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ABSTRACT: Saltatory conduction of nerve impulses along axonal membranes depends on the presence of a
multilayered membrane, myelin, that wraps around the axon. Myelin basic protein (MBP) and myelin protein
2 (P2) are intimately involved in the generation of the myelin sheath. They are also implicated in a number of
neurological diseases, including autoimmune diseases of both the central and peripheral nervous systems.
Here, we have used atomic force microsopy (AFM) to study the effects of MBP and P2 on lipid bilayers. MBP
in association with a mica substrate appeared unstructured, and tended to coat the mica surface in the form of
a monolayer. In contrast, P2 appeared as discrete particles, with molecular volumes consistent with the
formation of both monomers and dimers. Either MBP or P2, at micromolar concentrations, caused stacking
of brain lipid bilayers. This stacking effect was significantly potentiated when both proteins were added
together. Bilayers composed of phosphatidylcholine (PC) and phosphatidylserine (PS) were stacked by MBP,
provided that cholesterol was also present; in contrast, P2 did not stack PC/PS/cholesterol bilayers. Hence,
the bilayer stacking effects of the two proteins have different lipid requirements.

Myelin is a tightly packed, multilayered membrane system
wrapped around selected axons in both the central and peri-
pheral nervous systems (CNS and PNS, respectively). The
main function of myelin is to contribute toward a 100-fold
increase in the speed of the nerve impulse along the axon; myelin
affects conduction speed both by acting as an insulator and by
directing the localization of neuronal ion channels to the nodes
of Ranvier.

Biochemically, myelin is a highly specialized domain of the
glial cell plasma membrane. It contains approximately 80% lipid
and 20% protein, and has little aqueous solvent. The major
proteins found in myelin are unique to the myelin sheath, and are
not found in significant amounts in other tissues; furthermore,
the protein composition of CNS and PNS myelin is significantly
different. Practically all of the myelin-specific proteins interact
intimately with membranes, being either integral or peripheral
membrane proteins.

In the region of compact myelin, only two non-transmembrane
proteins are present in high abundance: the myelin basic protein
(MBP)! and myelin protein 2 (P2). Both MBP and P2 are
localized at the cytoplasmic apposition of two consecutive layers
of the myelin membrane, where, in theory, they could be
interacting with two membrane surfaces simultaneously. While
the membrane binding of MBP (/—17) and P2 (/2) has been
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studied previously, the detailed mechanisms of protein—
membrane interactions, and their contribution to the overall
myelin structure, are to a large extent still unknown. Further-
more, the possibility of a concerted action by the two proteins has
not been addressed.

MBP is an intrinsically disordered molecule in aqueous solu-
tion, with a variety of splice isoforms and post-translational
modifications in vivo. The major isoform in adult myelin is the
18.5-kDa form. Of its charge isomers, C1 and C8 have previously
been expressed recombinantly in Escherichia coli (13, 14) and
characterized extensively in vitro. While C1 corresponds to the
least modified form of MBP, C8 mimics the form seen, for
example, in aggressive multiple sclerosis (4). MBP is one of the
major autoantigens in multiple sclerosis, and has a very high
positive charge, which contributes to its intimate membrane
interactions.

P2 is a small lipid-binding protein (/5) found predominantly in
the PNS myelin sheath. While its crystal structure has been
characterized (/6), no detailed functional information exists on
its role in myelin. The surface of P2 has a high positive charge,
which is likely to be crucial to its interaction with the negatively
charged inner leaflet of the myelin membrane. The function of P2
is likely related both to the integrity of the myelin multilayer, and
to lipid transport to and from the membrane. P2 is a candidate
autoantigen in the peripheral autoimmune neuropathy, Guillain-
Barré syndrome (/7). We have recently shown, using neutron
scattering methods, that P2 has a stabilizing effect on membrane
dynamics (/8).

Here, we have used atomic force microscopy (AFM) to address
the membrane interactions of MBP and P2. Both MBP and P2,
on binding to the membrane surface, induced the stacking of
membrane bilayers. Interestingly, the stacking was more efficient
when both proteins were present. Overall charge affected the
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stacking of the membranes by MBP, and variation in the lipid
composition of the membrane affected MBP and P2 differently.
These observations are highly relevant to the understanding of
the formation of the multilayered, tightly packed myelin sheath in
vertebrates.

EXPERIMENTAL PROCEDURES

Purification of M BP and P2. Recombinant mouse MBP C1
and C8 isoforms were expressed and purified as His-tagged
versions, essentially as described previously (13, 14), with minor
modifications. Briefly, cells from a 1-L culture were suspended in
20 mL lysis buffer (6 M urea, 300 mM NaCl, 10 mM imidazole,
50 mM Tris, pH 8.0) and disrupted by sonication in an ice—water
bath. A 3-mL Ni-NTA agarose column was equilibrated by 10
column volumes of lysis buffer. After the sample was loaded, the
column was washed with at least 10 column volumes of washing
buffer (6 M urea, 300 mM NaCl, 20 mM imidazole, 50 mM Tris,
pH 8.0). The protein was eluted using elution buffer (6 M urea,
300 mM NaCl, 250 mM imidazole, 50 mM Tris, pH 8.0). Urea
was then removed by dialysis against 20 mM HEPES, pH 7.5 at
4 °C, and precipitates were removed by centrifugation.

Full-length human myelin P2 protein was expressed as a
recombinant protein using the pTH27 vector, encoding an
N-terminal His tag and a TEV protease cleavage site (/9). For
expression, E. coli Rosetta (pLysS) cells harboring the expression
vector were transferred into 10 mL of complex autoinducing
medium (20) with antibiotics (ampicillin 100 gg/mL and chlor-
amphenicol 34 ug/mL), and the culture was grown overnight at
37 °C. Next morning, the 10-mL culture was transferred into 1 L
of complex autoinducing medium with antibiotics. Growth was
continued at 37 °C for 4 h and at 18 °C for 48 h. Then, the cells
were collected by centrifugation and stored at —20 °C. For
purification, cells from 2 L of culture were thawed, and 20 mL of
lysis buffer (50 mM sodium phosphate, 300 mM NaCl, and
10 mM imidazole, pH 8.0) were added along with one Complete
Mini EDTA-free tablet (Roche). The cells were disrupted by
sonication on ice, and cell debris was removed by centrifugation.
A Ni-NTA agarose column was equilibrated with lysis buffer,
and the supernatant was applied onto the column. The column
was washed with washing buffer (50 mM sodium phosphate,
300 mM NaCl, 20 mM imidazole, pH 8.0) until the 4,g, reached
the baseline. Protein was then eluted in 2-mL fractions with
elution buffer (50 mM sodium phosphate, 300 mM NaCl, and
250 mM imidazole, pH 8.0), and the fractions were checked for
purity by SDS—polyacrylamide gel electrophoresis. TEV pro-
tease (21) was used to cleave the His tag overnight at 4 °C. The
protein was further purified using size exclusion chromatography
on a HiLoad 16/60 Superdex 75 column (GE Healthcare) using
the Akta purifier (GE Healthcare). Equilibration was carried
out with 120 mL of protein buffer (20 mM HEPES, 150 mM
NaCl, 10% glycerol, pH 7.5). P2 was concentrated to 2 mL by
centrifugation at 4 °C in an Amicon® Ultracel 3K, and the
concentrated protein was injected into the column. Fractions
corresponding to the absorbance peak on the chromatogram
were analyzed by SDS—polyacrylamide gel electrophoresis.

Atomic Force Microscopy. AFM imaging was performed
using a Veeco Digital Instruments Multimode instrument
(Swavesey, UK), controlled by a Nanoscope IIla controller,
and equipped with a J-scanner. Imaging in air was carried
out in tapping mode, using commercial OMCL-ACI160TS-E
Si probes (Olympus), which have a resonance frequency of
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300 kHz. 1 x 1 um? and 2 x 2 um? scans were recorded, with
the z-limit at 1 um. Imaging under fluid was carried out in
tapping mode, using NSC-18 cantilevers with a Cr—Au
coating (Mikromasch). Their resonant frequencies were
30—35 kHz. In both cases the rms voltage was maintained
at 2 V. Set-point and drive amplitude were adjusted so that
the samples could be imaged with the smallest possible force.
Scanning frequencies were kept ~5% below the maximal
resonance peak. Scan rates were 2—4 Hz.

Imaging of Proteins on Mica. Muscovite mica (Agar
Scientific, Stansted, UK) was cut into small discs and glued to
AFM specimen discs (Agar Scientific) using cyanoacrylate glue.
Proteins were serially diluted in BPC water (Sigma, Poole, UK)
to a concentration where particles could be seen individually on
mica (0.67 nM for MBP and 10 nM for P2). Samples (50 uL) were
placed on freshly cleaved mica for 15 min. Mica discs were
washed extensively with BPC water to remove any unadsorbed
protein, and then dried under a stream of nitrogen to remove all
traces of moisture.

Imaging of Supported Lipid Bilayers. Egg L-a-phosphati-
dylcholine (PC), 1,2-dioleoyl-sn-glycero-3-phosphatidylserine (PS),
cholesterol, porcine brain sphingomyelin (SM), and brain total
lipid extract were obtained as chloroform stocks from
Avanti Polar Lipids (Alabaster, AL). The following lipid mix-
tures (mole %) were produced, all at a final concentration of
2 mg/mL: brain total lipid extract, PC/PS (75%/25%), PC/PS/
SM/cholesterol (45%/15%/30%/10%), PC/PS/SM (55%/15%/
30%), and PC/PS/cholesterol (75%/15%/10%). The chloroform
was evaporated using nitrogen gas and the lipids were rehy-
drated overnight with BPC water (Sigma). The lipids were
vortexed to produce multilamellar liposomes, and then soni-
cated using a probe sonicator at an amplitude of 10 mA for
5—15 s to produce unilamellar liposomes. The liposomes were
incubated on ice for 10—15 min before formation of bilayers.
Mica discs were glued to AFM specimen discs using epoxy
glue. Liposomes (50 uL) were added to the mica along with
50 uL of Hepes-buffered saline (HBS; 50 mM Hepes, pH 7.6,
150 mM NacCl) containing 1 mM CaCl, and left for 6—10 min
before gentle washing with 2 mL of the same buffer to remove
unadsorbed vesicles. Fresh buffer (150 ¢L) was placed on top
of the lipid bilayer.

Protein-free bilayers were first imaged before addition of any
protein. Proteins were added to the appropriate final concentra-
tion in 50 uL of HBS containing 1 mM CaCl,. This buffer was
exchanged with same volume of protein-free buffer in the fluid
cell. After 10 min, the buffer in the fluid cell was exchanged with
protein-free buffer.

Data Analysis. P2 particles tended to adopt the shape of a
spherical cap. Using values obtained for radii and heights,
molecular volumes were calculated using the formula

Vi = (wh/6)(3r* + %) (1)

where /1 is the particle height and r is the radius (22). This volume
was compared with the theoretical volume for a given molecular
mass obtained using the formula

Ve = (M()/N())(Vl +dV2) (2)

where M, is the molecular mass, N, is Avogadro’s number,
¥, and V, are the partial specific volumes of particle (0.74 cm?/g;
ref 23) and water (1 cm?/g), respectively, and d is the extent of
protein hydration (taken as 0.4 g water/g protein; ref 24).
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FIGURE 1: Association of MBP-C1 with mica. (A—C) Low-magnifi-
cation AFM images of MBP-C1 at concentrations of 0.67 nM (A),
13.5nM (B), and 54 nM (C). Color-height scales are shown at the left
of each image. (D) Zoomed image from (B). (E) Section taken at the
position indicated by the line in (D).

MBP had no particular shape when imaged on mica, consis-
tent with previous reports that it has no intrinsic shape in
solution (25). For this reason particle analysis was not attempted.

RESULTS

Purified MBP (C1 isoform) was first imaged in association
with mica. As shown in Figure 1, MBP-CI did not have a
recognizable shape, but rather appeared in the form of amor-
phous particles that were considerably flattened on the mica
substrate. Considerable self-association occurred, although no
particular oligomerization state was detected. At the higher
concentrations, the proteins coated the mica in the form of a
fenestrated monolayer.

When liposomes composed of total brain lipids were allowed
to collapse onto mica, the resulting supported lipid bilayer,
imaged under fluid, was smooth and featureless, with many
breaks that revealed the mica substrate (Figure 2A). A section
through the bilayer (Figure 2B) indicated a bilayer thickness of
2.21 nm. This is thinner than the expected value of around 4 nm,
which we have reported previously (e.g., ref 26). We attribute this
underestimation of bilayer thickness to a partial penetration of
the bilayer caused by the rather stiff spring constant (3.5 N/m) of
the Mikromasch NSCI8 etched silicon probe used in these
experiments, compared with a spring constant of 0.58 N/m for
the Veeco DNP-S silicon nitride probe used previously. We used
the stiff cantilevers because they permit stable imaging at
a high frequency, enabling us to track rapid structural changes
(reviewed in ref 27). We have, in fact, directly compared the
apparent bilayer thicknesses in a sample of an incompletely
formed bilayer when visualized using the two different probes.
A bilayer thickness of 4.0 nm was seen with the Veeco probe, as
previously reported (26), while the Mikromasch probe gave an
apparent thickness of 2.2—2.5 nm, as seen in the present study.
Note also that the measured thickness varied with the lipid
composition of the bilayer. For instance, the apparent thickness
of a PC/PS/SM/cholesterol (45%/15%/30%/10%) bilayer was
3.79 nm, whereas a PC/PS (75%/25%) bilayer appeared to be
only 2.00 nm thick (see below). This variability likely indicates
differences in the “stiffness” of the various bilayers in addition to
real differences in bilayer thickness.

When MBP-C1 (3.6 uM) was added to the solution bathing the
supported lipid bilayer shown in Figure 2A, raised features
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FiGure 2: MBP-CI induces stacking of brain lipid bilayers. (A)
AFM image of a protein-free brain lipid bilayer. The lighter areas
represent the surface of the bilayer, and the darker areas represent the
mica substrate. A color-height scale is shown at the left. (B) Section
through the bilayer taken at the position indicated by the line in (A).
(C) AFM image of a bilayer that had been incubated with MBP-C1
(3.6 uM). MBP binds to the mica substrate as well as the bilayer. Note
the difference in height scale compared with (A). (D) Section taken at
the position indicated by the line in (C). Note the increased height
compared with the section in (B), indicating bilayer stacking. (E)
Image of protein-free dense mica coating composed of total brain
lipids. The inset at bottom left is an area that has been scratched to
demonstrate the presence of the lipid coating. (F) Section through the
scratched area taken at the position indicated by the line in (E). (G)
Image of a dense lipid coating that had been incubated with MBP-C1.
Arrows indicate areas where the lipid had been depleted. (H) Section
taken at the position indicated by the line in (G).

became apparent (Figure 2C). The section in Figure 2D
shows that the step down from a single bilayer was reduced
to 1.38 nm, likely because of the coating of the mica with MBP
(see above). The section also indicates a raised feature of height
5.47 nm. No intermediate heights were seen, indicating that the
higher level represents an additional bilayer, likely separated
from the original bilayer by an MBP layer. Note that no new
lipid was added to the sample, and, as expected, the total area
of mica covered by bilayer fell after addition of MBP.
Specifically, before addition of MBP, bilayers covered
74 £ 1% (n = 9) of the mica surface. After MBP addition,
only 51 £ 3% (n = 9) of the mica was covered, although
10 &+ 3% of the mica was now covered by a double bilayer.
Hence, the total bilayer area (single plus double) fell from 74%
to 61%, indicating some bilayer loss from the surface as a
consequence of MBP addition.
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F1GURE 3: MBP-CS is less effective than MBP-C1 at stacking bi-
layers. AFM images of brain lipid bilayers in the presence of 1.8 uM
(A)or3.6uM (B)MBP-C1, or 1.8 uM (C), 3.6 uM (D), 9.0 uM (E), or
10.8 uM (F) MBP-CS8. A color-height scale is shown at the left.

To exclude the possibility that MBP was bringing about its
effect simply by causing desorption of the single bilayer from
the mica, we added sufficient liposomes to completely coat the
mica. Now the mica coating was featureless (Figure 2E), but
deliberate “scratching” of the surface with the AFM tip
(Figure 2E, inset) revealed that the coating was 4.63 nm thick
(Figure 2F), likely indicating the presence of a double bilayer.
After addition of MBP-C1 (3.6 uM) to this sample, raised
features were again seen, consistent with bilayer stacking
(Figure 2G,H). Depressions were also apparent in the sur-
rounding lipid (arrows, Figure 2G). These were often adjacent
to the raised features, suggesting that they represent the sites
from which lipid was removed.

MBP-C8 is the least charged MBP isoform, and mimics the
highly modified form found in aggressive cases of multiple
sclerosis. To investigate the effect of charge on the behavior of
MBP, we compared the abilities of MBP-C1 and MBP-C8 to
cause bilayer stacking. Figure 3A,B shows the effects of MBP-C1
at concentrations of 1.8 and 3.6 uM, respectively. Bilayer
stacking was minimal at 1.8 uM, but obvious at 3.6 uM,
consistent with the results presented in Figure 2. In contrast,
MBP-C8 caused minimal stacking at 1.8 uM (Figure 3C), 3.6 uM
(Figure 3D), and 9.0 uM (Figure 3E), and stacking began only at
10.8 uM (Figure 3F). Hence, the reduction in charge in MBP-C8
causes a corresponding reduction in its ability to cause bilayer
stacking.

In an attempt to pinpoint the lipid requirements for the bilayer
stacking effect of MBP, we incubated supported bilayers of
various defined compositions with MBP-C1 (3.6 uM). MBP
was able to stack bilayers composed of PC/PS/SM and choles-
terol (Figure 4). Note that in the absence of protein, these bilayers
showed protruding areas (0.62 nm high in Figure 4B), which are
likely to be SM/cholesterol-enriched domains (see ref 26). MBP
also stacked bilayers composed of PC/PS and cholesterol
(Figure 5). However, no stacking was seen with bilayers com-
posed of PC/PS and SM (Figure 6A) or just PC/PS (Figure 6B).
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FiGure 4: MBP-CI induces stacking of bilayers composed of PC/
PS/SM and cholesterol (45%/15%/30%/10%). (A) AFM image of a
protein-free bilayer. A color-height scale is shown at the left. (B)
Section through the bilayer taken at the position indicated by the line
in (A). (C) AFM image of a bilayer that had been incubated with
MBP-CI (3.6 uM). (D) Section taken at the position indicated by the
line in (C). Note the increased height compared with the section in
(B), indicating bilayer stacking.
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FiGure 5: MBP-CI induces stacking of bilayers composed of PC/PS
and cholesterol (75%/15%/10%). (A) AFM image of a protein-free
bilayer. A color-height scale is shown at the left. (B) Section through
the bilayer taken at the position indicated by the line in (A). (C) AFM
image of a bilayer that had been incubated with MBP (3.6 uM). Note
the difference in height scale compared with (A). (D) Section taken at
the position indicated by the line in (C). Note the increased height
compared with the section in (B), indicating bilayer stacking.

These results indicate that cholesterol is required to support
bilayer stacking by MBP.

When myelin protein P2 was imaged in association with mica
(in air), a spread of particles was seen, most of which adopted the
approximate shape of a spherical cap (Figure 7A, main panel).
Close inspection revealed the presence of two particle sizes
(Figure 7A, right-hand panels). Sections through two represen-
tative particles (Figure 7B) indicate differences in both diameter
and height. The dimensions of a large number of particles were
measured, and eq 1 was used to calculate their molecular
volumes. A frequency distribution of molecular volumes is
shown in Figure 7C. The distribution is well fitted by two
Gaussian curves, which have volume peaks at 29 and 61 nm®.
The predicted molecular volume for a P2 monomer of molecular
mass 14.8 kDa, according to eq 2, is 28 nm’. Hence, the two
volume peaks likely correspond to P2 monomers and dimers.
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FiGure 6: MBP-CI does not induce bilayer stacking in the absence
of cholesterol. (A) AFM image of a protein-free bilayer composed of
PC/PSand SM (55%/15%/30%). A color-height scale is shown at the
left. (B) AFM image of a bilayer that had been incubated with MBP
(3.6 uM). (C) Section through the bilayer shown in (A) taken at the
position indicated by the line. (D) AFM image of a protein-free
bilayer composed of PC and PS (75%/25%). (E) AFM image of a
PC/PS bilayer that had been incubated with MBP (3.6 uM). (F)
Section through the bilayer shown in (D) taken at the position
indicated by the line.

When brain lipid bilayers were exposed to MBP-C1 at a
concentration of 1.8 uM, only a minimal amount of bilayer
stacking was observed (Figure 8A). Myelin protein P2, at a
concentration of 0.338 uM, also caused a small but detectable
amount of bilayer stacking (Figure 8B). The section through the
P2-exposed bilayer (Figure 8C) indicates the presence of a double
bilayer on top of the lowest bilayer. Note that, as for MBP-C1, P2
was also able to stack bilayers after dense coating of the mica with
lipid (data not shown). Significantly, when a bilayer was incu-
bated with both MBP (1.8 uM) and myelin protein P2 (0.338 uM)
extensive bilayer stacking was seen (Figure 8E), up to a maximum
thickness of 11.15 nm.

In contrast to the result for MBP, the presence of cholesterol
was not sufficient for bilayer stacking by myelin protein P2. Only
single bilayers were observed either in PC/PS/SM bilayers in the
presence of cholesterol (Figure 9A) or in PC/PS bilayers in the
absence of cholesterol (Figure 9B).

DISCUSSION

We have used AFM to obtain detailed information on the
membrane binding properties of two proteins specific to the
myelin sheath of the vertebrate nervous system: MBP and P2.
Both proteins bound to lipid bilayers and induced bilayer
stacking. As discussed below, these observations increase our
understanding of the formation and the overall structure and
stability of myelin.
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FIGURE 7: P2 associates with mica in the form of monomers and
dimers. (A) The main panel shows a low-magnification AFM image
of P2 bound to mica. A color-height scale is shown at the left. The
insets (right-hand panels) are zoomed images of a region showing the
presence of a monomer and a dimer. (B) Sections taken at the position
indicated by the lines in (A), indicating the diameters (upper panel)
and heights (lower panel) of two particles. (C) Frequency distribution
of molecular volumes calculated for a population of P2 particles
bound to mica. The curve indicates the two Gaussian functions that
were fitted to the data. The peaks of the distributions are shown.

What are the factors involved in the formation and main-
tenance of the compacted myelin sheath? The compaction of
myelin involves both the removal of cytoplasm and extracellular
solvent from between the membranes, and the generation of tight
interactions between turns of the membrane. X-ray diffraction
analysis of tissue samples has shown that the repeat distance in
myelin is around 18 nm. The extracellular spacing in myelin is
3—5 nm, and the intracellular space has been estimated to be
around 3—4 nm (28). This implies that between the membranes,
space is available only for small proteins or small domains. In
principle, in the compacted regions of myelin, only two noninte-
gral membrane proteins are present: MBP and P2. Their high
concentration between the cytoplasmic faces of consecutive turns
of the myelin membrane suggests that they intimately interact
with the membrane surface in this domain, which contains little
water. We have previously shown by neutron scattering that lipid
bilayers made from synthetic lipids are stabilized by P2 (/8). Our
experiments here indicate that either MBP or P2 alone are able to
cause bilayer stacking, proving that they are able to provide an
adhesive force between stacked membrane layers. In earlier
studies, different methods have also been used to observe vesicle
aggregation and multilayer formation by the two proteins.

Both MBP and P2 have a high pl, and thus, have a large net
positive charge at neutral pH. MBP is the more basic of the two
proteins, with a pI near 11 in the absence of post-translational
modifications. Interestingly, however, the concentration of P2
that was required to induce membrane stacking in the AFM
experiment was much lower than that for MBP. Thus, charge
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FiGure 8: MBP-C1 and P2 act synergistically to cause bilayer stack-
ing. (A) AFM image of a brain lipid bilayer that had been incubated
with MBP (1.8 uM). A color-height scale is shown at the left. Note the
reduced extent of bilayer stacking compared with that seen with 3.6 uM
MBP (Figure 2). (B) AFM image of a brain lipid bilayer that had been
incubated with P2 (0.338 uM). A color-height scale is shown at the left.
(C) Section through the bilayer shown in (B) taken at the position
indicated by the line. The heights indicate bilayer stacking. (D) AFM
image of a brain lipid bilayer that had been incubated with both MBP
(1.8 uM) and P2 (0.338 uM). The three panels show the same image
with different shade-height scales, to reveal the extent of bilayer
stacking. Left-hand panel: 0—10 nm; center panel: 0—15 nm; right-
hand panel: 0—24 nm. (E) Section taken at the position indicated by the
line in (D). Note the increase in heights compared with (C), indicating
increased bilayer stacking with MBP plus P2.
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FiGure 9: Cholesterol does not support bilayer stacking by P2. (A)
AFM image of a bilayer composed of PC/PS/SM and cholesterol
(45%/15%/30%/10%) that had been incubated with P2 (0.338 uM).
A color-height scale is shown at the left. (B) AFM image of a bilayer
composed of PC and PS (75%/25%) that had been incubated with P2
(0.338 uM). A color-height scale is shown at the left.

alone is not the driving factor for membrane stacking. P2 is a
compactly folded protein (16), with a net positive surface charge.
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It is likely that the local high positive electrostatic potential on the
P2 surface makes it functional in membrane stacking at even
lower concentrations than MBP. On the other hand, the C8
isoform of MBP caused stacking only at higher concentrations,
compared with CI, indicating that post-translational modifica-
tions in MBP may weaken its interaction with membranes,
especially under circumstances where MBP is located between
two membrane surfaces. Consistent with this interpretation, the
least charged C8 isoform of MBP is found mainly in aggressive
cases of multiple sclerosis, and in infants, where myelin is not fully
compacted (29, 30).

By making model membranes using pure synthetic lipids,
further details on the membrane stacking process and its require-
ments were obtained. Our results indicate that while both MBP
and P2 efficiently stack brain lipid bilayers, significant differences
exist in their lipid requirements. Specifically, membrane stacking
by MBP was supported by the presence of cholesterol, a
component of detergent-insoluble membrane domains that is
thought to provide additional rigidity to cellular membranes. In
the context of myelination, it has been shown that the availability
of cholesterol is rate-limiting for myelin membrane synthesis (3/).
On the other hand, P2 was unable to stack membranes made of
PC, PS, and SM in the presence of cholesterol, or PC and PS in
the absence of cholesterol, indicating additional requirements for
P2 function. One possibility is that the monomeric lipid bound
inside the barrel structure of P2 may have an effect on its
membrane attachment properties. The localization of P2 with
respect to membrane microdomains has not been studied, but all
myelin lipids, including cholesterol, have been shown to copurify
with P2 from the bovine PNS (32). In vesicle aggregation and
binding studies, it has previously been shown that cholesterol
enhances the lipid interactions of MBP (33—35). Recent evidence
also suggests that the binding of MBP to cholesterol-containing
membranes affects the formation of lipid microdomains (36, 37),
and that MBP localizes to detergent-resistant, cholesterol-rich
microdomains (38—40). Thus, MBP specifically interacts with
cholesterol-rich membrane domains, such as those found in
myelin, and is functionally capable of stacking such membranes.

Interestingly, there is apparent synergy between MBP and P2
in membrane stacking. Since the two proteins localize to the same
compartment in compact myelin in vivo, this observation sug-
gests that MBP and P2 work together in the formation and
maintenance of the compacted myelin structure. In this respect, it
is interesting to note that while MBP is present in both the CNS
and PNS, it is much more highly concentrated in CNS myelin. P2,
on the other hand, is almost exclusively found in PNS myelin at a
high concentration, although it is also detectable in CNS
myelin (47). Thus, the concentration of MBP and P2 combined
is rather similar in CNS and PNS, providing an explanation for
the similar compaction of the myelin sheath despite the differing
protein composition between the two branches of the nervous
system. It has been suggested that an optimal ratio of MBP to
negatively charged lipid on the membrane is such that each basic
residue in MBP binds to a negative lipid (/7). On the other hand,
the binding of P2 to lipid vesicles was found to saturate at 15%
protein, which corresponds to the amount of P2 found in PNS
myelin (/2). Naturally, on the extracellular side of the myelin
membrane leaflets, different proteins, such as P0 in the PNS and
proteolipid protein (PLP) in the CNS, also play major roles in
maintaining myelin structure.

In the case of MBP, one of the best-characterized model
systems is the shiverer mouse, which has a deficiency in
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MBP (42). As a result, CNS myelin of this mutant is strongly
diminished and poorly compacted (43). On the other hand, PNS
myelin of the shiverer appears normal, although MBP is missing.
In this respect, it is important to note that P2 has been shown to
be present in shiverer PNS myelin (44, 45), suggesting a role in
PNS myelin compaction. In addition, a significantly decreased
expression level of P2 has been detected in a case of congenital
hypomyelination neuropathy (46), although the significance of
this finding has not been fully elucidated. Thus, current evidence
points toward a scenario, in which MBP alone would be crucial
for myelin compaction in the CNS, while MBP and P2 may act
together in the PNS.

Structurally, MBP and P2 are different, despite their high
positive charge and similar localization. MBP is one of the best-
characterized intrinsically unstructured proteins, although it is
known to show at least local folding upon ligand binding. The
heterogeneous nature of the MBP particles seen by AFM
supports the idea that MBP has no single defined 3D structural
state. AFM has also previously been used to show that MBP
behaves differently when bound to a membrane, when compared
to mica-bound MBP (6). P2, on the other hand, is a compactly
folded protein, thought to be monomeric in solution. The
presence of myelin lipids has been suggested to affect P2
structure (32). While the main particle species seen for P2
corresponded to this form, a potential dimeric form was also
seen. A remaining question relates to the role to the P2 dimer
particles seen in the AFM images in membrane stacking. Our
recombinant system for obtaining human P2 and its mutated
variants will shed further light on the structure—function rela-
tionships of P2 in the future.

Taken together, our results show that the myelin-specific
proteins MBP and P2 both bind to brain lipid bilayers and
induce their stacking. Stacking is affected by at least three factors:
the charge of MBP (likely linked to its state of post-translational
modification), the synergy between MBP and P2, and the lipid
composition of the membrane. Additional factors could include
the folding and dimerization of P2, and the binding of different
monomeric lipid molecules inside P2. Considering the results
from our reductionist approach here and in the earlier literature,
we believe that P2 and its observed synergy with MBP play a
role in the formation of normally compacted myelin, especially in
the PNS.
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