Biophysical Journal Volume 76 January 1999 423-437 423
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ABSTRACT Highly purified myelin PO glycoprotein was solubilized to 1-8 mg/ml in 0.1% sodium dodecyl sulfate (SDS), and
the solution structure of the PO assembly was studied using synchrotron x-ray scattering. The full-length PO, which was
isolated from bovine intradural roots, included both the extracellular and cytoplasmic domains of the molecule. At the higher
concentrations (4, 6, and 8 mg/ml, respectively), an x-ray intensity maximum was observed at 316 A 245 A, and 240 A Bragg
spacing. Because the position of this intensity depended on PO concentration, it is most likely due to interparticle interference.
By contrast, the position of a second intensity maximum, which was at ~40 A Bragg spacing, was invariant with PO
concentration. This latter intensity was accounted for by monodispersed, 80 A-diameter particles that are composed of eight,
~30 A-diameter spheres. Chemical parameters suggest that the 80 A particles correspond to the size of a tetramer of PO
molecules. Therefore, the ~30 A spheres would correspond to the sizes of the extracellular and cytoplasmic domains for each
of the PO monomers. The invariance of the second intensity maximum with PO concentration indicates that the structure of
the 80 A-diameter, tetrameric particles is unaltered. According to the liquid model for interparticle interference from charged
spheres, the 80 A-diameter particle has 10 negative surface charges which likely arise from negatively charged SDS
molecules bound to the transmembrane domain of PO. This binding, however, apparently does not alter the tetrameric
assembly of PO, suggesting that intermolecular interactions involving extracellular domains and cytoplasmic domains likely
stabilize this assembly. Some of our results have been published in abstract form (Inouye, H., H. Tsuruta, D. A. Kirschner, J.
Sedzik, and K. Uyemura. Abstracts of the 4th International School and Symposium on Synchrotron Radiation in Natural
Science, June 15-20, 1998. Ustron-Jaszowiec, Poland. p. 31).

INTRODUCTION

Protein zero (P0) is the major integral protein of myelin in
the peripheral nervous system across a wide phylogenetic
range that includes amphibian, avian, reptilian, and mam-
malian species (Uyemura et al., 1992). In fish, PO is the
major protein in both CNS and PNS myelins (Kirschner et
al., 1989; Inouye and Kirschner, 1991). The atomic struc-
ture for the hydrophilic, extracellular domain of PO was
determined by x-ray crystallography (Shapiro et al., 1996).
The crystal lattice is body-centered (space group 1422), and
the lattice constants are a = b = 88.9 A and ¢ = 91.6 A.
The asymmetric unit in the unit cell is a single molecule that
is similar to immunoglobulin V,; domains, as previously
predicted by us (Inouye and Kirschner, 1991; Wells et al.,
1993; Kirschner et al., 1996). Three different molecular
interfaces are evident in the crystal: the first is between the
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protomers that are related by a fourfold symmetry axis, the
second is between oppositely directed molecules (from dif-
ferent tetramers) that are related by a twofold axis normal to
the fourfold axis, and the third is at the head-to-head inter-
action between monomers of the packed tetramers in the
crystal. The number density of PO extracellular domains in
the crystal is consistent with that evaluated from the chem-
ical composition of isolated myelin membranes (Inouye and
Kirschner, 1988b), suggesting that there is a network of PO
tetramers in the myelin (Shapiro et al., 1996).

Whether the proposed tetrameric assembly of PO mole-
cules actually exists in intact myelin is not yet established.
Analytical ultracentrifugation suggests that the tetrameric
assembly of PO extracellular domains in solution is energet-
ically favored (Shapiro et al., 1996); however, the solution
behavior of the complete PO molecule, which includes both
the extracellular and cytoplasmic domains, has not yet been
studied. In the present report we have isolated the complete
PO molecule from bovine intradural root myelin, solubilized
it in 0.1% (3.47 mM) sodium dodecyl sulfate (SDS) in
water, and analyzed the solution x-ray scattering for differ-
ent protein concentrations ranging from 1 to 8 mg/ml. In our
experiments, SDS alone in the absence of salt does not form
micelles, and therefore is a valid lipid bilayer mimetic for
the transmembrane PO protein. We show here that full-
sequence PO molecules form a tetrameric assembly in solu-
tion. Comparison among the electron density profiles for the
P0O-SDS complex, SDS micelles, and nerve myelin mem-
branes is used to localize PO in myelin.
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MATERIALS AND METHODS
Purification and concentration of bovine PO protein

Intradural bovine spinal roots and spinal cord were purchased from a local
slaughterhouse (Tokyo, Japan) and transported on ice to the laboratory
(Keio University, Tokyo). Myelin membranes were purified according to
conventional methods (Norton, 1974). PO glycoprotein was purified as
described in Sedzik et al. (1998a; J. Sedzik, Y. Kotake, and K. Uyemura,
submitted for publication). Briefly, the purified myelin was dispersed by
motor-driven homogenization in 50 ml 2% SDS in 50 mM Tris-HC] pH
7.4—8.4, and incubated overnight in the cold (4°C). The cloudy dispersion
was filtered at room temperature through Qualitative Filter Paper Number
2 (Toyo Roshi Kaisha, Ltd., Tokyo, Japan). The filtered extract was then
diluted fivefold (to 250 ml) with buffer (50 mM Tris-HCI), and NaCl was
added to a final salt concentration of 0.5 M. A Cu®"-immobilized metal
affinity chromatography column (1 cm X 30 cm) was prepared according
to the manufacturer’s instructions (Pharmacia Biotech, Sweden). The total
extract of PNS myelin protein was applied at a flow rate maintained at
0.5-1 ml/min, and 1-2.5-ml fractions were collected (corresponding to
100-250 drops; paper speed 1 mm/ml). After application of the protein
extract, the IMAC column was washed extensively in starting buffer
containing 0.1% SDS with a high salt content. When the baseline stabi-
lized, a volume of starting buffer corresponding to threefold the column
volume was applied but without salt to elute a crude PO fraction. The
pooled PO fractions were applied to a ConA-Agarose column (1 cm X 20
cm) prepared according to the manufacturer’s instructions; and the eluant
was a 0.0—0.1 M gradient of methyl-D-mannose. The collected PO samples
were applied to the PD-10 column, and an eluant of 0.1% SDS in water was
used to remove salt and mannose. The content of PO was determined by
Lowry assay. The amount of residual phospholipid was kindly measured by
Dr. Y. Kotake using the method of Bartlett (1959) or a commercially
available phospholipid test kit (Wako Pure Chemical Industries, Ltd.,
Japan) based on the Hoeflmayr-Fried method (Hoeflmayr and Fried, 1966).
In brief, after precipitation by 5% TCA, phospholipids and protein were
digested with sulfuric acid and permanganate salts in boiling water. Lib-
erated inorganic phosphate was measured after addition of ammonium
molybdate and reductant.

The aqueous solution of PO in 0.1% SDS was concentrated up to 100
mg/ml without detectable precipitation using a B15 Minicon Concentrator
(Amicon, Bedford, MA). The color of the concentrated PO in 0.1% SDS
was deep yellow. The N-terminal amino acid sequence of the purified PO
was determined using Protein Sequencing System Model 473A (Perkin-
Elmer, Applied Biosystem, Foster City, CA) according to the manufactur-
er’s instructions. The samples applied for amino acid analysis were either
the concentrated solution of PO protein dialyzed against 0.1% SDS in
water, or a strip of the polyvinylidene difluoride Imobilon transfer mem-
branes stained by Coomassie Brilliant Blue R-250 to indicate the position
of PO. The full analysis of the first 10 amino acids usually was done as an
overnight run and was as previously described (Sakamoto et al., 1987). The
protein purification procedure has been reported in abstract form (Sedzik et
al., 1997),

Synchrotron x-ray scattering
Sample

The stock solution for the x-ray experiments was 20 mg/ml PO in 0.1%
SDS. The solution was diluted by 0.1% SDS to prepare 1, 2, 4, 6, and 8
mg/ml solutions. The 0.1% SDS solution without PO was examined as a
control.

X-ray scattering

All solution scattering measurements were conducted at Beam Line 4-2,
the Stanford Synchrotron Radiation Laboratory, using the improved ver-
sion of the Biotechnology Research Resource small-angle scattering/dif-
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fraction instrument (Wakatsuki et al., 1992). The synchrotron beam from
an 8-pole wiggler was focused with a bent cylinder mirror and monochro-
matized with a double-crystal Si(111) monochromator. The beam energy
was calibrated to 8979 eV (1.381 A) using the CuK« absorption edge. The
x-ray beam, ~2.5 mm (horizontal) X 0.8 mm (vertical) measured as
full-width at half-maximum, FWHM), irradiated a solution sample cell
equipped with synthetic mica windows. The x-ray path length of the cell
was 1.6 mm. A one-dimensional gas proportional counter (BioLogic 210,
Grenoble, France) was placed 2.31 m downstream from the sample posi-
tion, covering the range of Bragg spacing 26-780 A. The direct beam
position was found by measuring the (100) reflection from a cholesterol
myristate powder sample. The sample-to-detector distance was measured
using the (100) reflection position with a known detector channel width.
Solution x-ray scattering was measured every 1-2 min with total exposure
time per sample solution of 10—15 min. The incident beam intensity was
measured during the course of measurement with a short-path ionization
chamber placed immediately upstream of the sample cell. The detector
count rate ranged from 12,000 to 20,000 counts/s, a range approximately
one order of magnitude below the high count rate limit of the detector
system. Individual scattering curves were immediately inspected for po-
tential radiation-induced aggregation, and none of the curves indicated any
such effect.

Data reduction of solution scattering

The protein solution scattering curves were scaled to one another according
to the integrated intensity of the direct beam. The scattering contribution of
instrumental background (primarily vacuum window scattering), the empty
cell (mica windows), and the buffer solution were subtracted from each
protein scattering curve. The scattering intensity from 0.1% SDS in water
was negligible compared to that from the protein solution. No absorption
correction was made since the difference in the x-ray beam flux absorbed
by the protein solution samples and the buffer solution alone was <1% for
the range of protein concentrations we employed.

Absolute electron density profile of nerve
myelin membrane

Specimens

Freshly dissected sciatic nerves of mouse were sealed into thin-wall cap-
illary tubes containing saline at low ionic strength (0.06) and at pH 6.0
(Inouye and Kirschner, 1988a). To fix the electron density of the fluid we
used hypotonic saline containing 10% glycerol solution with buffer. The
electron density of 60 mM NaCl is 0.3347 and of 10% glycerol is 0.3474 e/A°.

X-ray diffraction

Diffraction experiments were carried out using nickel-filtered and either
single- or double-mirror focused CuKa radiation from a Rigaku X-ray
generator (40 kV, 20 mA) or from an Elliott GX-20 rotating-anode gen-
erator (35 kV, 40 mA; 200 wm focal spot). The diffraction patterns were
recorded with Kodak No-Screen or Direct Exposure X-ray films. The
absorbances of the films were determined on an Optronics Photoscan
P-1000 microdensitometer (Optronics International, Inc., Chelmsford,
MA) using a 25-um raster.

Calculation of absolute density

The structure factors were measured at reciprocal coordinate R = h/d,
where 7 is an integer and d is the myelin period for two different fluid
electron densities f; and f, in the extracellular space. The observed struc-
ture factors are then related by

K\Fgs(hld) — KyF,g(hld) = wesine(mwoh/d)(f, — 1),
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where w, is the thickness of a pair of membrane excluded from the
medium, and K, and K, are scaling factors of the observed structure factors
Fiops and Fo . Given a constant period d = 216 A, and media densities
fi = 0.3347 ¢/A3 and f, = 0.3474 e/A>, the scaling factors K, K,, and w,
were obtained using the six observed orders of reflection. The best scaling
factors were obtained when the residual R (the difference between the left
and right terms) was a minimum. We averaged three sets of diffraction patterns
having identical 216 A-periods for media f, and f;, respectively. The observed
structure factors F(1)-F(6) (with mean errors in parentheses) for the media f,
and f, were, respectively: 0.0, 0.40 (0.03), 1.74 (0.05), 0.43 (0.18), —1.41
(0.04), —1.02 (0.04); and —0.14 (.01), 0.56 (.03), 1.80 (0.05), 0.36 (0.04),
—1.35 (0.02), —0.97 (0.04). We found the exclusion length w, = 136 A, and
the scale factors K, = K, = 2 at the minimum R = 42.5%.

Physical-chemical analysis of amino acid
sequence of PO protein

The sequence of bovine PO-glycoprotein is known (Sakamoto et al., 1987).
The physicochemical characterizations from the sequence (i.e., hydropho-
bicity, secondary structure propensity, pH titration, molecular weight) were
determined according to Inouye and Kirschner (1991).

RESULTS AND INTERPRETATION
Solution x-ray scattering from PO in dilute SDS

The x-ray scattering curves as a function of the reciprocal
coordinate (2 sin 6/A, where 26 is the scattering angle and A
is x-ray wavelength) was measured for different PO concen-
trations, ranging from 1 to 8 mg/ml in 0.1% SDS. At 1 and
2 mg/ml (Fig. 1), the scattering intensity decreased mono-
tonically to ~0.014 A™', while at the higher concentrations
an intensity maximum was observed at ~0.003—0.004 A~!
(Fig. 2). The reciprocal coordinate of the peak in this range
shifted to higher values with increasing concentration. At
reciprocal coordinates >~0.01 A~ ! the intensity curves (on
a relative scale) were similar for different concentrations,
showing a broad intensity maximum at ~0.022 A~! and
with neighboring intensity minima at ~0.015 A~' and
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~0.03 A™"'. That the position of the intensity maximum at
~0.003-0.004 A~' depended on protein concentration in-
dicates that this small-angle peak arises from interparticle
interference. The invariance of the position of the second
peak and its distinct neighboring intensity minima indicate
that this peak arises from the Fourier transform of nearly
spherically symmetric particles, and that the particle size
remains constant over the concentration range.

Correlation functions were calculated from the observed
scattering curves for PO concentrations of 1 and 2 mg/ml
(Fig. 3, lower curves) and for 4 and 8 mg/ml (Fig. 3, upper
curves) according to Eq. 6 (Appendix). The curves were
similar for all the intensity data, showing a minimum at ~30
A, a maximum at ~43 A, and a zero value at ~80 A. The
latter value indicates the exclusion length. The peak at ~43
A is interpreted as the interference between the subunits within
the 80 A-diameter particle, and the minimum at ~30 A refers
to the diameter of the subunit. The interparticle interference is
not present in the scattering data for PO concentrations at 1 and
2 mg/ml. Assuming spherical symmetry for the particle, the
phases are either 0 or 7, and these alternate at the intensity
minima. Since F(0) should be positive, the phase of the first
loop is set to zero. The intensity minimum occurs at 1.4877 X
1072 A~! for 2 mg/ml. The radial projection of the electron
density of the particle was calculated according to Eq. 1 (see
Appendix), and shows a double shell structure where the
electron density is low at the center and high at the periphery
(Fig. 4, thick line). The electron density becomes that of the
medium at » ~ 40 A, which agrees with the exclusion length
derived from the correlation function. The calculated intensity
from this radial projection of the electron density distribution
(Fig. 5) fits the scattering curve recorded for PO at 2 mg/ml
with a residual R = 7.7%.

At higher PO concentration (e.g., Fig. 2) the interparticle
interference is observed at Bragg spacings of 316 A, 245 A,
and 240 A for 4, 6, and 8 mg/ml PO, respectively. According

200 | |

FIGURE 1 Synchrotron x-ray scattering for PO solu-
tion (1 mg/ml, solid line; 2 mg/ml, circles) in 0.1%
sodium dodecyl sulfate (SDS) at pH 7.4. Scattering

INTENSITY

intensity is plotted as a function of reciprocal coordinate 100
(2 sin 6/, where 20 is the scattering angle and A is x-ray
wavelength). The curves are normalized so that the area
under each is unity. The upper two curves are on a i
10-fold expanded intensity scale.
o k-
0
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FIGURE 2  Synchrotron x-ray scattering for PO solution =
(4 mg/ml, solid line; 8 mg/ml, circles) in 0.1% SDS at pH g) L
7.4. Scattering intensity is plotted as a function of recip- [ 100 L
rocal coordinate (2 sin 6/A, where 20 is the scattering Z
angle and A is x-ray wavelength). The curves are normal- I
ized so that the area under each is unity. The upper two L
curves are on a 10-fold expanded intensity scale. |
O —

to Ehrenfest (Guinier, 1963) the interference term in Eqgs. 3
and 5 can be expressed as 1 + sin(2waR)/(2waR) where a is
the interparticle distance. The interference maximum occurs
at reciprocal coordinate R where aR = 1.23. This equation
gives peak positions similar to the observed ones (not
shown), and the interparticle distances are calculated to be
388 A, 301 A, and 295 A, respectively (Table 1).

Chemical interpretation

Comparison with structures of SDS micelle and
myelin membrane

The current study using x-ray scattering indicates that so-
lutions of PO solubilized in 0.1% SDS contain spherical, 80
A-diameter particles that have a low electron density at their
core and high electron density at their periphery. Such a
double shell structure is similar to that for micellar SDS

0.01 0.02 0.03
RECIPROCAL COORDINATE (1/R)

(Reiss-Husson and Luzzati, 1964, 1966). In an x-ray study
of SDS micelles, Kratky and Miiller (1982) derived the
electron density levels for a double shell model having
parameters 7, = 16 A, r, = 32 A, p, = 0.285 ¢/A>, p, = 0.36
e/A’, and p, = 0.33 e/A°, where r; and r, are the inner and
outer radii, p; and p, are the inner and outer electron density,
and p, is the solvent electron density (see Eq. 2 in Appen-
dix). The micellar mass is 23 kDa, the apparent partial
specific volume is 0.875 cm?/g, and the aggregation number
is 80 (Kratky and Miiller, 1982). Given this aggregation
number, the SDS molecules cannot pack into spheres, which
means the micelle must be slightly nonspherical (Israelach-
vili, 1992). Assuming a spherical, 16 A-radius SDS micelle
has a core electron density of 0.285 e/A* and 97 electrons/
SDS hydrocarbon chain, the aggregation number is calcu-
lated to be ~50, which is similar to the value given by
Israelachvili (1992).

FIGURE 3 The correlation functions calculated from
the observed scattering intensities for different PO con-
centrations. Lower curves: 1 mg/ml (solid line) and 2
mg/ml (dashed line); Upper curves: 4 mg/ml (solid line)
and 8 mg/ml (dashed line). The baselines of the lower
curves are offset by five units.
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FIGURE 4 The radial electron density profiles on an absolute scale for 2 mg/ml PO in 0.1% SDS (keavy solid line), mouse sciatic nerve (thinner solid
line), and SDS micelle (dashed line). For the PO sample, the amplitude was derived from the observed scattering intensity (Fig. 1) assuming that the phase
of the first loop is 0 radian and the second loop is 7. The absolute scale was determined assuming that the electron density levels at the core of the particle
and in the fluid are the same as the corresponding ones for SDS micelles. For the SDS micelle, the amplitude was first calculated from the step-function
model (Kratky and Miiller, 1982) in the same reciprocal coordinate range as for the observed scattering intensity, then the electron density on an absolute
scale was calculated. Note such a truncation of the intensity data broadens the initial step function. For the mouse sciatic nerve, the tissue was dissected
out and immediately sealed into thin-wall capillary tubes containing hypotonic medium at pH 6.0 and ionic strength 0.06. The absolute scale was determined
by comparing the diffraction patterns having myelin periods of 216 A for 1-6 orders but with different electron density levels of fluid, i.e., 0.3347 e/A3
and 0.3474 ¢/A3 for 60 mM NaCl hypotonic buffer (Inouye and Kirschner, 1988a) and buffer containing 10% glycerol, respectively. The calculated average
electron density was 0.343 /A3, which is similar to the ones from frog sciatic nerve, 0.343 e¢/A* (Worthington and Blaurock, 1969) and 0.347 ¢/A?
(Blaurock, 1971). Note that the electron density peaks of the PO solution are further apart than those of the myelin membrane and of the SDS micelle,

indicating the positions of the extracellular and cytoplasmic domains of the PO molecule.

By using these step-function parameters, we calculated
the spherically averaged intensity in the same reciprocal
range as the experimental data (Fig. 5). The SDS scattering
intensity at low angle is weaker and the one at wider angle
is higher than that observed for PO in SDS (Figs. 1, 2, and
5). This difference arises from the thickness of the wall of
the spherical particle. The electron density profile on an
absolute scale for an SDS micelle is calculated from this
intensity curve in the observed range of the reciprocal
coordinate. As expected from the above intensity distribu-
tion, the SDS micelle gives a narrower polar headgroup than
the PO-SDS system (Fig. 4, dashed curve). This indicates
that the extracellular and cytoplasmic domains of the PO
molecule are located beyond the polar headgroups of the
SDS molecules (cf. dashed and thicker solid curves of Fig.
4). The absolute electron density profile for mouse sciatic
nerve (Fig. 4, thin solid curve) is similar to the one previ-
ously reported for frog sciatic nerve (Worthington and Blau-
rock, 1969; Blaurock, 1971). The highest electron density
peaks in myelin correspond to the polar headgroup layers of
polar lipids, and the extracellular and cytoplasmic domains
of PO are apparently located just outside of these peaks.

Stoichiometry of the chemical components

To interpret the x-ray model in terms of chemical constit-
uents, we must determine the stoichiometry. Consider a

spherical particle of radius r,, which is composed of protein,
SDS, and water. Here the lipid content is negligible, as the
molar ratio of phosphorus and PO protein is measured as
1:70 (Sedzik et al., 1998a; J. Sedzik, Y. Kotake, and K.
Uyemura, submitted for publication). The interparticle
space is assumed to be entirely composed of water. When
the particles are monodispersed in solution, and the distance
between them is a, the volume occupied by one particle is
¥, and the particle volume is v = 477,%/3, where r, = 40 A.
The occupied volume ¥ is given by 0.71a” from the volume
fraction of a face-centered cubic lattice (Guinier and Four-
net, 1955). The numbers of components in the particle are
derived according to Egs. 20 and 21 (Appendix). The inter-
particle interference peak was observed only for the PO
concentration at 4, 6, and 8 mg/ml. The number of PO
molecules per particle is calculated to be either three or four
for 6 mg/ml and four for 4 and 8 mg/ml (see Table 1). Since
the interference peak at ~0.003—0.004 A~' was not ob-
served for PO concentrations of 1 and 2 mg/ml, the number
of PO molecules was not calculated, but assumed to be four.

Surface charge of 80 A particle

For spherically symmetric monodispersed particles, the in-
tensity function is given by two terms (Eq. 7 in Appendix):
F(R)?, the particle structure factor; and S(R), the interparti-
cle interference. Here the particle structure factor was given
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FIGURE 5 Scattering intensity plotted as a function of reciprocal coordinate (2 sin 6/A, where 26 is the scattering angle and A is x-ray wavelength). Lower
curves: The observed (circles) and calculated normalized scattering intensities for 2 mg/ml PO in 0.1% SDS (solid line) and for SDS micelle (dashes and
dots). The latter includes that calculated from the electron density profile of the PO solution (Fig. 4, thicker line) and from the profile of the SDS micelle
(Fig. 4, dashes). While the difference in the electron density profiles between the PO solution and the SDS micelle appears to be minimal in Fig. 4, the
difference in the calculated intensity between them is obvious here. (The structure factors are multiplied by 0.005.) Upper curves: Hayter-Penfold structure
factors (interference term). The surface charge was optimized against the observed solution scattering from PO (4 mg/ml, solid line; 8 mg/ml, dashed line).
The given parameters include diameter of the sphere (80 A), ionic strength (1.7 X 1073), temperature (25°C), dielectric constant (78.3), and number of
PO molecules per particle (4). The volume fractions were 6.5 X 1072 and 1.3 X 1072, and the effective diameters were 126 A and 109 A for 4 and 8 mg/ml,
respectively. The number of surface charges for both solutions was 10 (30 mV).

by the calculated intensity from the electron density profile
for the 2 mg/ml PO sample (Fig. 5, lower solid line), because
the scattering at this concentration showed no interference
peak. The interparticle interference term was calculated
according to liquid theory (see Appendix) with input pa-
rameters of temperature, ionic strength, particle size, total
volume available for a particle (inverse to the number
density), and surface charge (or potential). Of these param-

eters, temperature, ionic strength, and number density are
known from the experimental conditions. The aggregation
number for PO was chosen to be 4 for PO concentrations of
4 and 8 mg/ml, and the particle size was set to be 80 A from
the evidence of the particle structure factor as discussed
above. It was assumed that Na™ ions of SDS molecules are
fully dissociated and the negatively charged moiety of the
SDS molecules is bound to PO. Then, the ionic strength was

TABLE 1 Stoichiometry of SDS-PO particle

c* (mg/ml) dobs# (A) a’ (A) N, Po.H N, susH Nyater-in Mass™ (kDa) DenSit}’§§ (g/ml) gsps/gro
1 — 6141 4l 344 29 198 1.23 1.00
2 — 487 4l 171 2477 193 1.19 0.498
4 315.7 388 4 87 3631 190 1.18 0.253
6 244.8 301 3 40 5517 181 1.12 0.155
8 240.0 295 4 38 4816 185 1.15 0.110

The concentration of SDS was constant at 0.1% (3.47 mM).

*c, PO concentration, corresponding in mM to 0.04, 0.08, 0.16, 0.24, and 0.32.
d s> Bragg spacing of the observed interparticle interference peak.

Sa, Interparticle distance according to Ehrenfest formula (see text for details).
TNpo, number of PO molecules in a particle.

INg s, number of SDS molecules per particle.

**N ater-in» TUMber of water molecules within the particle.

##Mass, mass of the particle.

$¥Density, density of the particle.

IMnterparticle distances at ¢ = 1 and 2 mg/ml were derived by assuming four PO molecules. The parameters include Vprotein = 0.74 (Matthews, 1968), vgps =
0.886 (Reynolds and Tanford, 1970a), V. ,er = 1, My, po = 24,710, M, sps = 288, M, yuer = 18, 7o = 40 A. In the reciprocal range >~0.005 A", the
scattering intensity for ¢ = 6 mg/ml PO is similar to those at 1, 2, 4, and 8 mg/ml. This means that the particle structure factor from the former is similar
to the others. Unlike the intensity data at 4 and 8 mg/ml, the interparticle peak does not show a clear peak, but rather a shoulder. The d-spacing refers to
the edge position of the shoulder. Because of the measurement error for the peak position, the Bragg spacing may vary from d = 245 A-276 A. When the

latter value was chosen, the aggregate number was 4.
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FIGURE 6 Calculated radial distribution function for
4 mg/ml PO (solid line) and 8 mg/ml PO (dashed line)
from the interparticle structure factor (Fig. 5) as a func-
tion of the radial component of spherical coordinates
(A). Note that the flat region in the center is consistent
with the spherical exclusion core of the particle.

RADIAL DISTRIBUTION
e}
o

set to 3.47 X 1073/2 and the Debye length to 73 A. The
temperature was 25°C and the dielectric constant of aqueous
solution was 78.3. The total volume ¥ (A®) that one particle
may occupy was given by

V= Mp0104Np0/(6.OCp0),

where Mp,, the molecular weight for PO, is 24,710; cp, the
weight concentration in mg/ml, was either 4 or 8; and Np,,
the number of PO molecules in a particle, was 4. The volume
fractions for 4 and 8 mg/ml were 6.5 X 1073 and 1.3 X
1072, respectively.

The intensity was calculated by varying the surface
charge (or potential). The deviation between the observed
and calculated scattering intensities was measured in terms
of the R-factor. The effective particle size of o’ was then
searched where the radial function (Fig. 6) gives the mini-
mum value (see “Rescaled mean spherical approximation”
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in Appendix). The minimum R-factor was 6.9% for 4 mg/ml
and 9.7% for 8 mg/ml PO, with 10 surface charges (surface
potential 30 mV) for both solutions (Figs. 5 and 7). The
calculated interparticle structure factors (Fig. 5) gave a
maximum at the reciprocal coordinate which is close to, but
not exactly at, the position of the observed interference peak
(Figs. 2 and 7). Beyond this coordinate, where the interfer-
ence becomes nearly 1, the intensity refers to the particle
structure factor. Assigning the effective particle diameters
to be 126 A and 109 A for the 4 and 8 mg/ml PO samples,
we calculated that the radial distribution g(r) was nearly
zero within the distance of the Debye length and particle
size (73 A + 80 A) and became 1 beyond this distance (Fig.
6), indicating that the disposition of particles is like that in
a dense gas. At low ionic strength (1.7 X 107%) the elec-
trostatic repulsion is much stronger than the van der Waals
attraction (Fig. 8). Thus, this repulsion force stabilizes the

200 [

FIGURE 7 Comparison between the intensities for
the observed and calculated solution scattering as a s
function of reciprocal coordinate (2 sin 6/A, where 26 is 150
scattering angle and A is x-ray wavelength). Lower
curves: Data from PO at 4 mg/ml in 0.1% SDS (circles)
and intensity calculated from the particle structure factor
(Fig. 5, lower solid line) and the Hayter-Penfold inter-
ference term (Fig. 5, upper solid line). The deviation
between the curves is R = 6.9%. Upper curves: Data
from PO at 8 mg/ml in 0.1% SDS circles) and intensity 50
calculated from the particle structure factor (Fig. 5,
lower solid line) and the Hayter-Penfold interference
term (Fig. 5, upper dashed line). The deviation between
the curves is R = 9.7%.
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FIGURE 8 Total pair potential function as a func-
tion of distance between centers of a pair of spheres
(A) for different ionic strengths ranging from 1.7 X
1073 to 0.2. The curve at the critical ionic strength
0.077 is indicated by the dashed line. The input pa-
rameters include particle size (80 A), number of
charges (10), volume fraction (6.5 X 1073), dielectric
constant (e = 78.3), and temperature 25°C. The re-
pulsive potential due to the mutual double-layer in-
teraction at ionic strength 1.7 X 1072 is nearly the
same as the total potential curve, except near 80 A,
while the van der Waals attractive potential (with
Hamaker coefficient 5.0 X 10~'* erg) is nearly the
same as the total potential curve at the higher ionic
strength of 0.2.
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P0O-SDS particles in solution. The consequence of this effect
is that a rapid flocculation should occur when the ionic
strength exceeds the critical limit (see Discussion).

Model of tetrameric assembly of PO molecule

Bovine PO glycoprotein has 219 amino acids, molecular
weight 24,710 (excluding the N-linked oligosaccharide at
Asn-93), and consists of three domains, i.e., extracellular,
transmembrane, and cytoplasmic (Inouye and Kirschner,
1991). Assuming the extracellular and cytoplasmic domains
to be spherical, and knowing the molecular weight and
specific volume for dehydrated protein, we calculated the
radii of these domains to be 16 A and 13 A, respectively
(Table 2). For the extracellular domain this size is similar to
that calculated from the atomic coordinates of the crystal
structure (Shapiro et al., 1996) (Figs. 9 and 10). The 13

TABLE 2 Physical and chemical characteristics of bovine PO

Domain M* Electrons N* plt r (AT
PO 24,710 13,216 219 9.7 —
ext 14,091 7,513 1-124 (124) 53 16
Ipg 2,627 1,420 125-150 (26) — —
cyt 7,992 4,283 151-219 (69) 11.5 13

The physicochemical characterization of the extracellular domain (PO.,,),
transmembrane domain (P0,,,), and cytoplasmic domain (P0,.,,) as derived
from the amino acid sequence.

*M,,, molecular weight.

#N, residue position with number of residues in parentheses.

Spl, isoelectric pH.

Ty, radius of domain. The radius was derived according to (4/3)m =
M_V'/A,, where M, is shown above, v/ = 0.74 cm®/g (Matthews, 1968),
and A4, is Avogadro’s number. Note that the radius of the extracellular
domain is similar to the one measured from the projection of the number
of atoms (Fig. 10). Assuming a-helical conformation of the transmembrane
domain, the length is 39 A (1.5 A X 26 residues), and the diameter is 10
A. The separation between the extracellular and cytoplasmic domains
therefore becomes 39 A + 16 A + 13 A = 68 A.

100 120 140 160 180 200
DISTANCE (R)

A-radius of the cytoplasmic domain is consistent with the
cytoplasmic separation of 30 A between apposed myelin
membranes (Inouye and Kirschner, 1988a; see Fig. 4). In
the crystal, the PO extracellular domains are assembled as a
tetramer with an ~40 A-separation between the monomers.
Therefore, a tetramer of full sequence-P0 molecules is likely
to be approximated by eight ~30 A-diameter spheres sep-
arated by ~40 A. These values are nearly the same as the 30
A-particle size and the 43 A-separation shown by the cor-
relation function (Fig. 3).

FIGURE 9 MOLSCRIPT (Kraulis, 1991) representation of the face-on
view of the PO tetramer (i.e., normal to the membrane surface) as derived
from the atomic coordinates of the extracellular domain of PO (Shapiro et
al., 1996). Histidine residues are indicated by the balls and sticks. The
loops indicated by the dashed lines are not defined by the crystallographic
analysis.
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100

FIGURE 10 Projection along the fourfold rotation
axis (dashes) and the axis normal to it of the number of
atoms in the extracellular domain of PO calculated from
the atomic coordinates of a pair of apposed PO mole-
cules (Shapiro et al., 1996). The projection intervals are
1 A steps. The distance between the monomers is ~40
A, and the size of the monomer in either directions is
~30 A. These values are similar to the ones determined
from the correlation function of the solution scattering
from PO in 0.1% SDS (Fig. 3).
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The model considered here assumes that the extracellular
and cytoplasmic domains are solid spheres with radii 7., =
16 A and Feyr = 13 A, respectively, which are separated by
a = 43 A in the direction parallel to the surface of the
membrane and by ¢ = 68 A in the transmembrane direction.
The ¢ value includes the length of the a-helical transmem-
brane PO sequence, which consists of 26 residues (Table 2).
When these eight spheres are assembled, the spherically
averaged intensity as a function of the radial reciprocal

coordinate is given by
I(R) = 4(f2, + 3,0 + 8 sincQmaR)(f2, + fo)
+8 fuxtfoysine(2mcR)
+ 4 sinc(2m(2)"2aR)(fo + f3)
+ 16 fosifeysine2m(c* + a®)"*R)
+ 8 foxSeysine2m(c® + 2a°)°R),

where f.,. and f, are the structure factors for the hard
spheres representing the extracellular and cytoplasmic do-
mains, and R is the radial component of the spherical
coordinate in reciprocal space. The initial R-factor compar-
ing the observed and calculated x-ray intensity was 14.3%.
In the nonlinear least-square analysis, the best result (with
an R-factor of 10.4%) was obtained when r,, and r.,, were
kept constant, ¢ and ¢ were varied initially, and subse-
quently all parameters were varied. The final optimized
values were a = 39 A, c = 59 A, ., = 16 A, and r
13 A.

To examine the sensitivity of the model parameters
against the calculated intensity, two controls were exam-
ined. In one, three rather than four PO molecules constituted
the assembly, which otherwise maintained the same particle
size and distances. In the other, the thickness ¢ was reduced
to 30 A from 59 A. For the particle constituted of three PO

oyt

DISTANCE ()

molecules, the spherically averaged intensity is given by
I(R) = 3(f3, + fa) + 4 sincQRmaR) (13, + for
+ 4fexfeysine(2meR)

ext

+ 2 sinc(27(2) aR)(fi + /o)
+ Sfe‘:xr_féy[ SinC(z']T(cz + aZ)l/ZR)
+ 4 foifoy sinc(2a(c® + 2a*)'?R).

These models gave poorer fits (R = 15.6% and R = 19.4%,
respectively) than the optimized structure (R = 10.4%).
The calculated intensity with the optimized parameters fit
the observed intensity better in the low-angle region than in
the wide-angle region (Fig. 11). The width of the space
between the larger and smaller spheres, corresponding to the
extracellular and cytoplasmic domains, was 30 A [59 —
(16 + 13)]. This value is about the same as the length of the
hydrocarbon chains of two SDS molecules, which are ori-
ented parallel to the c-direction. Given that an SDS chain
has a length of 16 A and a surface area of 22 A?, the volume
of an SDS molecule is 350 A* (Israelachvili, 1992). The
space between the spheres, i.e., corresponding to the region
of the transmembrane domain, has a volume of 45,630 A3 =
[(59 — 16 — 13) A X 39 A X 39 A]. If SDS molecules fill
this space, then the number of SDS molecules in the 80
A-diameter particle is 130. This value is similar to the
estimated 171 SDS molecules at 2 mg/ml PO concentration.

DISCUSSION
Tetrameric assembly of PO glycoprotein

What is the molecular basis for the extensive intermem-
brane adhesion in nerve myelin? This adhesion is particu-
larly evident in internodal compact myelin where the mem-
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FIGURE 11 Comparison between the observed solution scattering (circles) from PO (at 2 mg/ml in 0.1% SDS) and the intensity (solid line) calculated
from the model of the PO tetramer. The curves are plotted as a function of reciprocal coordinate (2 sin 6/A, where 26 is the scattering angle and A is x-ray
wavelength), and are normalized to unity. The latter intensity was calculated using the optimized parameters @ = 39 A (the distance between the spheres
on the membrane surface), ¢ = 59 A (the distance between the spheres across the transmembrane space), 7., = 16 A (radius of extracellular domain), and
Teye = 13 A (radius of cytoplasmic domain). The inset indicates a schematic model of the full-sequence PO molecule arranged tetramerically, with the larger
spheres above and the smaller spheres below corresponding to the extracellular and cytoplasmic domains, respectively. The dotted line interconnecting each
pair of spheres represents the transmembrane domain, which has not been included in the modeling. The calculated intensities for the two control models
are indicated: (dashes and dots) three PO molecules constitute the assembly having the same dimensions as the PO tetramer; and (dashes) tetrameric
assembly has a c thickness reduced to 30 A from 59 A. Note that the first control model fits the observed intensity at reciprocal coordinates <0.014 A",
while the second control model fits better at wider angle. The tetrameric model depicted in the inset gives a calculated intensity which most closely fits

the observed intensity.

branes are closely apposed at both their cytoplasmic and
extracellular surfaces. In a previous study we approached
this question by tabulating the data for myelin lipid and
protein composition and relating it to the intermembrane
separations as directly measured by x-ray diffraction
(Inouye and Kirschner, 1988a, b). Aided by DLVO theory
for colloid stability (Ninham and Parsegian, 1971), we were
able to account for the swelling behavior of myelin based on
its chemical constituents; however, we were unable to ex-
plain the native period under physiological conditions, since
the model calculation gave larger periods than were ob-
tained experimentally. Moreover, at neutral pH a structural
transition from a swollen to a native period structure was
observed, suggesting that the deprotonation of histidine
residues may play a significant role in the stability of the
native structure. Analyses of myelin protein sequences
(Inouye and Kirschner, 1991) revealed similar 8 propensity
curves between the extracellular domain of PO and the V'
domain of M603 immunoglobulin (Inouye and Kirschner,
1991). This led us to propose a model for the extracellular
domain of PO (Wells et al., 1993) and for the PO-PO homo-
typic interactions that could underlie intermembrane adhe-
sion in myelin. The subsequent x-ray crystallographic struc-
ture of this domain of PO to atomic resolution (Shapiro et
al., 1996) showed, as we had predicted, that the asymmetric
unit was similar to the known structure of the immunoglob-
ulin variable region.

A novel aspect of the x-ray crystallographic findings is
that the crystals of the extracellular domain of PO molecule
belong to the space group 1422, which has high symmetry
and is very rare. The molecular interfaces in the crystal
reveal PO-P0 contacts within a narrow, ~46-A-wide space,
which is similar to the extracellular separation in normal
nerve myelin. In the crystal, deprotonated histidine residues
are located in the region of P0O-PO contact, which may
explain the discontinuous compaction at neutral pH in PNS
myelin (Inouye and Kirschner, 1988a). Based on evidence
from analytical ultracentrifugation, which was used to ex-
amine the assembly of PO monomers in solution, Shapiro et
al. (1996) proposed that there is a network of tetramerically
arrayed PO molecules in intact nerve myelin. The PO:lipid
molar ratio of such a network is calculated to be 1:52
(Shapiro et al., 1996), which is similar to the 1:86 derived
from chemical composition (Inouye and Kirschner, 1988b).
Whether the proposed tetrameric assembly actually exists in
nerve myelin was not addressed in the crystallographic
study. Our synchrotron x-ray scattering study indicates that
such a tetramer of full-sequence PO does exist in the mem-
brane bilayer-mimetic environment of 0.1% SDS.

Surface charge

Using liquid theory (Hayter and Penfold, 1981a, b), we
showed here that the observed interparticle interference is
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explained by the known parameters of volume available for
a particle (which is inverse to the number density), temper-
ature, and dielectric constant of the medium. Since the
number of PO and SDS molecules are known from the
chemical composition (Table 1), it is useful to compare the
calculated and measured numbers of charges. The number
per PO molecule (p/ = 9.7) at pH 7.4 was estimated to be
+10. Because SDS molecules bound to PO carry one neg-
ative charge per SDS molecule, the number of charges of
the tetrameric assembly of PO with SDS are —47 for 4
mg/ml and +2 for 8 mg/ml PO. These values from the model
appear to be different from the measured value of —10 from
the scattering data.

One reason for this discrepancy may be the partial ion-
ization (~3-25%) for charged moieties of SDS (Hayter and
Penfold, 1981b). A similar reduction of charges or renor-
malization has been observed for other systems, e.g., cyto-
chrome C (Wu and Chen, 1988), highly charged polystyrene
latex (Alexander et al., 1984), and nerve myelin membrane
(Inouye and Kirschner, 1988b). For myelin, the reduced
surface charge density may be explained both by the bind-
ing effect of ions (rather than counterion screening of ion-
izable residues) and by the space charge approximation for
a low dielectric fuzzy coat on the surface (Inouye and
Kirschner, 1988b). An additional reason for this discrep-
ancy may be that the positive charged cytoplasmic domain
of PO might be effectively sealed from the aqueous medium,
or neutralized by tightly bound negatively charged mole-
cules, e.g., residual phospholipid or ions.

Electrostatic effect on PO protein in SDS solution

In the current ionic environment with low ionic strength
1.7 X 1073 (the Debye length is 73 A) the electrostatic
repulsion between two spheres (Fig. 8) is much stronger
than the van der Waals attraction. When the ionic strength
becomes higher, the electrostatic repulsion decreases, and a
rapid flocculation (i.e., condensation) may occur due to
strong attraction. For a pair of spheres having diameter o
with a distance between their centers r, the electrostatic
repulsive V, (see Eq. 14 in Appendix) and attractive poten-
tial V, (Verwey and Overbeek, 1948) can be written as

V, = meea’ @yexpl —k(r — o) |/r

V, = A{2/(s* — 4) + 2/s* + In[(s* — 4)/s*]}/6
where A4 is the Hamaker coefficient (5.0 X 10~'* erg;
Ninham and Parsegian, 1971), and s = #/(0/2). Putting D =
r — o in which D is the shortest distance between the two
spheres, and assuming D << ¢/2, V, may be approximated

by V, = Ad/[24(r — )] (Verwey and Overbeek, 1948). The
total potential is given by

Vi=V.= V.

The critical ionic condition for flocculation should satisfy
the following conditions:

Vi=0 and dV/dr=0.
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From the first condition,
mejea?piexpl —k(r — o)|/r = Ad/[24(r — 0)].
From the second condition,
k+1r=1Fr—0 or r=[c+ (6 + 40/k)"*]2.

From these two equations and given a constant surface
charge of 10 for an 80 A-diameter spherical particle, dielec-
tric constant (78.3), and temperature (25°C), we numeri-
cally determined that the critical value of ionic strength was
0.077 and the distance between a pair of particles where
V., = 0 was 90 A. At this ionic strength the P0-SDS particles
should precipitate as an aggregate.

As observed for globular and soluble immunoglobulin
(Termine et al., 1972), a one-dimensional array of tet-
rameric PO assemblies at the critical ionic strength may
morphologically resemble amyloid fibers since their cross-
sectional view (Fig. 9) is similar to that for certain Af3 fibers
in which the 3 chains run nearly tangential to the tube, and
the intersheet interaction is in the radial direction (Inouye et
al., 1993). Such an array of PO molecules, organized as a
tube running normal to the membrane faces, may mediate
membrane stacking in the nerve myelin sheath.

Protein-SDS complex

Previous studies on protein-SDS complexes indicate differ-
ent models for their structure. In the prolate ellipsoidal
model (Reynolds and Tanford, 1970a, b; Cantor and Schim-
mel, 1980), the complex is a solid ellipsoid in which the
semi-minor axis is a constant 18 A for any protein, whi