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Abstract

PO glycoprotein is the major structural protein of peripheral nerve myelin where it is thought to
modulate inter-membrane adhesion at both the extracellular apposition, which is labile upon changes
in pH and ionic strength, and the cytoplasmic apposition, which is resistant to such changes. Most
studies on PO have focused on structure-function correlates in higher vertebrates. Here, we focused
on its role in the structure and interactions of frog (Xenopus laevis) myelin, where it exists primarily
in a dimeric form. As part of our study, we deduced the full sequence of Xenopus laevis PO (xP0)
from its cDNA. The xP0 sequence was found to be similar to PO sequences of higher vertebrates,
suggesting that a common mechanism of PNS myelin compaction via PO interaction might have
emerged through evolution. As previously reported for mouse PNS myelin, a similar change of
extracellular apposition in frog PNS myelin as a function of pH and ionic strength was observed,
which can be explained by a conformational change of PO due to protonation-deprotonation of His52
at PO’s putative adhesive interface. On the other hand, the cytoplasmic apposition in frog PNS myelin,
like that in the mouse, remained unchanged at different pH and ionic strength. The contribution of
hydrophobic interactions to stabilizing the cytoplasmic apposition was tested by incubating sciatic
nerves with detergents. Dramatic expansion at the cytoplasmic apposition was observed for both frog
and mouse, indicating a common hydrophobic nature at this apposition. Urea also expanded the
cytoplasmic apposition of frog myelin likely owing to denaturation of PO. Removal of the fatty acids
that attached to the single Cys residue in the cytoplasmic domain of PO did not change PNS myelin
structure of either frog or mouse, suggesting that the PO-attached fatty acyl chain does not play a
significant role in PNS myelin compaction and stability. These results help clarify the present
understanding of P0’s adhesion role and the role of its acylation in compact PNS myelin.
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1. Introduction

Mouse PNS myelin structure and stability at different pH and ionic strength have been studied
by x-ray diffraction (Inouye and Kirschner, 1988a; Inouye and Kirschner, 1988b). As shown,
myelin swelling and compaction at its extracellular apposition can be largely accounted for by
a balance between electrostatic repulsion and van der Waals attraction between membrane
surfaces according to the DLVO theory of colloid stability. The width of this apposition (and
myelin period) change as a function of pH at physiological ionic strength, i.e., the native period
is stable only at neutral to slightly alkaline pH but increases at lower pH. Compaction to the
native period from the swollen period at neutral pH is proposed to arise from the ionic
interaction between deprotonated His52 and positive-charged Arg45’ at the putative adhesive
interface between trans-oriented PO extracellular domains (P0-ed; (Shapiro et al., 1996)). The
cytoplasmic apposition, by contrast, is nearly constant at different pH and ionic strength, and
therefore unlikely to result from electrostatic interaction; rather, the stable apposition may arise,
in part, from hydrophobic interactions (Inouye and Kirschner, 1988a; Inouye and Kirschner,
1988b) or may be related to the acylation of the single Cys residue in the PO cytoplasmic domain
(PO-cyt) (Bizzozero et al., 1994; Inouye et al., 1999). Recent solution studies of PO-cyt
reconstituted in lipid vesicles by circular dichroism and fluorescence spectroscopy suggest that
intermolecular interactions involving B-strands in the apposed PO-cyt molecules are likely to
be responsible for the tight cytoplasmic apposition (Luo et al., 2007).

In the last two decades, sequences of PO from different species have been reported, including
Rattus norvegicu: rat (Lemke and Axel, 1985), Bos taurus: bovine (Sakamoto et al., 1987),
Heterodontus francisci: Horn shark (Saavedra et al., 1989), Gallus gallus: chicken (Barbu,
1990), Homo sapiens: human (Hayasaka et al., 1991), Mus musculus: mouse (You et al.,
1991), Salmo sp.: trout (Stratmann and Jeserich, 1995), and Danio rerio: zebrafish (Schweitzer
etal., 2003). However, lack of PO sequence information from Xenopus laevis (frog), the classic
model of amphibian species, has limited our understanding of the evolution of PO structure and
function in myelin compaction and stability. Here, we report the complete amino acid sequence
of Xenopus (xP0) deduced from its corresponding cDNA. xP0 sequence is highly similar to
PO sequences of mouse and other higher vertebrates. Multiple residues, including Arg45 and
His52 located at the PO adhesive interface (Shapiro et al., 1996) and some critical sites of post-
translational modification (Inouye and Kirschner, 1991), including putative phosphorylation
(Eichberg, 2002), N-glycosylation (Sakamoto et al., 1987), and S-acylation (Bizzozero et al.,
1994; Gao et al., 2000) sites, thought to be essential for PO homophilic interactions, were fully
conserved in xP0. This high degree of sequence conservation supports the idea that a common
mechanism of myelin compaction via PO adhesion might exist in the frog and higher
vertebrates.

In the current study, using x-ray diffraction, we tested this hypothesis by investigating the
structure of frog PNS myelin under different experimental conditions. We show that the width
of extracellular apposition of frog PNS myelin changed as a function of pH and ionic strength
in a similar way as observed for mouse myelin. This result suggests that the His52 and Arg45’
interaction probably also exists in the adhesive interface of trans-located xP0-ed. Also similar
to that of the mouse, the cytoplasmic apposition of frog PNS myelin remained constant at
different pH and ionic strength. An increase in width of this apposition after nerves were treated
with detergents and urea suggests that hydrophobic forces contribute to the stability at the
cytoplasmic apposition. By contrast, this apposition remained stable when either frog or mouse
sciatic nerves were treated with hydroxylamine (HA) to remove the fatty acids bound to the
single Cys residue in PO-cyt, suggesting that acylation of PO is not required to maintain this
apposition.
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2. Materials and Methods

2.1. Materials

Adult female Xenopus laevis were purchased from NASCO (Fort Atkinson, WI); Trypsin
(gold) was obtained from Promega (Madison, WI), MALDI matrix 2, 5-dihydroxybenzoic acid
(DHB) from Bruker (Billerica, MA) and other chemicals were obtained from Sigma-Aldrich
(St. Louis, MO).

2.2. Sequencing of xPO

Xenopus laevis (frog) sciatic nerve myelin was isolated using a discontinuous sucrose gradient
(Norton and Poduslo, 1973). PO protein was separated from other myelin proteins by SDS-
PAGE, and was electroblotted onto an Immobilon-P nitrocellulose membrane (Millipore Corp.,
Billerica, MA) using Electrophoretic Transfer Cell (Bio-Rad, Hercules, CA). The membrane
was stained by Coomassie blue and the portion containing the PO band was excised, rinsed
with distilled water and sent for sequencing at University of Massachusetts Medical School
(Worcester, MA). The protein was digested with trypsin, and an aliquot of the digest was
subjected to MALDI-TOF mass spectrometry. Selected fractions were again analyzed by mass
spectrometry to determine purity and peptide size. Several fractions were sequenced by
automated Edman degradation using an Applied Biosystems 494 Precise protein sequencer.
Peptide sequences determined from MS analysis were searched against the NCBI non-
redundant database using the BLAST program to identify homologous sequences of PO in other
species (shark, chicken, rat, mouse, human, and bovine). The homologous sequences were then
used to design primers for RT-PCR and subsequent gene sequencing experiments.

Specifically, the sequence analysis of peptides obtained from trypsin-digested PO protein and
homology analysis yielded the following peptides: (1) EMYSVFHYAK and EMYSIVHFAK
(weakly conserved to residue 46-55 of Xenopus PO extracellular domain (xP0-ed)), (2)
GQPSIDAGVFK (residue 56-66 of xP0-ed), (3) IEWVGSPK (residue 69-76 of xP0-ed), (4)
SSYVHLQVQEK (residue 109-119 of xP0-ed), (5) QTPILYAMLDQTR (residue 185-197
of xP0-cyt), and (6) (G)LSSIDAGIF(K) (no apparent sequence homology). For initial PCR
reaction the sense and anti-sense primers were designed based on EMYSVFHYAK and
YAMLDQT peptides, respectively. The PCR product obtained was sequenced and aligned
with PO sequences from other species. This newly obtained sequence was used to design nested
and other primers used for 5" and 3' RACE experiments.

To minimize the complexities arising from allelic variations from Xenopus laevis, which is a
tetraploid organism, total RNAs from the sciatic nerves were isolated from a single frog with
the Micro-FastTrack™ 2.0 Kit (Invitrogen, Carlsbad, CA). Three sets of cDNAs were prepared
using RT-PCR technique employing random hexamer primers.

PCRs with designed sense and anti-sense primers were carried out to obtain different regions
of xP0 gene. 5’and 3' RACE (Invitrogen, Carlsbad, CA) were used to sequence the 5’ signal
sequence and 3" UTR respectively. All the fragments were cloned into TOPO TA vector
(Invitrogen, Carlsbad, CA) and sequenced at Beth Israel Deaconess Medical Center DNA
sequencing facility (Boston, MA). The sequencing results were analyzed using Chromas
software (written by C. McCarthy, Griffith University, Australia). The results reported were
from at least eight different sets of sequencing experiments using four different cDNAs
constructed from independent mMRNAs. The xPO0 protein sequence reported in this study (Fig.
1A) was deduced from at least five different sets of experiments.
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2.3. Sequence analysis

Sequence analysis was carried out by PROTEIN as coded in FORTRANT77 (Inouye and
Kirschner, 1991), and the hydrophobicities of the amino acids were scored (Eisenberg et al.,
1984). The signal sequence (Fig. 1D) was predicted on line
(http://www.cbs.dtu.dk/services/SignalP/; (Nielsen et al., 1997)), and the transmembrane
sequence (Fig. 1G) was predicted on line (http://www.sbc.su.se/~miklos/DAS/tmdas.cgi;
(Cserzo et al., 1997)).

2.4. Treatments of nerves

pH and ionic strength—Each dissected sciatic nerve from adult female Xenopus laevis was
tied-off at both ends with fine silk suture, placed in a 20 ml scintillation vial containing a chosen
buffer (see below), and allowed to equilibrate at room temperature while gently agitated on a
rocker. Buffers at low ionic strength were prepared by diluting 10 mM stock solutions, whereas
buffers at high ionic strength were prepared by adding the necessary amount of NaCl to a small
volume of the selected stock solution. The buffers for different pH treatments included glycine
at pH 2.5, acetic acid at pH 4.0 and 5.6, phosphate buffer at pH 7.3, Tris-HCI at pH 8.5, and
glycine at pH 10.0. The ionic strengths of the media at these pHs were 0.012, 0.029, 0.038,
0.115, 0.153, and 0.200.

Nerves incubated in physiological saline were equilibrated on the rocker for 24 hours. Samples
incubated in dilute saline were equilibrated for 24 or 48 hours. After incubation, each nerve
sample, along with a small amount of buffer, was inserted into a 0.7 mm quartz capillary tube
and sealed with wax at both ends.

Detergents and urea—Each sciatic nerve dissected from adult female frog was divided into
two segments and tied off with suture. Each nerve was lightly stretched over a frame (a notched
pipette tip) and placed into 20 ml of the appropriate incubation medium that had been diluted
from stock solutions. During incubation, nerves were gently rocked for 24 or 48 hours before
being transferred into 0.7 mm thin-wall quartz capillary tubes, which were then sealed with
wax. The incubation media included 1.4 mM DTMAB, 1.7 and 5 mM B-OG, 4 mM CHAPSO,
and urea (at 0.5, 6, and 8 M) in buffered saline (115 mM NaCl and 5 mM Tris, pH 7.3).

Hydroxylamine (HA) or CHAPSO—Freshly-dissected sciatic nerves were tied off at each
end with fine suture, and then incubated for 1-24 h with gentle agitation in 25 ml deacylation
solution. For frog, the solution (at room temperature) was 100 mM HA, 15 mM NaCl, and 5
mM Tris, pH 7.3; whereas for mouse, the solution (at 37 °C) was 100 mM HA, 54 mM NacCl,
and 5 mM Tris, pH 7.4. Some mouse nerves were also treated with 4 mM CHAPSO, 154 mM
NaCl, and 5 mM Tris, pH 7.4.

2.5. X-ray diffraction

X-ray diffraction experiments were undertaken as recently described (Avila et al., 2005). The
exposure times ranged from 15 min to 1 h. X-ray diffraction patterns were recorded using a
linear, position-sensitive detector (Molecular Metrology, Inc., Northampton, MA), and
analyzed using PeakFit (Jandel Scientific, San Rafael, CA). Background intensity,
approximated as a polynomial curve, was subtracted from the total intensity, and the integral
areas of the Bragg peaks were obtained. The phases of the observed structure amplitudes were
determined assuming either an invariant pair of membrane (Finean and Burge, 1963; Moody,
1963; Blaurock, 1971; Mclintosh and Worthington, 1974) or an invariant asymmetric structure
(Caspar and Kirschner, 1971; Kirschner and Ganser, 1982; Inouye et al., 1989). For the former,
the observed structure amplitudes map out a single continuous Fourier transform, whereas for
the latter, where intermembrane spaces can vary at both appositions, the best packing distance
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(unmin) was searched in order to give the best agreement, (i.e., the least R-factor) between the
observed and calculated structure amplitudes.

2.6. Protein in-gel proteolysis and MALDI-TOF MS peptide mapping

Native and deacylated frog or mouse sciatic myelin samples were boiled in sample buffer (2%
SDS, 10% glycerol, 0.1 mM DTT, 0.01% bromophenol blue, 63 mM Tris-HCI) before being
loaded on 4-20% Tris-HCI Novex precast polyacrylamide minigels (Invitrogen, Carlsbad,
CA). All gels were run at a constant voltage of 125 V for ~90 min. Gels were then stained by
standard Coomassie blue, and the bands corresponding to PO were excised, pooled, cut into
pieces of ~1 mm3, and washed with 50 mM NH4HCO4 followed by 100% acetonitrile
(CH3CN). After removal of the supernatant, gel segments were dried in a Savant Instruments
SC 110 SpeedVac™ concentrator (Farmingdale, NY) for 5 min, and incubated at 56 °C for 60
min in 25 pl of 10 mM dithiothreitol in 50 mM NH4HCO3. After cooling to room temperature
and removal of the supernatant, the gel pieces were incubated at 45 °C for 45 min in the dark
in 25 ul of 50 mM fresh iodoacetamide in 50 mM NH4HCO3, washed in 50 pl of 50 mM
NH4HCOj3 followed by 100% CH3CN, and dried using a SpeedVac™ to remove SDS, reducing
and alkylation reagents. The dried gel pieces were treated with trypsin (20 ng/ul). For each
digestion, the volume of enzyme solution was adjusted to cover gel pieces. All digests were
covered with additional buffer (50 mM NH4HCO3) and incubated at 37 °C overnight.

Peptides were extracted from the gel pieces by 3 x 30-min sonications in 100 pl-aliquots of
50% acetonitrile (in water). All extracts, including that of the incubation buffer, were combined
and dried in a SpeedVac™.

All mass spectra were acquired on a Bruker Reflex IV MALDI-TOF MS equipped with a Laser
Science nitrogen laser (Franklin, MA) having a 3-ns pulse width at 337 nm.

2.7. Molecular modeling

Swiss Modeler (Guex et al., 1999) was used to build a model of the three-dimensional atomic
structure of xP0O from the crystallographic structure of rat P0-ed (PDB ID 1NEU) as a template.
The model was displayed and manipulated using Molscript (Kraulis, 1991), XtalView (McRee,
1999), Rasmol (by Roger Sayle), PyMOL (DeLano, 2002), Swiss-PDB Viewer (Guex et al.,
1999), and QUANTA (MSI, Inc., Burlington, MA). The secondary structure, which underlies
the visual presentation of the model with MOLSCRIPT (Kraulis, 1991), was determined from
the atomic coordinates by DSSP (Kabsch and Sander, 1983) and STRIDE (Frishman and
Argos, 1995); http://www.emblheidelberg.de/stride_info.html). The stereochemistry of the
structure was evaluated using PROCHECK (Laskowski et al., 1993).

3. Results

3.1. Xenopus PO sequence resembled those of PQ’'s from higher vertebrates

Using RT-PCR and mass spectrometry, we determined the amino acid sequence of full-length
xPO0 from its cDNA (Fig. 1A) and verified the sequence by MALDI-TOF MS peptide mapping
of the purified protein. The observed variation in the third base of codons in the xP0 gene, most
likely due to the four alleles inherent in Xenopus laevis, could result in amino acid substitutions,
the most significant of which would be Gly213Cys and Ser215Phe in the cytoplasmic domain
(Fig. 1B). Such amino acid residues at these positions have not been identified in other species,
including cases of human pathology involving PO (Kirschner et al., 2004).

Overall, the xP0 sequence (including the signal sequence) showed a high degree of homology
(63% identity) with mouse PO (Fig. 1C) and with PO of other higher vertebrates (Kirschner et
al., 2004). Arg45 and His52 are conserved across a wide phylogenetic range, and were also
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present in xPO (Fig. 1E). In addition, Trp28 and Trp77 (both of which might directly interact
with membranes; (Shapiro et al., 1996)), Asn92 (which is N-glycosylated; (Sakamoto et al.,
1987)), and Cys152 (which is acylated; (Gao et al., 2000;Xie et al., 2007)) were all present in
xPO (Fig. 1F).

The net differences in the sequence were one additional acidic residue in mouse PO, and two
additional histidines in Xenopus. The calculated isoelectric point for Xenopus was 0.5 higher
than for mouse (see also Supplementary Fig. 3).

3.2. Changes in pH and ionic strength altered frog PNS myelin structure

X-ray diffraction of frog sciatic nerve suggested that myelin structure changed as a function
of pH and ionic strength (Fig. 2; Table 1 and 2). At acidic pH (= 4) and independent of ionic
strength, frog myelin compacted by ~10 A from native period to a period of 162-164 A.
Diffraction patterns showed sharp and intense even orders and weak odd orders, indicating
increased similarity in widths for the cytoplasmic and extracellular appositions. At higher pH
(5.6, 7.3, and 8.5) and physiological ionic strength (115 mM NaCl), myelin swelled by 6-20
A from its native period. Substantial further swelling occurred (~74-83 A) at these higher pHs
as the ionic strength decreased to 12 mM NaCl. The strong odd order reflections from these
diffraction patterns suggested that the membrane pairs were asymmetric—i.e., the space
between membrane bilayers was considerably greater at one of the appositions than the other.
At extreme pH of 2.5, myelin swelled to periods >300 A. At pH of 4.0, 5.6, 7.3, and 8.5, the
structure factors measured from the diffraction data from nerves at different ionic strength
mapped out a single continuous Fourier transform (Fig. 3), indicating that the difference in
periods comes from the variation in the fluid layer at the extracellular space (Fig. 2B; Table
2). The electron density profiles showed that the measured cytoplasmic separations (cyt) ranged
in width from 28-38 A, while the extracellular separations (ext) ranged from 37-146 A. The
distance between the lipid polar head group layers (Ipg) varied the least, ranging in thickness
from 45-51 A,

The electron density profiles on an absolute scale for the native, compacted, and expanded
structures were compared (Fig. 2B). The densities at the center of the lipid bilayer were identical
in these three profiles. The major difference between the native and compacted structures
occurred at the extracellular apposition where the density level of the compact structure was
higher than that of the native. The large difference between the native and expanded structures
occurred at the extracellular space, but the electron density levels at the cytoplasmic and
extracellular lipid head groups were also altered. While the electron density level of the lipid
head group layer at the cytoplasmic side in the native and compacted structures was higher
than that at the extracellular side, this relationship was reversed in the expanded structure.
These differences can be accounted for by different proportions of protein and lipid molecules
at the appositions.

3.3. Complete deacylation of PO had little effect on myelin structure

In the in vitro model where PO is transfected into Chinese hamster ovary cells, acylation of the
single Cys residue of PO-cyt (Bizzozero et al., 1994) is apparently essential for PO adhesion
between the extracellular surfaces of the cells (Gao et al., 2000). To test whether PO acylation
may underlie the stable cytoplasmic apposition in compact myelin (Inouye et al., 1999), both
frog and mouse sciatic nerves were treated with HA to cleave off the Cys-attached fatty acids
before being subjected to x-ray diffraction. Complete deacylation of PO by HA was confirmed
by MALDI-TOF-MS (data not shown). The nerve incubated in HA for 8 h gave sharp Bragg
reflections, and the calculated electron density profile was indistinguishable from that of the
nerve incubated for 8 h in Ringer’s solution (Figs. 4, 5; Tables 3). These results strongly suggest
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that deacylation of PO had no or little effect on myelin structure. A similar result was found
for mouse sciatic nerve deacylated with HA (Table 3).

3.4. Detergents and urea altered PNS myelin structure

To probe the possible hydrophobic nature of the cytoplasmic apposition, we treated frog sciatic
nerves with low concentrations of various detergents including CHAPSO (non-denaturing,
zwitterionic), B-OG (non-ionic), and DTMAB (cationic). In addition, urea was chosen to test
whether a denaturant would affect myelin compaction (Table 3, Figs. 6 and 7). B-OG at 5 mM
resulted in a native-like myelin period of 177 A (Fig. 6A), whereas 1.4 mM DTMAB (Fig. 6A)
and 0.5 M urea (Fig. 7) gave periods of 172 A and 177 A, respectively. The corresponding
electron density profiles of myelin after the latter two treatments showed a 4 A-increase in
width of the cytoplasmic separation. Nerves treated with 8 mM CHAPSO (Fig. 6B) or with
urea at 6 M and 8 M (Fig. 7) showed swollen myelin periods of 189 A, 245 A, and 260 A,
respectively. The decreased intensities of the odd order reflections indicated that the expansion
arose from an increase in membrane separation at both cytoplasmic and extracellular
appositions.

For comparison with the Xenopus nerves, we also treated mouse sciatic nerves with CHAPSO.
Overnight treatment with 4 mM CHAPSO resulted in a swollen myelin period of 293 A (Fig.
5; Table 3 italics). The electron density profile of sciatic nerve showed extensive swelling at
both the cytoplasmic and extracellular appositions (Fig. 5), which suggests that CHAPSO likely
weakened the hydrophobic interactions involved in the membrane compaction.

4. Discussion

To investigate the role of PO in and the contribution of electrostatic and hydrophobic
interactions to the stabilization of membrane arrays in PNS internodal myelin, we undertook
a comparative study of inter-membrane interactions in peripheral nerves from frog and mouse
using x-ray diffraction. As part of this study, we also deduced the full sequence of Xenopus PO
(xP0) from its cDNA. The sequence was verified by parallel mass spectrometry analyses
following tryptic digestion of the xPO protein.

4.1. Phylogenetic comparison of PNS myelin structure

PNS myelin periods vary among species, e.g. ~180 A for mammals, ~177 A for rodents, ~171
A for frog, and ~161 A for fish (Schmitt et al., 1935; Fernandez-Moran and Finean, 1957;
Hoglund and Ringertz, 1961; Finean and Burge, 1963; Moody, 1963; Blaurock, 1967; Akers
and Parsons, 1970; Caspar and Kirschner, 1971; Chandross et al., 1978; Blaurock et al.,
1986; Kirschner et al., 1989; Mateu et al., 1990). These differences derive mostly from
differences in the widths of the extracellular and cytoplasmic appositions between membrane
bilayers, and correlate generally with the sizes of the respective domains of PO or PO-like
proteins (Kirschner et al., 1989; Inouye and Kirschner, 1990; Inouye and Kirschner, 1991;
Avila et al., 2007). In teleosts, the width of the cytoplasmic apposition is 10 A smaller than
that of mouse and frog (Kirschner et al., 1989; Avila et al., 2007), and this is consistent with
a PO-cyt that is about half the size of the corresponding domains in the higher vertebrates
(Brésamle and Halpern, 2002).

The 10 A-shorter period of frog PNS myelin compared to that of higher vertebrates cannot
arise from a smaller xP0, as its number of residues was similar to that of the higher vertebrates.
Rather, the smaller period might come in part from the conformation of this molecule’s
transmembrane domain (xP0-tm) (Fig. 1G). While the distribution of hydrophobic residues in
PO-tm from most species (based on the hydrophobicity scale; (Eisenberg et al., 1984)) showed
a single, strong peak indicating a-helical amphiphilicity, that of xPO-tm gave an additional
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strong peak indicating B-amphiphilicity (data not shown). A sequence motif that frequently
occurs in the transmembrane domains of integral proteins and often in association with f-
branched residues at neighboring positions (Senes et al., 2000)—namely, GXXXG—was
present only once in xPO-tm but three times in PO-tms of most other species. Frog was also
unigue among all the species in that xP0 contained at the C-terminal end of the transmembrane
sequence a Thr residue that could contribute to inter-helical H-bonding (Smith et al., 2002).
Such sequence variability may underlie different conformations of the transmembrane domain
in PO, as a tilt or kink would shorten the length of the transmembrane domain. A previous,
alternative explanation is that the hydrocarbon chain length of the membrane lipids may be
shorter in frog than in other vertebrates (Caspar and Kirschner, 1971;Bizzozero et al., 1994).
Our recent results indicate that the fatty acyl group on Cys152 in Xenopus PO is C18 (Xie et
al., 2007), whereas it has been reported to be C16 in other vertebrates.

4.2.Balance of non-specific forces largely accounts for membrane interactions in frog myelin

Using DLVO theory-based procedures that we previously developed for analyzing inter-
membrane interactions from x-ray diffraction of mouse nerves (Inouye and Kirschner,
1988a; Inouye and Kirschner, 1988b), we calculated the charge densities of PO from both frog
and mouse with or without lipids on the extracellular surface of the myelin membrane. We
assumed that the lipid composition for frog and mouse were the same as that for rat (Table 2
in Inouye and Kirschner, 1988b). For mouse, the charge density gradually decreases as pH
increases; and the calculated pl value is 5.6 (protein only) or 4.3 (with lipids). For frog, these
values were about one-half pH unit higher than for mouse (Supplementary Fig. 1). We also
calculated the pair-potential energy curves for frog PNS myelin at different pHs
(Supplementary Fig. 2), and the equilibrium myelin period as a function of pH (Supplementary
Fig. 3). As shown experimentally and in agreement with the calculations, myelin period
depended on pH: swollen arrays at low acidic pH and at pH >5, and compacted arrays at pH
~4 (near the pl). Whereas the overall swelling and compaction of frog myelin was consistent
with the calculations, the observed 174 A native-like period was smaller than predicted. A
similar discrepancy is also observed for mouse PNS myelin (Inouye and Kirschner, 1988a;
Inouye and Kirschner, 1988b). For both species, deprotonation of His52 in PO may result in a
protein conformational change, and accounts for these findings.

4.3. Atomic model of xP0 provides insight into mechanism of myelin compaction

Molecular contacts between protomers in the crystal structure of rat PO-ed suggest which
interactions stabilize myelin compaction: on each membrane surface PO-ed forms homo
tetramers, and the tetramers from the apposing membranes adhere via a dimeric (two-fold)
interface containing His52 (Shapiro et al., 1996). Using rat PO-ed as a template (PDB ID:
INEU), we built an atomic model of xP0-ed with Swiss Modeler (Fig. 8 left). Visual inspection
of the model showed that the structure was stereochemically reasonable, as the backbone of
xP0-ed closely traced that of rat PO-ed (Fig. 8 right).

In xXPO, three tryptophan residues (Trp24, Trp28, and Trp77) are conserved and, according to
the model, are at the apical end of the molecule and, therefore, exposed at the surface. Residues
103-106 are disordered in the crystal structure of rat PO-ed (Shapiro et al., 1996), and were
modeled in xP0 to form a tight reverse turn that may be created by two consecutive Pro residues.
In xPO, two of five His residues are conserved (His52 and His 85), and the other three are non-
conservative substitutions compared to the rat sequence (frog#rat): Arg38His, Gly43His, and
Phel13His. In the current model, the two latter His residues are located near the C-terminus
of xP0-ed, close to the membrane surface, and may be involved in the interaction between the
protein and the apposed membrane. As the conserved His52 and His85 are at the two-fold
adhesive interface, they should play a crucial role in the proper homophilic interaction of PO-
ed.
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The crystal structure of rat PO-ed shows that the apposed molecules interact at the dimeric,
adhesive interface via a pair of anti-parallel B-chains (residues 45-52) (Fig. 8, lower right;
(Shapiro et al., 1996)). Moreover, the interaction between Arg45 and His52' appears to be
crucial in adhesion, as protonation of His52 likely weakens the protein interaction, thereby
accounting for the abrupt myelin swelling at pH <7, even at physiological ionic strength (Inouye
and Kirschner, 1988a;Inouye and Kirschner, 1988b). Conservation of the sequence forming
the anti-parallel p—chains in PO proteins from various species (including mouse, rat, and frog;
Fig. 1E) further suggests the importance of this region in membrane compaction. The stability
of PO-PO interaction in compact myelin, however, may differ between mouse and frog. While
the native period of mouse PNS myelin does not change at pH >7 (Inouye and Kirschner,
1988a), that of the frog myelin increases by ~20 A at pH ~8.5 (Table 2), suggesting a weaker
xP0 homophilic interaction. In xP0, the adhesive interface contains Met47 and Tyr48 in place
of the hydrophobic residues Ala and Ile in rodents (Figs. 1E, 8 right), which could contribute
to weakened hydrophobic interactions between the two p-chains and lowered stability of this
interface.

4.4. Other players in PNS myelin stability?

A possible involvement of the Asn-linked glycans in myelin compaction at the extracellular
apposition is suggested by in vitro, cell aggregation assays (Filbin and Tennekoon, 1991). As
glycans contain sialic acid, the absence of glycans from PO would shift the pl of the extracellular
membrane surface to more alkaline pH. Because the sugars are located at the base of P0-ed,
proximal to the membrane surface, they could modulate the orientation of PO-ed, thereby
influencing the homophilic interaction of this domain (Wells et al., 1993).

The strong interaction between galactosylceramide and cerebroside sulfate is detected by FTIR
even in the absence of Ca2* ions, suggesting that the interaction between these lipids via trans
carbohydrate-carbohydrate association may be involved in myelin stability (Boggs et al.,
2000). As this type of interaction does not account for pH-dependent myelin compaction at
physiological ionic strength, it is not likely to be the dominant force in stabilizing the native
myelin structure; however, glycolipid interactions may play a role in myelin compaction in
PO-null mice, where multilamellar membranes are present despite the absence of PO (Martini
etal., 1995; Previtali et al., 2000; Avila et al., 2005).

4.5. What accounts for the stable myelin cytoplasmic apposition?

The widths of the cytoplasmic apposition for both frog and mouse peripheral myelin did not
vary at different pH and ionic strength, as indicated by our finding that the observed structure
amplitudes of different myelin periods map onto the same Fourier transform (Fig. 3). One
hypothesis to explain the stable apposition is that the fatty acid attached to the conserved
Cys153 in PO-cyt (Fig. 1F; (Bizzozero et al., 1994)) may anchor one membrane surface to
another (Inouye et al., 1999). This role of the fatty acyl group is supported by observations that
teleost and elasmobranch myelin, which lacks the Cys residue in PO-cyt (Fig. 1F), do undergo
cytoplasmic swelling (Inouye et al., 1980;Blaurock et al., 1986). However, a recent study of
zebrafish PNS myelin, whose PO-cyt also lacks the Cys residue, failed to show such swelling
(Avila et al., 2007). In the current study, the role of PO-attached fatty acyl group in myelin
structure was tested by measuring x-ray diffraction patterns from both frog and mouse sciatic
nerves treated with deacylation agent HA. All deacylated nerves showed diffraction patterns
similar to those of the native nerves, indicating that the fatty acids do not play a major role in
PNS membrane compaction. This result is apparently different from what was reported for
proteolipid protein, whose Cys-attached fatty acids are proposed to be indispensable for CNS
myelin compaction (Bizzozero et al., 2001). Solution studies of human PO-cyt by circular
dichroism and fluorescence spectroscopy indicate that the peptide undergoes a conformational
change that depends on the lipid:protein molar ratio (Luo et al., 2007). At ratios lower than the
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physiological level (~50:1 in native myelin; (Inouye and Kirschner, 1988b)), the peptide shows
a p-conformation, whereas at higher ratios it adopts increasing amounts of o structure. By
contrast, myelin basic protein shows a 3-conformation at any lipid:protein ratio. Homology
modeling indicates in human PO-cyt a short hydrophobic sequence (VLYAML) that is folded
in B-conformation. This hydrophobic sequence is fully conserved in mouse PO and very similar
to the corresponding xP0 sequence (LLYAML). Therefore, H-bonding between the p-chains
from apposing PO-cyt molecules may be involved in the cytoplasmic apposition (Luo et al.,
2007). This finding is consistent with the current x-ray results, which showed that detergents
as well as denaturing agents (e.g., urea) weakened the cytoplasmic apposition, presumably by
disrupting the lipid/protein interaction or destroying the g-conformation of PO-cyt. Among the
three detergents—i.e., zwitterionic CHAPSO, cationic DTMAB, and non-ionic B-OG—
CHAPSO resulted in the largest swelling at the cytoplasmic apposition (Fig. 6). This may be
consistent with CHAPSO’s tendency to form the rim region in discoidal lipid aggregates
constituted of long-chain phospholipids and detergent (or bicelles) (Glover et al., 2001;Faham
et al., 2005).

4.6. Possible communication between the cytoplasmic and extracellular domains of PO

The P0O-induced in vitro aggregation of Chinese hamster cells is inhibited by transfecting the
cells with mutant PO carrying a point mutation at its acylation site Cys153 (Gao et al., 2000),
and by mutations inside the PKC recognition motif (RSTK) within PO-cyt (Xu et al., 2001).
These findings suggest that PO-ed, which is the site of the aggregation, must somehow be
influenced by events involving PO-cyt. For example, a change in conformation at PO-cyt may
rotate or translate the transmembrane domain that in turn alters the conformation of PO-ed.
Disruption of the cis-interaction of PO-cyt also could affect the tetrameric assembly of PO-ed.
The possibility of communication between PO-cyt and P0-ed is consistent with the electron
density profiles of frog myelin as a function of pH and ionic strength (Fig. 2B). When myelin
is swollen, the electron density level at the cytoplasmic lipid headgroups decreases, while the
extracellular level increases. This shift in electron density may indicate a shift of PO due to
movement of the protein or a change in its conformation.
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Refer to Web version on PubMed Central for supplementary material.
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PNS

peripheral nervous system
CNS

central nervous system
xP0O

Xenopus laevis myelin PO
PO-cyt

PO cytoplasmic domain
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P0-ed
PO extracellular domain
PO-tm
PO transmembrane domain
DTT
dithiothreitol
HA
hydroxylamine
DTE
dithioerythritol
PLP
proteolipid protein
CHAPSO
3-[(3-cholamidop ropyl) dimethylammonio]-2-hydroxy-1-propane sulfonate
B-OG
n-octylbetaglucoside
DTMAB
dodecyltrimethylammonium bromide
PC
phosphatidylcholine
PS
phosphatidylserine
CD
circular dichroism
DLVO
Derjaguin, Landau, Verwey, Overbeek
MALDI-TOF
matrix-assisted laser desorption/ionization time-of-flight
MS
mass spectrometry
NCBI
The National Center for Biotechnology Information
RACE
rapid amplification of cDNA ends
RT-PCR
reverse transcription polymerase chain reaction
SDS-PAGE

sodium dodecyl sulfate polyacrylamide gel electrophoresis
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A 1 ATG GAA ACC TCA GGA CTA AGG ACA CCA TGT TCC CTC CTG GCT CTG GTT CTG CTC TCA GCA
61 CTG GTG CTG TCT CCA ACC CTG GCA ATT GAT GTT TAC ACT GAT CGA GAG GTC TAT GGG ACT
121 GTG GGC TCC AGG GTG ACC CTG TCC TGC TCA TTC TGG TCG AGC GAA TGG ATC TCG GAT GAT
181 ATC TCC GTC AGT TGG CAC TAT CAG CCC GAC CAC AGC CGC GAA ATG TAT AGG GTG TTC CAC
241 TAC GCC AAG GGC CAA CCT TCT ATT GAT GCT GGG GTC TTC AAA GAT CGT ATT GAA TGG GTG
301 GGC TCC CCA AAA TGG AAG GAC GCC AGC ATT GTG CTG CAC AAC CTG GAG TTA ACT GAC AAC
361 GGC ACT TTC ACC TGT GAT GTG AAG AAC CCA CCC GAT GTG GTG GGA AAG TCT TCC TAT GTT
421 CAC CTT CAG GTC CAA GAG AAA GGT CCT GCA CGT GCC GGT TTG ATT CTG GGG ATC ATA ATT
481 GCT GTT GCC CTG GCC TTA GTC ATT GTG GTG ACA CTC CTC ATC TTG CTC ATT CGG TAC TGC
541 TGG TTA AGA CGA CAG GCC CGA GTA CAG AGG GAG CTT AGT GCA CTT GAG AGG GGA AAA TTA
601 CAC AAA GCA AAA GAT TCA TCC AAA CGC AGT AGC AGA CAG ACC CCG CTT CTC TAT GCC ATG
661 CTA GAC CAA ACC AGA TCC GGC AAA GCA AGC GAG AAG AAG GCC AAG GGC GGC ATC GGC GAC
721 TCT CGC AAA GAT AGG AAA TAG
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TROUT(26) VPIQAGVITGSIIGAVLGLLLLIVVIYYLMRFLV 49
ZEBRAFISH(26) VPVQAGVITGSIIGVVLGLLILVVAIYYLMRFLV -
SHARK (28) KIPPVGAGVVSGAIIGTFLGIILLIVGGLYLFRYIV 52

Figure 1.

XPO0 sequence analysis. (A) cDNA sequence. (B) 3’ end of Xenopus gene sequence with
corresponding protein sequence below. (C) Pairwise sequence alignment of mouse PO (upper)
and xPO (lower) (by Align program; http://inn.weizmann.ac.il/bio_tools/pairwise.html). The
XPO0 sequence in red indicates the putative signal peptide, and the second one in red shows the
predicted transmembrane domain. The number of residues including a signal sequence is 248
for mouse PO and 246 for xP0. Sequence identity for these two molecules was measured as
64.0%. (D) Pairwise alignment of the signal sequences (black) and the first two N-terminal
residues (red) for different species. (E) Pairwise alignment of the crucial two-fold adhesive
interface of PO-ed for different species (residues 45-52). (F) Comparison of the residues near
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the acylated Cys residue of PO-cyt. (G) Comparison of transmembrane sequences (black) and

neighboring residues (red) for different species and the measured distance between the lipid
polar headgroups (Ipg) in A.
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100 200
RADIAL DISTANCE (A)

300

(A) X-ray diffraction patterns of frog sciatic nerve myelin before background subtraction. The
intensity, plotted as a function of reciprocal coordinate (1/A), was normalized so that the area
under the curve was unity. Native myelin period of 174 A at pH 7.3 and 115 mM NaCl, compact
period of 164 A at pH 4.0 and 115 mM NaCl, and swollen period of 263 A at pH 8.5 and 12
mM NaCl are shown. (B) Absolute electron density profiles (e/A3) of myelin membrane
profiles as a function of radial distance for different pH and NaCl concentrations. The curves
include native structure at pH 7.3 and 115 mM NaCl (solid line), compact structure at pH 4.0
and 115 mM NaCl (dashed line), and swollen structure at pH 8.5 and 12 mM NaCl (dash-dot-
dash line). The corresponding myelin periods are 174 A, 164 A, and 263 A, respectively.
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Figure 3.

Structure factors as a function of reciprocal coordinates (1/A) on an absolute scale for frog
sciatic nerve myelin at pH 4.0 (A), 5.6 (B), 7.3 (C), and 8.5 (D). Different symbols refer to
different NaCl concentrations: 12 mM (diamond), 29 mM (triangle), 38 mM (square), 115 mM
(circle), 153 mM (filled triangle), and 200 mM (filled square). The Fourier transform for a pair
of membranes was calculated as a function of reciprocal coordinate at every 0.001 A1 from
the observed structure factors. The continuous curve was an average of the Fourier transforms
calculated at constant pH but different ionic strengths. An absolute scale (Inouye et al., 1999)
for the nerves was derived by using the scale factor = 2.0, exclusion length = 136 A, average
membrane electron density within the exclusion length = 0.343 e/A3 (Worthington and
Blaurock, 1969), and extracellular fluid electron density = 0.335 e/A3,
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Figure 4.

Effect of HA on structure of frog PNS myelin. Sciatic nerves were incubated for 8 h at room
temperature in Ringer’s solution (control) and in 100 mM HA solution. (A) Observed intensity
distribution as a function of reciprocal coordinate (1/A) after background subtraction for the
control (thick line) and HA-treated nerve (thin line). The intensity curves were normalized so
that the area under each curve was unity. All reflections are indicated by Bragg indices. (B)
Structure factor as a function of reciprocal coordinate for the control nerve. The respective
structure amplitudes (control: open circle; HA, filled square) are plotted. (C) Electron density
distributions of the treated nerves. The myelin periods were 173 A for both the control and HA
treatment, and the profiles are indistinguishable from one another.
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Figure 5.

Effect of CHAPSO and deacylation on myelin structure of mouse sciatic nerve. (A) Observed
intensity distribution as a function of reciprocal coordinate (1/A) after background subtraction
for treatment of nerve with100 mM hydroxylamine (HA; thin line) and 4 mM CHAPSO (thick
line). The intensity curves were normalized as above, and Bragg orders are indicated. (B)
Structure factor as a function of reciprocal coordinate for nerve treated with 4 mM CHAPSO
(thick line) or with HA (thin line). The respective structure amplitudes (CHAPSO, filled square;
HA, open circle) are plotted. (C) Electron density distributions for myelin of the treated nerves.
The myelin periods were 178 A and 293 A for HA and CHAPSO, respectively. Note the
widened separation at both inter-membrane appositions of membranes after CHAPSO.
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Figure 6.

Effect of detergents on myelin structure of frog peripheral nerve. (A) Observed intensity
distributions as a function of reciprocal coordinate (1/A) after background subtraction for the
native (untreated) nerve (thin line) and the one treated with 8 mM CHAPSO (thick line). The
intensity curves were normalized as above, and Bragg orders are indicated. (B) Observed
intensity distributions of the nerves treated with 5 mM B-OG (thin line) or 1.4 mM DTMAB
(thick line). (C) Structure factors as a function of reciprocal coordinate for native frog sciatic
nerve (thin line) and after treatment with 8 mM CHAPSO (thick line), with measured structure
amplitudes (open circles and filled squares) plotted. (D) Structure factor as a function of
reciprocal coordinate for the nerves treated with 5 mM B-OG (thin line) or 1.4 mM DTMAB
(thick line). (E) Electron density distribution on a relative scale for native nerve (thin line) and
after treatment with CHAPSO (thick line). (F) Electron density distribution of the nerve treated
with B-OG (thin line) and with DTMAB (thick line).
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Figure 7.

Effect of urea on myelin structure of frog peripheral nerve. (A) Observed intensity (thick lines)
and background (thin line) as a function of reciprocal coordinate (1/A) for frog sciatic nerves
treated with 0.5 M, 6 M, and 8 M urea solutions. Lorentz and polarization corrections were not
applied. The overlapping Bragg peaks were separated and are indicated here by overlapping
peaks. The respective reflections of the two phases in 0.5 M urea are indicated by indices 1, 2,
3,4, and 5 (177 A period) and by indices 2', 3', and 4’ (195 A period). The reflections from
myelin treated with 6 M (245 A) and 8 M urea (260 A) are shown indexed here in the same
manner. (B) Structure factor as a function of reciprocal coordinate for the 177 A phase in 0.5
M urea and the 260 A one in 8 M urea solution (solid lines). The measured structure amplitudes
for 0.5 M urea (filled circle), 6 M urea (open square) and 8 M urea (open triangle) are indicated.
(C) Electron density distribution as a function of distance from the cytoplasmic center (A) for
0.5 M urea (thin line), 6 M urea (dotted line), and 8M urea (thick line).
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Figure 8.

Molecular model of the predicted adhesive interface of xP0-ed. Molscript representation
highlighting the B-strands (left) and residues Arg45 and His 52 (right), which are likely
involved in the extracellular apposition (see also Fig. 1E). The C-terminal end of xP0-ed in
this model is Leul14. As the N-terminal end of the transmembrane domain is Alal24, nine
residues (11°QVQEKGPAR23) are likely exposed to the aqueous medium in the extracellular
space.
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