fluorescence intensity in arbitrary units, versus distance in pixels. The red
fluorescence images are shown in the first column, whereas merged images are shown in the second column. Transfection with RFP-tagged 21.5-kDa MBP with the
substitutions (A) AK62'E, (B) AR73'E, and (C) AK62’E and AR73’E, shows both nuclear and cytosolic presence of 21.5-kDa MBP, indicating a decrease in nuclear-localization of
the protein. Each trace indicates fluorescence intensity in number of pixels. The blue line represents DAPI staining, and the red line represents 21.5-kDa MBP. Each cell is
representative of the predominant protein localization phenotype observed in all (100%) of the transfected cells observed. Scale bar = 20 um. (For interpretation of references

to color in this figure legend, the reader is referred to the web version of this article.)

Although the 21.5-kDa MBP isoform is intrinsically disordered
like 18.5-kDa MBP, far less is known about its structural dynamics
and possible self-association, and it is worthwhile to explore the
effects of these mutations by NMR spectroscopy [14,15,44]. It has
also been suggested that the phosphorylation status of several po-
tential protein kinase C (PKC) phosphorylation sites within the N-
terminal region of MBP may modulate their subcellular localization
in OLGs [20,22,31-33,45], another phenomenon worthy of further
exploration.

There have been many studies to suggest that alterations in nu-
clear transport of transcription factors can be a potential mecha-
nism for neuronal degeneration in neurodegenerative disorders
[42]. The regulation of MBP isoforms, and the shift in isoform
expression, and thus intracellular localization, may play a key
developmental role in oligodendrocyte differentiation [46,47].
The exon-II-containing 21.5-kDa and 17.22-kDa MBP isoforms,
and possibly specific isoforms of myelin oligodendrocyte basic pro-
tein (MOBP), may also have specific functional, not solely struc-
tural, roles in the radial component of mature myelin (see [29]).
The role of exon-II encoded isoforms of classic MBP in the nucleus
and their localization in myelination, and in neurodegenerative
diseases such as multiple sclerosis, requires further study.
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