1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Neurosci Res. Author manuscript; available in PMC 2015 October 15.

-, HHS Public Access
«

Published in final edited form as:
J Neurosci Res. 2007 February 15; 85(3): 471-478. doi:10.1002/jnr.21153.

Novel Alternatively Spliced Endoplasmic Reticulum Retention
Signal in the Cytoplasmic Loop of Proteolipid Protein-1

Cherie Southwood?, Kevin Olsonl, Chia-Yen Wul, and Alexander Gow1:2:3.*
1Center for Molecular Medicine and Genetics, Wayne State University School of Medicine,
Detroit, Michigan

2Carman and Ann Adams Department of Pediatrics, Wayne State University School of Medicine,
Detroit, Michigan

3Department of Neurology, Wayne State University School of Medicine, Detroit, Michigan

Abstract

Increased awareness about the importance of protein folding and trafficking to the etiology of
gain-of-function diseases has driven extensive efforts to understand the cell and molecular biology
underlying the life cycle of normal secretory pathway proteins and the detrimental effects of
abnormal proteins. In this regard, the quality-control machinery in the endoplasmic reticulum (ER)
has emerged as a major mechanism by which cells ensure that secreted and transmembrane
proteins either adopt stable secondary, tertiary, and quaternary structures or are retained in the ER
and degraded. Here we examine cellular and molecular aspects of ER retention in transfected
fibroblasts expressing missense mutations in the Proteolipid Protein-1 (PLP1) gene that cause
mild or severe forms of neurodegenerative disease in humans. Mild mutations cause protein
retention in the ER that is partially dependent on the presence of a cytoplasmically exposed
heptapeptide, KGRGSRG. In contrast, retention associated with severe mutations occurs
independently of this peptide. Accordingly, the function of this novel heptapeptide has a
significant impact on pathogenesis and provides new insight into the functions of the two splice
isoforms encoded by the PLP1 gene, PLP1 and DM-20.
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The concept of intracellular protein misfolding/aggregation as the cellular basis of disease is
reasonably postulated by many groups to underlie the pathophysiology of a number of
neurodegenerative disorders, including Alzheimer’s, Parkinson’s, and Charcot-Marie-Tooth
diseases; spinocerebellar ataxias; and amyotrophic lateral sclerosis (Zoghbi and Botas, 2002;
Forman et al., 2003; Gow and Sharma, 2003). Our own studies implicate protein misfolding
in the etiology of two neurodegenerative disorders, Pelizaeus-Merzbacher disease (PMD)
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and spastic paraplegia type Il (SPG2), which are caused by missense mutations in the
Proteolipid Protein-1 (PLP1) gene that give rise to a broad range in disease severity (Gow et
al., 1994b, 1998; Southwood et al., 2002). Thus, mildly affected patients exhibit lower limb
spasticity and have a relatively normal life span, whereas severely affected individuals never
learn to talk or walk and have a markedly shortened life span (Garbern, 2005). PMD is also
caused by PLP1 gene duplications and deletions, but mechanisms underlying the
pathophysiology are distinct (Gow and Sharma, 2003).

The PLP1 gene is abundantly expressed by oligodendrocytes in the central nervous system
(CNS) and yields two major transcripts by alternative splicing in exon 3. Inclusion of exon
3A and B yields an mRNA encoding PLP1, whereas exclusion of exon 3B specifies DM-20.
The absence of exon 3B (105 nucleotides) does not alter the reading frame in exons 4-7, so
the primary structures of both proteins differ only by the 35 amino acids of the PLP1-
specific peptide in the central cytoplasmic loop domain of these polytopic membrane
proteins. Most missense mutations in the PLP1 gene occur outside of exon 3B and are
present in both PLP1 and DM-20 (for review see Hudson and Nadon, 1992).

At the heart of our investigations into the cellular and molecular mechanisms underlying
PLP1 missense mutations is a transfected COS-7 cell assay used to examine PLP1 and
DM-20 intracellular trafficking (Gow and Lazzarini, 1996; Gow, 2002). The wild-type
proteins are synthesized on the endoplasmic reticulum (ER), traverse the secretory pathway
to the cell surface, and enter the endocytic pathway en route to lysosomes (Gow et al.,
1994a). In contrast, missense mutations associated with severe disease cause PLP1 and
DM-20 to misfold and accumulate in the ER (Gow et al., 1994b). ER accumulation of
mutant proteins is commonly observed in eukaryotes, where molecular chaperones and other
mediators of the quality control machinery serve to ensure that only stably folded secretory
pathway proteins gain access to other intracellular compartments (Ellgaard and Helenius,
2003). Paradoxically, mild mutations cause PLP1 to accumulate in the ER, whereas DM-20
reaches all major intracellular compartments (Gow and Lazzarini, 1996). These data suggest
that mechanisms in addition to misfolding are responsible for ER accumulation of PLP1,
such as retention signals that bind to ER-resident receptors, as has been described for several
proteins (Michelsen et al., 2005).

Herein we focus on the mechanism underlying ER retention of PLP1 and explore three
missense mutations that cause severe or mild forms of disease. Deletion-series and
mutagenesis experiments demonstrate that the alternatively spliced PLP1-specific peptide
contains a novel signal that regulates accumulation in the ER for mutations causing mild
disease. This heptapeptide is distinct from ER retention signals that have been characterized
in other transmembrane proteins.

MATERIALS AND METHODS

Mutagenesis Constructs

Constructs are generated by PCR-based mutagenesis using one of two approaches. First, the
original PLP1-specific peptide deletion series constructs were each generated in two parts by
PCR using a circular plasmid template comprising of 1.4-kb human PLP1 cDNA cloned into
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the Eco RI site of pUC8 (Puckett et al., 1987). The vector primer M13R is used with
different antisense primers in exon 3 to amplify the cDNA upstream of the intended
deletions. The vector primer M13F is used with different sense primers in exon 3 to amplify
the cDNA downstream of deletions. All exon 3 primers carry an Hae Il site at the 5" end to
allow ligation of upstream and downstream PCR products together. Upstream and
downstream PCR products are also digested with Eco Rl and Sal | (New England Biolabs,
Beverly, MA), respectively, to allow reconstruction of the cDNA (minus the intended
deletion) in pSP64 (Promega, Madison, WI). cDNAs are cloned into the Eco RI site of
pCMV5 (Lorence et al., 1990) for transfections. The second approach pertains to all other
constructs, and we use Quik-change mutagenesis (Stratagene, La Jolla, CA) as
recommended by the manufacturers. In primer design, we use mammalian codons to make
the necessary amino acid changes and include additional silent nucleotide changes to
generate unique 6-base restriction sites to track the amino acid changes. These changes form
the core of the primers and are flanked on either side by 11 or 12 bases of wild-type
sequence for primer binding. We mutagenize pUC8- or pCMV5-based plasmids containing
PLP1 or DM-20 cDNAs. All plasmids are bidirectionally sequenced across the coding
regions.

Transfections, Immunocytochemistry, and Quantification

Plasmids for transfection are purified on CsClI gradients (Gow and Lazzarini, 1996) or with
Qiagen maxiprep Kits (Valencia, CA). We use Fugene 6 to transfect 60-mm dishes of log-
phase COS-7 cells with 4 g of supercoiled DNA for 24 hr, as recommended by the
manufacturer. Cells are then split into duplicate 35-mm dishes and fixed after 24 hr in 2%
paraformaldehyde in DMEM at 37°C for 30 min and labeled with rat anti-PLP1/DM-20
antibodies (clone AA3) as detailed previously (Gow et al., 1997). Lysosomes are visualized
by using mouse anti-LAMP-2 antibodies (Hybridoma Bank). All secondary antibodies
(diluted 1:100 in block) are from Vector Laboratories (Burlingame, CA) and Southern
Biotechnology (Birmingham, AL).

Quantification of PLP1 and DM-20 Trafficking in COS-7 Cells

RESULTS

Analysis of PLP1 and DM-20 trafficking through the secretory pathway is performed by
using a blinded analysis. Cells are assessed for protein accumulation in the ER or trafficking
to the cell surface and lysosomes with a Leica DMRAZ2 epifluorescence microscope.
Random fields from duplicate dishes are counted, 50 transfected cells/dish, and the data are
combined. The number of cells with cell surface and lysosome labeling is expressed as a
proportion of transfected cells counted. Results are expressed as mean * standard deviation
from three or four independent transfections (n = 3 or 4).

A Protein Misfolding Conundrum

The shared topology and four-transmembrane organization of PLP1 and DM-20 are
illustrated in Figure 1 (top) along with the PLP1-specific peptide (gray ellipse) and the
locations of three missense mutations (Gow et al., 1997). In previous studies, we have
examined the intra-cellular trafficking of a large number of mutant PLPs and DM-20s in
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transfected COS-7 cells (Gow et al., 1994a,b; Gow and Lazzarini, 1996; Tosic et al., 1996,
1997).

Wild-type PLP1 and DM-20 traffic through the secretory and endocytic pathways of
transfected COS-7 cells (Fig. 1a,b, respectively). Mutations associated with severe disease,
represented by msd in Figure 1c,d, disrupt the trafficking of PLP1 and DM-20 and cause
accumulation in the ER that is most easily interpreted as protein misfolding. Indeed, the
unfolded protein response (UPR) is activated in vivo in oligodendrocytes from PMD
patients and in Plpl mutant mice (Gow and Lazzarini, 1996; Gow et al., 1998; Southwood et
al., 2002). Furthermore, mutant PLP1 stably associates with molecular chaperones (Swanton
etal., 2003).

Mutations causing mild disease, represented by rsh and VV218F, disrupt the trafficking of
PLP1 (Fig. le,g, respectively) but not DM-20 (Fig. 1f,h, respectively). In these instances, we
may interpret the accumulation of the mutant PLP1s as misfolding, but how do we interpret
the trafficking of the DM-20s throughout the cell? Thus, disparate effects of the rsh and
V218F mutations on PLP1 and DM-20 reveal a conundrum: if a mutation causes PLP1 to
misfold, we might expect that the same mutation should not be permissive for DM-20
trafficking throughout the cell.

An Activity Conferred by the PLP1-Specific Peptide

To be sure, we have previously demonstrated altered conformations for DM-20 harboring
the rsh (DM-20"") and VV218F (DM-20V218F) mutations by using three conformationally
sensitive antibodies (Gow et al., 1997; Southwood and Gow, 2001). These data indicate that
DM-20"" and DM-20V218F do, in fact, misfold but that the nonnative conformations are
stable and allow these proteins to dissociate from molecular chaperones and exit the ER in
transfected fibroblasts and oligodendrocytes in vivo (Gow and Lazzarini, 1996; Thomson et
al., 1997; Gow et al., 1998). In contrast, PLP1"" and PLP1V218F gccumulate in the ER of
almost all transfected cells and oligodendrocytes, which indicates that retention must,
somehow, involve the PLP1-specific peptide.

We hypothesize, in this light, that the PLP1-specific peptide confers a unique sensitivity on
PLP1 to conformational changes arising from missense mutations throughout the protein,
including extracellular domains. This notion does not necessarily imply physical interaction
of other regions of the protein with the PLP1-specific peptide but rather that this domain
exhibits an activity, for example, an interaction motif, that directly or indirectly confers the
sensitivity. If so, then suppression of this activity should cause PLP1 to exhibit DM-20-like
insensitivity toward missense mutations such as rsh and VV218F.

Most Internal Deletions of Exon 3 in PLP1 Do Not Cause Trafficking Defects

To identify functional motifs in the PLP1-specific peptide, we generated successive inframe
deletions of exon 3 for expression studies in transfected COS-7 cells. Figure 2A illustrates
salient features of wild-type PLP1 and six deletion constructs, in which 20 cytoplasmically
exposed amino acids encoded by exon 3A (A3A), or portions of exon 3B encoding 5, 12, 22,
31, or 35 amino acids are removed (constructs A3B1-4 and DM-20, respectively).
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Importantly, most constructs in this series encode proteins that traverse the secretory
pathway to the cell surface in >95% of transfected cells (Fig. 2B), which indicates that PLP1
is recalcitrant to small and moderate-sized internal deletions in the cytoplasmic loop domain.
However, the A3B4:PLP1 mutant traverses the secretory pathway in only 50% of transfected
cells, which is consistent with the generation of protein with an unstable conformation that is
detected by the quality-control machinery.

Demonstrating Inactivation of the PLP1-Specific Peptide

To determine whether the activity of the PLP1-specific peptide is disrupted by any of the
cytoplasmic loop domain deletions in Figure 2A, we generated a series of compound mutant
constructs in which these deletions are coupled with the rsh, V218F, or msd missense
mutations. An overview of these compound mutants is given in Figure 3A, where internal
exon 3 deletions are represented generically by the broken line in the PLP1-specific peptide
(gray oval), and the positions of PMD-causing missense mutations in the second
extracellular domain (rsh, V218F, or msd) are represented by black dots. Importantly, each
PLP1 compound mutant harbors a single PLP1-specific peptide deletion and a single
missense mutation.

Intracellular trafficking of PLP1-specific peptide deletion: msd compound mutants is shown
in Figure 3B. For all constructs tested, the compound mutants are retained in the ER in
100% of the transfected cells. These data are consistent with Figure 1c,d as well as with our
previous studies (Gow and Lazzarini, 1996; Gow et al., 1998) and indicate that
accumulation of these proteins in the ER occurs independently of the activity of the PLP1-
specific peptide.

In Figure 3C, PLP1"" accumulates in the ER in almost 100% of transfected cells, and
removal of exon 3A or the first five amino acids of the PLP1-specific peptide (i.e.,
A3A:PLP1™" and A3B1:PLP1™S, respectively) acts similarly. However, deletion of 12
amino acids from the PLP1-specific peptide enables A3B2:PLP1"" to escape the ER to the
cell surface and into lysosomes in more than 60% of transfected cells. Thus, we appear to
have disrupted the activity of the PLP1-specific peptide by deleting the heptapeptide
KGRGSRG. On the other hand, deletion of 22 or 31 amino acids from the PLP1-specific
peptide causes ER retention of the compound mutants. These data seem at odds with data for
the A3B1:PLP1s" construct; however, in view of the instability of the A3B4:PLP1 mutant
observed in Figure 2B, we speculate that these compound mutants may be too unstable for
efficient trafficking. Finally, deleting all 35 amino acids encoded by exon 3B enables
trafficking of mutant DM-20s to the surface in 90% of cells (data not shown).

Similarly to the rsh constructs, the A3A:PLP1V218F and A3B1:PLP1V218F proteins
accumulate in the ER (Fig. 3D). Deleting 12 or 22 amino acids from the PLP1-speific
domain enables A3B2:PLP1V218F and A3B3:PLP1V218F tg reach the cell surface in a
significant proportion of cells. Removing 31 amino acids causes the protein to accumulate in
the ER, as expected from Figure 2B and the rsh data in Figure 3C. Finally, DM-20V218F
reaches the surface in 89% of cells (data not shown).
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KGRGSRG Heptapeptide Is Necessary But May Not Be Sufficient for ER Retention of
Mutant PLP1

To refine further the activity-conferring region of the PLP1-specific peptide, we generated
the A3B5 mutant in which the KGRGSRG heptapeptide has been removed from the PLP1-
specific peptide (Fig. 4A). Quantification is shown in Figure 4B, where 30-50% of
A3B5:PLP1™" and A3B5:PLP1VY218F compound mutants (black) reach the cell surface.
White bars show the data for the PLP1"S" and PLP1V218F transfections from Figure 3 for
comparison. Thus, the KGRGSRG heptapeptide is necessary for the activity of the PLP1-
specific peptide.

To determine whether the heptapeptide is sufficient to confer the activity of the PLP1-
specific peptide, we inserted KGRGSRG into two regions of the central cytoplasmic domain
of DM-20, as shown in Figure 4A for constructs 5'+3B5 and 3/+3B5. Insertion of this
peptide into the 5’ location (Fig. 4C) does not suppress the trafficking of either 5/
+3B5:DM-20 or the 5/+3B5:DM-20"$" compound mutant to the cell surface, which indicates
that the heptapeptide is not an autonomous ER retention signal. In contrast, insertion of the
heptapeptide into the 3’ location potently inhibits trafficking of the 3’+3B5:DM-20"h
compound mutant. These data indicate that the heptapeptide is sufficient to confer PLP1-
specific peptide activity; however, trafficking is disrupted in 25% of cells expressing the 3’
+3B5:DM-20 mutant, and we cannot formally exclude the possibility that ER retention of
the 3/+3B5:DM-20"S" compound mutant is linked to protein misfolding. Thus, we conclude
that the heptapeptide is necessary but may not be sufficient to confer activity of the PLP1-
specific peptide.

Canonical ER Retention Signals Are Absent in the Heptapeptide

Several recently characterized motifs in cytoplasmic domains of transmembrane proteins
have been shown to confer ER retention. Interestingly, these peptide sequences are often
encoded by alternatively spliced exons (for review see Michelsen et al., 2005). Masking of
these signals by subunit assembly or covalent modification enables a protein to exit the ER
to other compartments, and the best characterized of these motifs include cytoplasmic di-
arginine motifs or serine/threonine-containing peptides that are phosphorylated.
Interestingly, the PLP1 heptapeptide contains an RxxR tetrapeptide and a serine residue, and
we speculated that the PLP1-specific activity might be associated with one of these signals.
Accordingly, we generated several PLP1 mutants by separately mutating the arginine
residues to alanine, the serine to alanine, or the serine to aspartic acid, which mimics
phosphorylation (Fig. 5A). As indicated in Figure 5B,C, mutating the arginine residues or
the serine does not perturb wild-type PLP1 trafficking. In contrast, the rsh compound
mutants are efficiently retained in the ER, indicating that the PLP1-specific peptide remains
active. Thus, the heptapeptide does not conform to known ER retention motifs.

Disease-Causing Missense Mutations in Exon 3B Do Not Disrupt the Activity of the PLP1-
Specific Peptide

In view of the suggestion from Figure 4 that other peptides present in exon 3 may contribute
to the activity of the PLP1-specific peptide, we sought additional mutations in exon 3.
Several missense mutations associated with SPG2 have been reported in exon 3B, and we
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hypothesized that such mutations might cause disease by disrupting the activity of the PLP1-
specific peptide. To test this hypothesis, we generated two mutations found in patients
(Saugier-Veber et al., 1994; Cailloux et al., 2000) that cause histidine-to-tyrosine changes in
exon 3B (Fig. 6A). One of these mutations (H129Y) is adjacent to the carboxyl-terminal end
of the heptapeptide, and the other (H139Y) is 10 amino acids farther downstream.

In Figure 6B, trafficking of the PLP1H129Y mutant is unperturbed compared with controls.
However, the H129Y:rsh and H129Y:V218F compound mutants accumulate efficiently in
the ER, thereby indicating that the PLP1-specific peptide is functional. As expected, the
H129Y:msd compound mutants also accumulate in the ER. The results shown in Figure 6C
are similar, and together these data indicate that the activity of the PLP1-specific peptide is
largely intact.

DISCUSSION

In the years since we proposed the PLP1 misfolding hypothesis to account for disease in
PMD and SPG2 patients (Gow et al., 1994a,b), we have continued to examine the clinical
phenotypes of patients from additional families (Gow and Lazzarini, 1996). Our data
indicate that the transfected COS-7 cell assay has considerable potential for use as a
prognostic tool in evaluating disease severity of novel missense mutations. Indeed, this
assay correlates with disease severity for more than 70% of the pedigrees we have examined
to date (unpublished data). In the current study, we explore the molecular basis of the
transfected COS-7 cell assay to develop a deeper understanding of the mechanisms
underlying mild forms of disease.

Our previous demonstrations in transfected fibroblasts that the rsh and VV218F missense
mutations disrupt native protein conformation (Gow et al., 1997; Southwood and Gow,
2001), imply that ER accumulation of PLP1"$" and PLP1V218F stems from protein
misfolding and that these mutants are retained in the ER through stable associations with
molecular chaperones. However, data presented in the current study suggest an alternate
mechanism, that the presence or absence of the KGRGSRG heptapeptide is a significant
determinant for ER retention or trafficking of these mutants. Although our past and current
studies evoke different conclusions regarding the effect of mild mutations on PLP1 folding,
the mechanisms are not necessarily incompatible. Most importantly from the perspective of
pathogenesis, these data are congruent, because the outcome in either case is accumulation
of protein in the ER, which activates the unfolded protein response (Southwood et al., 2002).

Several ER retention motifs have been identified in the cytoplasmic domains of diverse
transmembrane proteins that form multimeric complexes, but the best characterized is the di-
arginine motif (Michelsen et al., 2005). In some instances, this motif is present in every
subunit, such as in the ATP-sensitive inwardly rectifying potassium channel; in others, only
one subunit harbors the motif, as in the neurotransmitter receptor GABAg. Masking the
motif leads to ER export and has been shown to occur by several mechanisms, including
subunit assembly into multimeric complexes, serine/threonine phosphorylation, or
interference with the binding of ER-resident retention factors. In the case of PLP1, a di-
arginine and a serine residue are located in the heptapeptide; however, mutating these amino
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acids to alanine or changing the serine to aspartic acid does not inactivate heptapeptide
activity. Thus, the PLP1-specific peptide must effect ER retention through a novel
mechanism.

The data in Figure 4 show that the PLP1 heptapeptide is necessary for PLP1-specific peptide
activity but may not be sufficient, which suggests the existence of other retention signals.
What might these signals be? Palmitoylation is known to regulate ER retention for at least
some transmembrane proteins (Drisdel et al., 2004), and we note the presence of three
cysteine residues in the vicinity of the heptapeptide that are palmitoylated in vivo (Weimbs
and Stoffel, 1992). However, mutation of all of these cysteine residues to alanine is without
effect on PLP1-specific peptide activity (data not shown). Indeed, we can also rule out the
involvement of peptide motifs that require any of the cysteine residues for function, as well
as involvement of the two histidine residues in the PLP1-specific peptide that are associated
with SPG2. The presence of either H129Y or H139Y does not reduce ER accumulation of
PLP1rs" compound mutants, indicating that the PLP1-specific peptide is active.
Parenthetically, trafficking of the PLP1H129Y and PLP1H139Y mutants through the secretory
pathway to all major compartments in COS-7 cells indicates that these mutations do not
disrupt the higher ordered structure of PLP1. Thus, these mutations must cause disease
through a novel mechanism that is distinct from all of the missense mutations we have
studied outside of the PLP1-specific peptide and, presumably, is one that does not involve
the unfolded protein response.

The relevance of utilizing transfected COS-7 cells to examine the trafficking of PLP1 and
DM-20 mutants through the secretory pathway, as in the current study, is a matter of
continued debate, because oligodendrocytes are thought to be more appropriate. We
discount this view and argue that fibroblasts are no less relevant than cultured
oligodendrocytes on several grounds. First, the investigation of protein trafficking is an issue
of cell biology not of myelin biology; the processes and pathways governing protein
trafficking are conserved from yeast to mammals, and this understanding is firmly seated in
the protein trafficking literature. Second, we have demonstrated that wild-type PLP1 gene
products modify the trafficking of missense gene products (Gow and Lazzarini, 1996), and
transfection of primary oligodendrocytes or derived cell lines to coexpress endogenous wild-
type PLP1 gene products and transfected PLP1 mutants will likely yield artifactual data.
Oligodendrocytes in vivo express a single PLP1 allele, and a mix of mutant and wild-type
proteins in a single cell is rarely encountered. Transfection of PLP1 null oligodendrocytes is
not a useful alternative, as these cells cause Pelizaeus-Merzbacher disease and cannot be
considered normal. Third, it is a bold assumption that cell lines such as CG4 and OLI-neu
are fully differentiated oligodendrocytes. Moreover, it is rank speculation that these cells
even express the molecular machinery to process PLP1 identically to differentiated
oligodendrocytes in vivo. Thus, there is no logical basis for using oligodendrocyte-lineage
cells in preference to other cell types for the purpose of examining the trafficking of PLP1
mutants.

Finally, an important issue relevant to myelin biology pertains to the necessity of an ER
retention motif for PLP1 but not for DM-20. The PLP1 gene is a member of the lipophilin
family, which comprises three genes (Gow, 1997). The archetypal member of this family
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dates back at least 550 million years (Stecca et al., 2000) and expanded to three genes in
marine vertebrates (Kitagawa et al., 1993). However, all members lack the PLP1-specific
peptide, which appeared in amphibians approximately 300 million years before present.
Importantly, the appearance of this peptide coincides with the ascension of PLP1 as the
dominant structural protein of CNS myelin in terrestrial vertebrates (Yoshida and Colman,
1996). Thus, our earlier finding that DM-20 cannot recapitulate the function of PLP1 in vivo
(Stecca et al., 2000) supports the argument that the function of the PLP1-specific peptide is
closely related to the unique structural role that PLP1 plays in myelin.

In view of the data indicating that ER retention motifs serve to abrogate exit from the ER
prior to multimeric complex assembly for a number of proteins (Michelsen et al., 2005), we
speculate that the PLP1-specific peptide functions similarly. Indeed, early analytical
ultracentrifugation studies indicate that PLP1 purified from bovine white matter is
hexameric (Gow et al., 1985), which may be critical for myelin stability. If so, does the
absence of a retention signal in DM-20 imply that this protein remains monomeric?
Probably not, because DM-20 can at least form heteromeric complexes with wild-type PLP1
in vivo (McLaughlin et al., 2002). In addition, DM-20 can extricate misfolded PLP1™sd
from the ER of transfected cells (Gow and Lazzarini, 1996), which suggests a chaperone
function for DM-20. Whatever the case, we can be certain that the presence of DM-20 in
terrestrial vertebrate myelin is not a consequence of insufficient evolutionary time to mutate
the splice donor site in exon 3A. To the contrary, current evidence shows that, after
acquisition of the PLP1-specific peptide by the DMa gene, amphibians lost the ability to
generate transcripts encoding DM-20, even though the requisite splice donor site is intact in
these animals (Venkatesh et al., 2001). However, alternative splicing in exon 3 reappears in
lizards, indicative of positive selection, and is observed in all other terrestrial vertebrates.
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Fig. 1.
Trafficking of PLP1 gene products through the secretory pathway of transfected cells.

Schematics of PLP1 (top left) and DM-20 (top right) illustrating topology, sites of missense
mutation relevant to the current study, and location of the PLP1-specific peptide. Confocal
extended-focus series through transfected COS-7 cells labeled with antibodies against PLP1
(green in a,c,e,g) or DM-20 (green in b,d,f,h) and the lysosomal marker LAMP2 (red).
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Fig. 2.
Quantification of protein trafficking to the cell surface for the deletion series mutants. A:

Schematic showing the primary structure of PLP1 encoded by exon 3, along with a series of
deletions in this region. B: Trafficking of the deletion series constructs in A. The constructs
are quantified by the proportion of transfected cells in which the mutants traverse the
secretory pathway to the cell surface.

J Neurosci Res. Author manuscript; available in PMC 2015 October 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Southwood et al. Page 14

PMD mutations

]

msd

2
=

A

i
i

% Cell Surface
2

e

CYTOPLASM N e G
PR AR 9«9
PLP1-specific
peptide deletions
1004 C rsh 1004 D V218F
g 3
£ £
] ]
0 @ 504
8 3
& &
0
{3\ L _}gﬁ .g“h &I ‘;'b‘ & ¢

Fig. 3.
Quantification of protein trafficking to the cell surface for missense:deletion series

compound mutants. A: Schematic showing the location of the PLP1-specific peptide
deletions in the cytoplasmic loop domain and missense mutations in the second extracellular
domain. B-D: Trafficking of the PLP1 deletion series mutations specified in Figure 2A
coupled with the msd, rsh, and V218F missense mutations in the second extracellular
domain, respectively. The constructs are quantified by the proportion of transfected cells in
which the mutants traverse the secretory pathway to the cell surface.
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Fig. 4.
Quantification of protein trafficking to the cell surface for missense:heptapeptide compound

mutants. A: Schematic showing the primary structure of PLP1 encoded by exon 3, along
with deletions and insertions of the heptapeptide, KGRGSRG (gray rectangle). B:
Trafficking of PLP1 compound mutants harboring the heptapeptide deletion and the rsh,
V218F, or msd missense mutations. The constructs are quantified by the proportion of
transfected cells in which the mutants traverse the secretory pathway to the cell surface. C:
Trafficking of DM-20 compound mutants harboring the heptapeptide insertions and the rsh
missense mutation. The constructs are quantified by the proportion of transfected cells in
which the mutants traverse the secretory pathway to the cell surface.
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Fig. 5.

Quantification of protein trafficking to the cell surface for missense:heptapeptide
mutagenesis compound mutants. A: Schematic showing the primary structure of PLP1
encoded by exon 3, along with targeted mutagenesis sites (asterisks) in the heptapeptide
KGRGSRG (gray rectangle). B-D: Trafficking of PLP1 compound mutants harboring the
rsh missense mutation coupled with the heptapeptide arginine-to-alanine mutations (B), the
heptapeptide glycine-to-glutamine mutations (C), or the heptapeptide serine-to-alanine and
serine-to-aspartic acid mutations (D). The constructs are quantified by the proportion of
transfected cells in which the mutants traverse the secretory pathway to the cell surface.
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Fig. 6.

Quantification of protein trafficking to the cell surface for missense:SPG2 compound

Page 17

mutants. A: Schematic showing the primary structure of PLP1 encoded by exon 3, along
with the mutation sites identified in two families with SPG2 (asterisks). The location of the
heptapeptide KGRGSRG is shown (gray rectangle). B,C: Trafficking of PLP1 compound
mutants harboring the rsh, V218F, and msd missense mutations coupled with either the

H129Y mutation (B) or the H139Y mutation (C). The constructs are quantified by the

proportion of transfected cells in which the mutants traverse the secretory pathway to the

cell surface.

J Neurosci Res. Author manuscript; available in PMC 2015 October 15.



