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The proteolipid protein gene products DM-20 and PLP are
adhesive intrinsic membrane proteins that make up =50% of
the protein in myelin and serve to stabilize compact myelin
sheaths at the extracellular surfaces of apposed membrane
lamellae. To identify which domains of DM-20 and PLP are
positioned topologically in the extracellular space to participate
in adhesion, we engineered N-glycosylation consensus sites
into the hydrophilic segments and determined the extent of
glycosylation. In addition, we assessed the presence of two
translocation stop-transfer signals and, finally, mapped the
extracellular and cytoplasmic dispositions of four antibody
epitopes. We find that the topologies of DM-20 and PLP are
identical, with both proteins possessing four transmembrane
domains and N and C termini exposed to the cytoplasm. Con-
sistent with this notion, DM-20 and PLP contain within their N-
and C-terminal halves independent stop-transfer signals for
insertion into the bilayer of the rough endoplasmic reticulum

during de novo synthesis. Surprisingly, the conformation (as
opposed to topology) of DM-20 and PLP may differ, which has
been inferred from the divergent effects that many missense
mutations have on the intracellular trafficking of these two
isoforms. The 35 amino acid cytoplasmic peptide in PLP, which
distinguishes this protein from DM-20, imparts a sensitivity to
mutations in extracellular domains. This peptide may normally
function during myelinogenesis to detect conformational
changes originating across the bilayer from extracellular PLP
interactions in trans and trigger intracellular events such as
membrane compaction in the cytoplasmic compartment.
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In the CNS of tetrapods, compact myelin is maintained as a
multilamellar sheath by the combined action of two sets of highly
abundant membrane proteins, the myelin basic proteins and the
proteolipid proteins (DM-20/PLP). The myelin basic proteins are
extrinsic membrane proteins that function to bring into close
apposition the cytoplasmic aspects of the myelin membrane bi-
layer (Omlin et al., 1982; Roach et al., 1985). On the other hand,
DM-20 and its more abundant insertion isoform PLP are polyto-
pic integral membrane proteins that act to stabilize appositions of
the extracellular surfaces of the myelin membrane (Duncan, 1990;
Boison and Stoffel, 1994; Boison et al., 1995) (Dr. K.-A. Nave,
personal communication); DM-20 and PLP arise by alternative
splicing of a single genomic transcript and differ by a hydrophilic
peptide segment 35 amino acids in length, the presence of which
generates the PLP product (Macklin et al., 1987; Nave et al., 1987;
Simons et al., 1987). Indirect evidence suggests that DM-20 and
PLP form homo- and heteropolymers in vitro (Sinoway et al.,
1994; Jung et al., 1995; Gow and Lazzarini, 1996), but precisely
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how these molecules may interact and how they may influence the
conformation of one another is at present unknown.

Subsequent to the elucidation of the primary structure of PLP,
several topologies for this protein have been proposed based on
mathematical modeling, chemical labeling, limited protease diges-
tion, and immunolabeling. These data have yielded contradictory
models (for review, see Popot et al., 1991). However, recent data
provide evidence favoring an N-terminus-in/C-terminus-in model
(N-in/C-in) of PLP with four intervening transmembrane seg-
ments. This topology has been deduced by mapping disulfide-
bonded cysteine residues, thioester-linked fatty acids, and chem-
ically glycosylated lysine residues and by immunocytochemical
studies (Shaw et al., 1989; Weimbs and Stoffel, 1992, 1994; Greer
et al., 1996). In other studies, Kitagawa et al. (1993), Yan et al.
(1993), and Yoshida and Colman (1996) have identified a family
of closely related brain proteolipids, the primary structure of each
containing within it functional N-glycosylation sequences, at least
one of which is located in a hydrophilic segment that is presum-
ably exposed on the extracellular surface.

In this study, we have examined PLP and DM-20 topologies by
using specific antibodies and by engineering N-glycosylation sites
into hydrophilic segments in each of these molecules and deter-
mining the extent of glycosylation. We find that the transmem-
brane topologies of DM-20 and PLP are identical, with both
proteins possessing four transmembrane domains and both N and
C termini located within the cytoplasmic compartment. However,
the precise conformations of DM-20 and PLP may differ, because
they each respond differently to many identical missense muta-
tions in their primary sequences. We also tested for the presence
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Table 1. The positions and flanking amino acids in the primary
sequences of DM-20 and PLP where N-glycosylation consensus sites
were engineered for in vitro translation experiments (see Fig. 2)

The number of the
amino acid preceding
the N-glycosylation
consensus sequence”

Amino acids
surrounding the
N-glycosylation

Designation for
N-glycosylation
consensus site

(see Fig. 1) PLP DM-20 consensus sequence”
a 46 46 ..INETY...

B 91 91 ..YNKTT. ..

b% 221 186 ..SNLTL. ..

o 272 237 ..RNGTK. ..

“The residue numbers are for the mature DM-20/PLP proteins.

®Single letter codes are used to specify amino acids. Small capital letters indicate the
wild-type amino acid sequence, and capital letters show the amino acids inserted by
site-directed mutagenesis to generate N-glycosylation sequences conforming to the
NxT/S consensus.

of translocation signals that enable insertion of these proteins into
rough endoplasmic reticulum (RER) membranes. We find that
DM-20 and PLP contain at least two such signals that are active
during de novo synthesis. Finally, we find that the [gM monoclonal
antibodies 1A9 and 010, widely used as markers for the oligoden-
drocyte lineage, bind to an extracellular hydrophilic segment
common to both proteolipid proteins.

MATERIALS AND METHODS

¢DNA constructs. A 1.4 kb EcoRI fragment made up of human PLP
cDNA (Puckett et al., 1987) was used as the starting point for all of the
constructs. The DM-20 cDNAs were constructed by replacing the 330 bp
Bglll/Ncol fragment from the PLP c¢cDNA with a 225 bp Bglll/Ncol
fragment from murine DM-20 cDNA (Timsit et al., 1992b). Neither
DM-20 nor PLP is a glycoprotein; glycosylation sites were introduced into
the cDNAs encoding these proteins by PCR-based site-directed mutagen-
esis as described previously (Gow et al., 1994b). A single codon was
inserted into cDNAs to generate each of the consensus N-glycosylation
recognition sequences (Table 1). Thereafter, the cDNAs were subcloned
into pSP64 polyA (Promega, Madison, WI) for subsequent use in in vitro
transcription/translation reactions (see below).

A human PLP cDNA, previously engineered to create a BstEII site
beginning at amino acid G146, was linearized with BstEIl, filled in with
Klenow (NEB, Beverly, MA), and ligated, thereby bringing into frame a
translation-termination signal eight codons downstream. Thus, the amino
acid sequence after G146 is HVTPTRG, and the resulting truncated
protein contains amino acids 1-147 of PLP. A human cDNA, modified to
encode the C-terminal 177 amino acids of PLP, was generated by insert-
ing a polycloning site into an existing BstXI site across the translation
start signal for the protein. The first restriction site in the polylinker is
Xbal. The resulting cDNA was restricted with Xbal and Bg/II to remove
the 5’ 300 bp of coding sequence, then filled in with Klenow. Ligation of
the DNA preserved the reading frame with the amino acid sequence at
the N terminus becoming MGSRIFGD. Thus, the resulting truncated
protein comprises amino acids 99-276 of PLP. The synthesis of all other
mutant cDNAs used is described elsewhere (Gow et al., 1994b; Gow and
Lazzarini, 1996).

In vitro transcription and translation reactions. Plasmids encoding DM-
20s and PLPs, which had been engineered to contain N-glycosylation
consensus sequences within the open reading frame, were linearized with
HindIII or Sall (NEB) and transcribed in vitro using the Promega Ribo-
probe kit following the protocols supplied by the manufacturers. SP6
RNA polymerase was used in all reactions to generate sense-strand
mRNAs, which were uncapped at the 5’ ends but polyadenylated at the 3’
ends because of the presence of a poly(A™) stretch in the polylinker
immediately upstream of the HindIII site. Plasmids linearized with Sall
did not give rise to polyadenylated mRNAs, but these performed equally
well to poly(A™)-tailed transcripts in subsequent reactions.

The mRNAs were purified free from plasmid DNA and translated in vitro
using Promega reticulocyte lysates in the presence or absence of dog pan-
creas microsomes to effect carbohydrate addition to any N-glycosylation sites
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in the nascent polypeptides, which were cotranslationally translocated. Pro-
tein molecules synthesized in these reactions were radiolabeled with [*3S]me-
thionine (NEN), which was included in accordance with the manufacturers
recommendations. The cotranslational addition of carbohydrates to polypep-
tide chains in the presence of microsomes was verified through enzymatic
cleavage. After in vitro translation, the reactions were divided into two and
incubated in an equal volume of buffer containing 100 mMm Tris, pH 8.6, 50
mM EDTA, 1% Triton X-100, and 1% 2-mercaptoethanol and PMSF for 1
hr at 37°C (Johnson et al., 1989) in the presence or absence of 0.2 units of
endoglycosidase F (Boehringer Mannheim, Indianapolis, IN).

SDS-polyacrylamide gels. The discontinuous gel system devised by Lae-
mmli (Laemmli, 1970) was used for electrophoresis of proteins on 12%
polyacrylamide gels using a BioRad miniprotean electrophoresis unit
(Richmond, CA). The in vitro translation reaction products were mixed
with equal volumes of a 2X stock of sample buffer containing the
standard concentrations of Tris salts but with 5% SDS 0.5%
2-mercaptoethanol added fresh. The samples were heated at 50°C for 10
min, then loaded onto gels alongside '*’I-labeled 14.4-220 kDa M,
markers (NEN). Gels were infiltrated with Amplify (Amersham, Arling-
ton Heights, IL), vacuum-dried onto Whattman 3MM paper (Fisher,
Agawam, MA), and exposed to x-ray film.

Immunofluorescence staining. COS-7 cells were cultured and trans-
fected using CaPO,~DNA precipitates as described previously (Gow et
al., 1994a). Twenty-four hours after commencing the transfections, cul-
ture dishes of cells were prepared for immunofluorescence staining. Cells
were washed twice for 1 min in HEPES-containing modified Eagle’s
medium (MEM, Life Technologies, Gaithersburg, MD), warmed to 37°C,
and then fixed for 30 min in the same medium containing 2% parafor-
maldehyde. For live cell staining, dishes were gradually cooled to room
temperature, then to 4°C over 10 min. The dishes were then placed in a
water-ice slurry for 30 min and the cells incubated in 100 ul of culture
medium containing 25 mMm HEPES buffer, pH 7.2, and antibody (the
mouse monoclonal IgM antibody 1A9 was diluted 200-fold; the hybrid-
oma supernate for the mouse monoclonal IgM antibody O10, a kind gift
from M. Schachner, ETH Zurich, was undiluted; and the rabbit poly-
clonal 81-11 antiserum, a kind gift from J. Benjamins, Wayne State
University, was diluted 100-fold). The cells were washed thrice for 1 min
each in ice-cold MEM, then fixed in the same buffer containing 2%
paraformaldehyde (Sigma, St. Louis, MO). The fixative was initially at
4°C but warmed to room temperature during the fixation. Thereafter, the
cells were immunostained as described previously (Gow et al., 1994b) and
viewed using a Leica TCS 4D laser scanning microscope. Confocal images
of transfected cells were obtained as a series of optical sections covering
a distance of 2-5 um on the z-axis, and these sections were superimposed
to generate extended-focus images. Additional primary antibodies used
for immunocytochemistry were rat anti-DM-20/PLP (AB3) (Yamamura
et al., 1991); rabbit anti-PLP (PLP130) (Sinoway et al., 1994); mouse
anti-vimentin monoclonal IgM (Sigma). Goat anti-IgM p-chain-specific
antibodies were obtained from Jackson ImmunoResearch Labs (West
Grove, PA), and all other immunochemical reagents were obtained
through Amersham or Molecular Probes (Eugene, OR). The confocal
images presented below are representative examples of at least 80% of
the transfectants in our experiments.

RESULTS

Two hydrophilic segments common to DM-20 and PLP
are exposed on the luminal surface of rough
microsomes during de novo protein synthesis

We engineered N-glycosylation sites in the first, second, and third
internal hydrophilic loops and adjacent to the C terminus in both
DM-20 and PLP by insertion into the primary structure of a single
amino acid (see Table 1 and Fig. 1). We then used these mutated
cDNAs containing the consensus N-glycosylation sites to program
in vitro transcription/translation systems in the presence or ab-
sence of dog pancreas microsome membranes, which are compe-
tent to perform N-glycosylation. Glycosylation sites « and vy in the
a-b and c—d loops were efficiently glycosylated, whereas sites 3
and 6 in the b—c loop and at the C terminus were not glycosylated
in either protein. Glycosylation was demonstrated by a retardation
in electrophoretic mobility equivalent to ~3 kDa, consistent with
the N-glycosylation of a single site in each molecule (Fig. 2a). In
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Figure 1. Hydrophobicity plot calcu-
lated for PLP. a, The GES algorithm
(Engelman et al., 1986) with a window
size of 17 amino acids identifies four
potential transmembrane domains (la-
d beled a—d). Although amino acids 116—
150 of PLP are absent in DM-20 (bidi-

.

2 A 116-150
in DM20
a b i —- c
A

2 -

Hydrophobicity (GES)
=
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rectional arrow), the shape of the
hydrophobicity plots for the two proteins
is almost identical. In the current study,
four consensus N-glycosylation sites (see
Table 1) were inserted into cDNAs en-
coding PLP and DM-20 at the positions
denoted «, B, v, and 6. The positions of
two peptides used to raise the antibod-
ies, PLP130 (Sinoway et al., 1994) and

i

b PLP (99-276)

AB3 (Yamamura et al., 1991), are indi-
cated. b, Bidirectional arrows indicate re-

PLP (1-147)

gions of full-length PLP, which is en-
coded by the truncated PLP cDNAs

some in vitro translations in the presence of membranes, the
glycosylation reaction, although clearly apparent, was not com-
plete; in these reaction mixtures, nonglycosylated product could
be detected in the same reaction mixture (Fig. 2a). When the
glycosylated products were treated with endoglycosidase F, the
labeled DM-20 or PLP reverted to the same electrophoretic
mobility as the nonglycosylated product (Fig. 2b). These data are
consistent with the prediction that the two hydrophilic a—b and
¢—d loops (see Fig. 1) are translocated during synthesis on RER
membranes into the lumen where N-glycosylation can occur. On
transport and assembly into the oligodendrocyte plasma mem-
brane, therefore, these segments in both DM-20 and PLP are
exposed on the topologically equivalent extracellular membrane
surface. In contrast, the b— loop, which contains the PLP-specific
segment, is likely to be cytoplasmically disposed in both mole-
cules, because the engineered N-glycosylation site in this loop was
incapable of becoming glycosylated. In fact, immunolabeling stud-
ies (see below) confirm this prediction.

There are at least two signals for membrane insertion
in PLP

The foregoing glycosylation experiments tested for exposure of
each hydrophilic loop on the luminal or extracellular membrane
surface. It was concluded from these experiments that the hydro-
philic a-b and ¢—d loop domains (see Fig. 1) are both predicted to
be at the extracellular apposition of the myelin membrane, i.e., in
the wild-type DM-20/PLP molecules; these hydrophilic loops
should be exposed in the lumen of the RER during biosynthesis

used for transfection in Figure 3.

on membrane-bound ribosomes. Taken together with the fact that
the b—c loop in PLP, which has a net charge of +6 and, therefore,
is almost certainly cytoplasmically disposed (and also cannot be
glycosylated), we may conclude that either hydrophobic segments
¢ or d, or both, are membrane-embedded. This necessitates that
the signal sequences for insertion into membranes are present in
either segments c or d, or both, and, therefore, it was worth testing
whether such insertion signals are located in these segments.
Accordingly, we engineered two truncated PLP cDNAs, PLP
1-147 and PLP 99-276, which encode the first two or second two
hydrophobic segments, respectively, and use the natural methio-
nine for translation initiation. These cDNAs were then trans-
fected individually into cells and the intracellular distributions of
the truncated molecules mapped using appropriate antibodies. In
both cases, a reticular pattern of labeling (Fig. 3), highly concen-
trated in the perinuclear region but extending out into the cell
periphery, was observed. Curiously, the reticular pattern strongly
resembles that reported previously for some cells expressing wild-
type DM-20 and PLP and is remarkable in that the intracellular
membranes in which the truncated PLPs are found are not vesic-
ulated (A. Gow, unpublished data) (Timsit et al., 1992b) as is
normally the case for several intracellular organelles after form-
aldehyde fixation (Sabatini et al., 1963). This suggests that when
present at high levels, these very hydrophobic segments may
confer a certain rigidity to the membranes of the RER, Golgi, and
perhaps lysosomal membranes. Furthermore, the absence of the
truncated forms in the plasma membrane and their retention in

Figure 2. SDS-PAGE of **S-labeled DM-20
and PLP. The proteins were synthesized by in
vitro translation of mRNAs containing engi-
neered N-glycosylation consensus sites (see

a. b. Fig. 1a) in reticulocyte lysates in the presence
Protein PLP DM20 of dog pancreas microsomes. a, Decreased

Protein PLP DM20 M, N-glycsite  a o Y M, mobilities of DM-20 and PLP in some lanes
Nglycsite . a p y 8 - a p y & (kDa) EndoF - + + -+ v &Da)  jpdicate that these proteins have been co- or
- - 30 post-translationally modified. b, Digestion of

"1 LS 8a2
aesae®

the modified proteins with endoglycosidase F
20 indicates that the mobility shifts are attribut-
able to N-glycosylation.
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a. PLP (1-142) b. PLP (99-276)

Figure 3. Subcellular distributions of two truncated PLPs (see Fig. 1b) in
transfected COS-7 cells. Immunofluorescence staining, using an antibody
raised against amino acids 107-130 of PLP (PLP130) (Sinoway et al.,
1994), reveals the truncated PLPs that are present in the endoplasmic
reticulum. a, The N-terminal two potential transmembrane domains of
PLP (amino acids 1-147). b, The C-terminal two potential transmembrane
domains of PLP (amino acids 99-276). The insets show, at higher power,
reticular staining that is consistent with the localization of PLP in the
endoplasmic reticulum.

intracellular compartments are consistent with previous observa-
tions that alterations in the PLP primary sequence causes reten-
tion in these compartments, most notably the RER (Gow et al.,
1994b; Gow and Lazzarini, 1996; Tosic et al., 1996).

The PLP-specific peptide is exposed on the
cytoplasmic side of the membrane bilayer

To probe directly the membrane orientation of the PLP-specific
peptide segment, which, as we demonstrated above, cannot be
glycosylated, PLP expressors were fixed and treated with an anti-
body raised against this region of the rat PLP sequence (Sinoway
et al., 1994) encompassing amino acids 107-130 that form part of

a.[PLP130] AB3

Figure 4. The epitopes in PLP for the PLP130 polyclonal
antibody and the AB3 monoclonal antibody (see Fig. 1a) are
cytoplasmic. In each panel, the antibody used for live staining
of transfected cells is shown in brackets. The antibody used
after fixation/permeabilization is underlined. In a and b, nei-
ther of the antibodies incubated with the live cells binds to
their epitopes, whereas both of these antibodies bind their
epitopes after fixation/permeabilization. In ¢ and d, the vimen-
tin antibody is used as a negative control to indicate that the
plasmalemma of the transfected cells was not compromised
during live cell staining.

.[VIM-13.2] AB3
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the PLP-specific segment. Nonpermeabilized cells do not react
with the peptide antiserum (absence of red fluorescence in Fig.
4a); in contrast, when cells are permeabilized, PLP immunofluo-
rescence is clearly observed (red fluorescence in Fig. 4b). Clearly,
the PLP-specific peptide, and therefore the b—c loop of this
protein, is located cytoplasmically where it is in a favorable posi-
tion to participate in the formation of the major dense line,
perhaps by contributing positive charges to the membrane inter-
face (Yoshida and Colman, 1996). As a control for the fixation
and permeabilization procedures, an IgM monoclonal vimentin
antibody was used on either live or fixed PLP expressors in
conjunction with the AB3 antibody. As expected, vimentin anti-
body treatment of live cells revealed no labeling (Fig. 4¢); these
same cells when fixed, permeabilized, and treated with AB3 re-
vealed surface and intracellular pools of PLP (green). In contrast,
fixed and permeabilized cells labeled with AB3 (green) and vi-
mentin (red) revealed intracellular but nonoverlapping distribu-
tions for both proteins (Fig. 4d). The asterisks in Figure 4d denote
COS-7 cell processes in which vimentin intermediate filaments are
clearly visible extending away from the perinuclear region toward
the tips of these processes.

Antibodies against common sites in DM-20 and PLP
yield identical staining patterns in transfected cells

In the course of screening COS-7 cells transfected with cDNAs
encoding either DM-20 or PLP, we used three monoclonal anti-
bodies [1A9 (Gard and Dutton, 1987), O10 (Schachner, 1982),
and AB3 (Yamamura et al., 1991)] that have been shown to
strongly label oligodendrocytes, which naturally express DM-20
and PLP simultaneously. When the two proteins were expressed
individually in transfectants, the following observations were
made. The 1A9 antibody (red) labels the surface of either live
(Fig. 5a,d) or paraformaldehyde-fixed (data not shown) DM-20

b.[AB3] PLP130

d.VIM-13.2/AB3
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a.PLP- [1A9]

d.DM20 - [1A9]
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c.PLP- [1A9] AB3

f.DM20 - [1A9] AB3

Figure 5.  Double-immunofluorescence staining shows that the epitope for the 1A9 monoclonal antibody is extracellular. Transfected COS-7 cells are
expressing PLP (a—c) or DM-20 (d—f). Live cell staining with 1A9 (red) is shown in a and d, whereas AB3 staining (green) after fixation/permeabilization
is shown in b and e. Overlays of the 1A9 with AB3 staining are shown in ¢ and f. The arrow in a indicates a microvillus on the surface of the cell, which

is brightly stained for PLP.

and PLP expressors. On the other hand, the AB3 antibody
(green), which is directed against the C-terminal sequence com-
mon to both DM-20 and PLP, does not label live cells expressing
DM-20 or PLP (absence of green fluorescence in Fig. 4b) but
heavily labels surface and internal pools (asterisk in Fig. 5b) of
both proteins in fixed and permeabilized expressors (see Figs. 4a,
Sb,e). In these studies, the 010 antibody yields immunofluores-
cence staining that is identical to that obtained with the 1A9
reagent (Fig. 6).

Missense mutations have disparate effects on the
trafficking of DM-20 and PLP

The biochemical and immunolabeling studies described above, as
well as evidence from other sources (Kitagawa et al., 1993; Yan et
al., 1993; Yoshida and Colman, 1996), argue strongly for identical
topologies with respect to the phospholipid bilayer for DM-20 and
PLP. In this light, it is of particular interest that certain missense
mutations exact differential effects on the intracellular trafficking
of these isoforms in oligodendrocytes and transfected fibroblasts
(Gow and Lazzarini, 1996). An example of this is shown in Figure
7, in which the missense mutation L223I was expressed in trans-
fected cells and labeled live (Fig. 7a,c) with the polyclonal anti-
body 81-11, which recognizes amino acids 209-215 in PLP. The
cells were then fixed/permeabilized and labeled with the AB3
monoclonal antibody (Fig. 7b,d). As shown previously, a wild-type
pattern of immunofluorescence staining was observed for the
mutant DM-20 (compare Figs. 7b and 5b) but not with the
cognate mutant PLP (Fig. 7d). Interestingly, the disparate effects
of the mutation at leucine 223 on the trafficking of DM-20/PLP
are dependent on the identity of the substituted amino acid,

because the expression of cDNAs encoding the L223P mutation
results in the retention of both isoforms in the RER (data not
shown). Perhaps the capacity of a particular mutation to disrupt
the trafficking of both DM-20 and PLP depends on the related-
ness of the side chains between the wild-type and substituted
amino acid. In this regard, L223] is a conservative substitution,
whereas L223P is a nonconservative change. However, not all
nonconservative substitutions behave the same. In this regard,
D202H is a nonconservative mutation also in the ¢c—d loop domain
that nevertheless does not impede DM-20 trafficking (see Table 2)
while arresting the trafficking of PLP (Gow et al., 1994b). Re-
markably, therefore, although DM-20 and PLP have a common
transmembrane topology in terms of the disposition of sequential
hydrophobic and hydrophilic segments, more subtle conforma-
tional differences between these proteins almost certainly exist.

Point mutations in the c-d loop of DM-20/PLP

eradicate binding of the 1A9 and 010 reagents

Having established that both 1A9 and 010 IgM monoclonals react
with epitopes in extracellularly disposed loops of DM-20 and PLP,
we next attempted to localize the epitopes more precisely in these
myelin proteolipids. To explore this, we took advantage of the fact
that the binding of both of these monoclonal antibodies is sensi-
tive to the conformation of their epitopes (Schachner, 1982; Gard
and Dutton, 1987). Thus, we used a number of missense muta-
tions and species-specific polymorphisms in DM-20 that, although
changing the primary sequence, still allow the mutant DM-20s to
reach the plasma membrane of host cells (see Fig. 7b). For these
studies, 1A9 and 010 binding was detected by immunofluores-
cence staining and scored as either + or — in the summary in
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a.PLP- [010] b.PLP- AB3

d.DM20 - [010]
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£.DM20 - [010] AB3

Figure 6. Double-immunofluorescence staining shows that the epitope for the O10 monoclonal antibody is extracellular. Transfected COS-7 cells are
expressing PLP (a—c) or DM-20 (d—f). Live cell staining with O10 (red) is shown in @ and d, whereas AB3 staining (green) after fixation/permeabilization
is shown in b and e. Overlays of the O10 with AB3 staining are shown in ¢ and f.

Table 2. Although the 1A9 and O10 immunoreactivities of the
mutant proteins were unaffected by mutations located in the first
two hydrophilic loops, labeling was abolished by mutations resid-
ing in the distal portion of the ¢—d loop (Fig. 8). Amino acid
changes affecting the proximal region of the c—d loop (/86T and
S198T) yielded protein products with, at most, slightly diminished
reactivity to the 1A9 and 010 reagents when compared with
controls expressing the wild-type proteins. These results suggest
that the region of DM-20 (and by analogy, PLP as well) that is
recognized by 1A9 and 010 lies between amino acids 200 and 223
of the PLP sequence (equivalent to amino acids 165-188 of the
DM-20 sequence). It is of interest in this regard that the confor-
mation of this segment of the c—d loop is almost certainly influ-
enced by the presence of a disulfide linkage between amino acids
200 and 219, which may place this segment in an exposed position
on the surface of the transfectants. In the myelin membrane,
exposure of this segment at the extracellular interface may place
it in a favorable position to interact with partner proteolipid
molecules emanating from the opposite bilayer. In support of this
notion, Stephens et al. (1996) have recently found that the c—d
loop of PLP and, in particular, of amino acids 209-217, is a
common B-cell determinant for many antimyelin and anti-PLP
sera, which recognize the epitope on live and fixed mouse oligo-
dendrocytes in culture and paraformaldehyde-fixed brain sections.

DISCUSSION

DM-20 and PLP are members of an ancient family of proteolipid-
type proteins that share common hydrophobicity profiles and
contain certain identical elements in their primary sequences. In
addition to their expression in white matter, these molecules are

expressed in neurons, heart, kidney tubules, and choroid plexus
(Baumrind et al., 1992; Campagnoni et al., 1992; Lagenaur et al.,
1992), and all the gene products are predicted to be polytopic,
containing noncleavable hydrophobic signals for insertion into
the RER.

Although it is not known with any degree of precision how
DM-20 and PLP function together in the establishment and
maintenance of the myelin sheath, it is of interest that in all
tetrapods studied to date (with the exception of Xenopus), the two
proteins are found together in myelin and sometimes with P, (see
Yoshida and Colman, 1996). Their similar expression patterns
across species, very similar biochemistries and hydrophobicities,
apparent ability to interact with each other in vitro (Sinoway et al.,
1994; Gow and Lazzarini, 1996), and possible evolutionary rela-
tionship with ligand-gated channels (Kitagawa et al., 1993) have
lead to speculation that DM-20/PLP may form heteromeric com-
plexes in myelin, perhaps with a defined stoichiometry. Further-
more, preliminary evidence indicates that when coexpressed on
the surface of host cells, these two proteins induce rapid aggre-
gation of expressing cells (M. P. Sinoway and D. R. Colman,
unpublished data), providing evidence for the notion that the
natural function of the DM-20/PLP complex in myelin is mem-
brane adhesion (for review, see Braun, 1984; Duncan, 1990;
Boison and Stoffel, 1994; Boison et al., 1995).

From an evolutionary standpoint (see Yoshida and Colman,
1996), the DM-20 protein seems to have been expressed in the
first myelinated vertebrates, which presumably were shark-like
organisms that, along with DM-20, expressed P, as the primary
compactor of myelin membranes. Significantly later in the course
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Table 2. Summary of immunofluorescence staining with the 1A9 and
010 monoclonal antibodies on transfected COS-7 cells expressing
missense mutant DM-20s

Antibody used for

Missense Er(rlllilrll\(])allecrilé h\/ecellﬂ xz:g: (]))nl\/:hze0
mutation in DM-20  1A9 010  cell surface®
Wild type (human)® ++ ++

H36Q (pt rabbit) 36 ++ ++

T115K (PMD) 115 ++ ++

T155I (PMD) 120 ++ ++

I186T (rsh mouse) 151 + +

T198S (rabbit)” 163 ++ ++

D202H (PMD) 167 - - yes

D202E (PMD)“ 167 - - yes

P215S (PMD) 180 - - yes

V218F (PMD) 183 - - yes

1.2231¢ 188 +/—= - yes

S252P¢ 217 ++ ++

“The amino acid sequence of human DM-20 is identical to the mouse protein.

>Wild-type rabbit DM-20 differs from the human protein by the conservative substi-
tution T198S, which would not be expected to affect protein function (Tosic et
al., 1994).

“0. Boespflug-Tanguy, personal communication.
4Denotes missense mutations that are not known to be naturally occurring.

“Revealed by live cell 81-11 polyclonal antibody immunofluorescence staining (see
Fig. 7a; data not shown).

of evolution, coincident with the emergence of amphibia, the
highly charged PLP-specific segment was inserted into the DM-20
gene to yield the current arrangement of exons and introns that
constitutes the PLP gene. Our results demonstrate that incorpo-
ration of the charged segment into DM-20 to yield the new PLP
molecule apparently did not alter the topology of these proteo-
lipids but instead preserved what must have been a very ancient
form of association of a polypeptide with a phospholipid bilayer.
In particular, the absence of cleavable, N-terminal signal se-
quences in many polytopic proteins is consistent with the idea that
polypeptides with permanent insertion signals arose in very an-
cient organisms, even before the development of the secretory
apparatus (Sabatini et al., 1982). Several other myelin proteins
with similar topologies have recently been described including
PMP22 (Suter et al., 1992), MAL/MVP17 (Kim et al., 1995;
Schaeren-Wiemers et al., 1995), OSP (J. M. Bronstein, unpub-
lished data), and the connexins (Milks et al., 1988).

It is of great interest that although DM-20 and PLP share
identical topologies, the presence of the PLP segment on the
cytoplasmic aspect of the bilayer in some way renders PLP sus-
ceptible to conformational changes that prevent it from obtaining
a stable conformation in the RER and reaching the cell surface
(see Fig. 7). Many missense mutations, when introduced into the
DM-20 sequence, allow this protein to reach the cell surface
apparently unimpeded (see Table 2). On the other hand, these
identical mutations, when introduced into PLP, cause a dramatic
accumulation of the altered polypeptide in intracellular compart-
ments from which it cannot exit. Presumably, these particular
missense mutations change protein conformation sufficiently to
yield misfolded PLP products that are recognized and retained in
the RER by resident proteins (Gething and Sambrook, 1992;
Hammond and Helenius, 1995), although other explanations can-
not be presently discounted (see below). In any case, whatever the
improvement or modification of function in the myelin membrane
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a. DM20.1.2231 b. DM20.1.2231

d. PLP.L2231

Figure 7. The L2231 missense mutation, which is common to DM-20 and
PLP, differentially affects the intracellular trafficking of these mutant
proteins in transfected cells. Immunofluorescence staining of transfected
COS-7 cells using the AB3 monoclonal antibody shows the wild-type
distribution of DM-20"2%*" (b). Cell surface staining is clearly visible from
81-11 antibody staining (a), indicating that the mutation does not affect
the intracellular trafficking of DM-20 through the secretory pathway.
However, the identical mutation in PLP disrupts its trafficking; PLP***! is
not detectable on the cell surface (c) but rather accumulates in the RER
of the cell (d).

that is conferred by the PLP-specific peptide, which enabled the
domination of plp gene products over P, in the CNS of terrestrial
vertebrates, this segment also introduced a sensitivity to even
subtle changes in primary sequence in the protein that profoundly

Extracellular

NH,

Cytplasmic

Figure 8. Topological representation of DM-20/PLP derived from the
data in Figures 2-4. The biochemical and immunofluorescence staining
analyses are consistent with a four-transmembrane, N-terminus-in/C-
terminus-in topology for both DM-20 and PLP. The region of the protein
in which missense mutations abrogate both 1A9 and O10 monoclonal
antibody binding is indicated by the stippled stripe in the c-d loop domain.
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affects its intracellular trafficking after de novo synthesis in several
cell types.

Curiously, changes in protein conformation imparted by the
PLP-specific peptide not only confer sensitivity to amino acid
substitutions in or near cytoplasmic domains of PLP, such as that
observed for the 77551 mutation (Gow and Lazzarini, 1996), but
also to mutations in extracellular domains (see Fig. 8). This
implies that a transfer of information across the lipid bilayer
occurs and suggests that our previous mutational analyses (Gow et
al., 1994b; Gow and Lazzarini, 1996) may have revealed a prop-
erty of the PLP-specific peptide that was selected during its
evolution from the primitive DMa-like gene (Yoshida and Col-
man, 1996). Furthermore, the fact that the expression of the
PLP-specific peptide is developmentally regulated by alternative
splicing (Ikenaka et al., 1992; Timsit et al., 1992a) suggests an
important role for this cytoplasmic domain in the normal function
of DM-20/PLP. At present, we can only speculate about the
nature of such a function and in this regard have drawn heavily on
the results of others who have reported evidence of transbilayer
signaling. For example, the deletion of cytoplasmic peptide seg-
ments from P,, E-cadherin, o;;,; integrin, or PECAM-1 dramat-
ically influences the adhesion mediated by the extracellular do-
mains of these proteins (Nagafuchi and Takeichi, 1988; Williams
et al., 1994; Wong and Filbin, 1994; Yan et al., 1995).

A provocative feature arising from previous cotransfection ex-
periments in fibroblasts (Sinoway et al., 1994; Gow and Lazzarini,
1996) is that DM-20 appears to facilitate the folding and traffick-
ing of PLP through the secretory pathway to the cell surface,
thereby suggesting that these proteins form heteropolymers. In
this regard, we note that during the course of evolution, events
that resulted in the appearance of the PLP-specific segment and
subsequent expunction of P, from CNS myelin have nevertheless
preserved the splice site that enables the independent expression
of DM-20 and that this splice site is present in all terrestrial
vertebrates that have been studied except for frogs, in which, for
whatever reason, this site did not survive the rigors of natural
selection (Schliess and Stoffel, 1991). An important implication of
this notion is revealed in the pathogenesis of Pelizacus—
Merzbacher disease in humans (Gow and Lazzarini, 1996); mu-
tations within the coding region of plp, which arrest the intracel-
lular trafficking of both DM-20 and PLP in the RER of oligo-
dendrocytes, give rise to a disease phenotype that is more
severe (connatal Pelizaeus—Merzbacher disease) than muta-
tions that result either in null alleles at plp or arrest the
trafficking of PLP but not of DM-20 (classical Pelizaeus—
Merzbacher disease).
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